VNIVERSITAT I VALENCIA

PhD program in Biomedicine and Biotechnology

INTERNATIONAL PhD THESIS

Rescue of ovarian function: stem cells and regenerative factors

Author:

Maria Marchante Cuevas
Bachelor’s Degree in Biotechnology

Master’s Degree in the Biotechnology of Assisted Human Reproduction

Supervised by:
Prof. Antonio Pellicer

Dr. Sonia Herraiz

Valencia, December 2022






VNIVERSITAT
D VALENCIA

El Prof. Antonio Pellicer Martinez, Catedratico en Ginecologia, Doctor en Medicina y
Cirugia, Profesor titular del Departamento de Pediatria, Obstetricia y Ginecologia de la
Facultad de Medicina de la Universidad de Valencia, fundador del Instituto Valenciano

de Infertilidad y presidente de la Fundacion IVI.
CERTIFICA:

Que el trabajo de investigacion titulado: “Rescue of ovarian function: stem cells and
regenerative factors” ha sido realizado integramente por Maria Marchante Cuevas bajo
mi direccion. Dicha memoria esta concluida y reune todos los requisitos para su

presentacion y defensa como TESIS DOCTORAL ante un tribunal.

Y para que asi conste a los efectos oportunos, firmo la presente certificacion en Valencia

a 12 de diciembre de 2022.

Fdo. Dr. Antonio Pellicer Martinez






VNIVERSITAT
D VALENCIA

La Dra. Sonia Herraiz Raya, Doctora en Biologia, Investigadora principal del area de
Rejuvenecimiento ovarico y Preservacion de la fertilidad en Fundacion IVI (FIVI) y
miembro del grupo de Investigacion en Medicina Reproductiva del Instituto de

Investigacion Sanitaria (IIS) La Fe.
CERTIFICA:

Que el trabajo de investigacion titulado: "Rescue of ovarian function: stem cells and
regenerative factors” ha sido realizado integramente por Maria Marchante Cuevas bajo
mi direccion. Dicha memoria esta concluida y reune todos los requisitos para su

presentacion y defensa como TESIS DOCTORAL ante un tribunal.

Y para que asi conste a los efectos oportunos, firmo la presente certificacién en Valencia

a 12 de diciembre de 2022.

Fdo. Dr. Sonia Herraiz Raya






ACKNOWLEDGEMENTS

Cuando la gratitud es tan absoluta, las palabras se quedan cortas.

Gracias a mis directores por la oportunidad que me dieron de trabajar y aprender junto
a ellos, por formarme y guiarme durante esta etapa.
Porque si hoy estoy aqui es gracias a vosotros.

Gracias Sonia y Profesor Pellicer.

Gracias a los IPs, a todos mis compafieros y amigos de Fundacion IVl y de la
Universidad de Valencia, por su ayuda, por su generosidad, por escucharme, por
animarme, por hacerme reir, por los viajes y congresos, por los viernes de despacho.
Porque sois lo mejor que me llevo de esta etapa.

Gracias a TODOS.

Gracias a mi madre, por darme la vida y todo lo que tengo, por su amor infinito, por su
apoyo incondicional, por su valentia, por su fuerza y coraje.
Porque eres mi referente. Ojala algun dia llegue a ser como tu.

Gracias Mama.

Gracias a mi hermana, por no soltarme nunca de la mano, por sus ganas de sumar
siempre, por ayudarme a ser mejor persona.
Porque eres mi mitad y lo mejor que tengo en el mundo.

Gracias Lourdes.

Gracias a mis angeles, por guiarme y acompafiarme desde el cielo.
Porque sois mi luz y mi esperanza.

Gracias Papa y abuelos, Félix, Justa y Alfonso.



Gracias a toda mi familia, por lo valores que he recibido de ellos, por ensefiarme el
significado del esfuerzo, trabajo y sacrificio, pero también del amor, de la gratitud, de la
honestidad, y de lo verdaderamente importante.

Porque sois mi mayor Tesoro.

Gracias primas, primos, tias, tios y abuela Maria.

Gracias a mi amor, por acompafiarme en cada paso que doy, por aceptarme y
quererme tal y como soy, por llenar mis dias de alegria, por ayudarme a ver el lado
bueno y positivo de las cosas.

Porque eres mi gran suerte.

Gracias Marc.

Gracias a todos mis amigos, a los de siempre, a los del pueblo, a los de la ciudad, a las
biotecH, a las flamencas, a todos los que estan a mi lado, por entenderme, por
respetarme, por ayudarme a desconectar, por hacerme disfrutar de la vida.
Porque sois fundamentales para mi.

Gracias a TODOS.
Y, por ultimo, gracias a ti también, por el trabajo duro, por el esfuerzo, por no rendirte,
por hacer todo lo posible, por hacer el bien, por ser siempre tU misma.

Gracias, Maria.

La memoria del corazon es el agradecimiento, y a todos y cada uno de vosotros os

llevaré siempre conmigo.

iOS QUIERQ!



The top of one mountain is the bottom of the next

so, keep climbing.






El presente trabajo de tesis doctoral ha sido realizado en los laboratorios del
Departamento de Pediatria, Obstetricia y Ginecologia y en el animalario de la Facultad
de Medicina de la Universitat de Valencia, en los laboratorios de Fundacion IVI, y en el
Hospital Universitari i Politecnic La Fe de Valencia. Gracias a la ayuda
PROMETEU/2018/137 y CIPROM/2021/058 de la Generalitat Valenciana, PI121/00170 del
Instituto de Salud Carlos Ill, y FPU 17/01495 del Ministerio de Ciencia, Innovacion y

Universidades.

The Ph.D. thesis work herein has been carried out in the laboratories of the Department
of Pediatrics, Obstetrics, and Gynecology and the animal facility of the Faculty of
Medicine of the University of Valencia, in the laboratories of the IVl Foundation, and the
Hospital Universitari i Politecnic La Fe of Valencia, with support from the grants
PROMETEU/2018/137 and CIPROM/2021/058 from the Generalitat Valenciana,
P121/00170 from the Instituto de Salud Carlos Ill, and FPU 17/01495 from the Ministry of

Science, Innovation and Universities.






CONTENTS

I. INTRODUCTION 1
1. TRE OVAINY ettt sttt 3
1.1 Physiology and anatomy of the OVari€s ... sessenes 3
1.1.1 Ovarian function and SEFUCLUIE ......ccccueiiiiiiiiiee e 3
1.1.2 OVANIAN FESEIVE ...oiiiiiiiiieiiiite ettt st et be e s abe e e s s are s 4
1.1.3 FOIICUIOZENESIS ...veeeeeieieeeteee ettt ettt et e st e et e e s e b e e e e abeeeeentaeeeennres 5

1.2 Regulation Of fOllICUIOGENESIS ... ssseees 7
1.2.1 Gonadotropin-independent follicular development..........ccccceeeciieeeeciieeeccciee e, 8
1.2.2 Gonadotropin-dependent follicular development..........ccocveieiieeiicciee e 11

2. ANGING ettt ARt 12
2.7 Physiological Ovarian @ging.........eeeneeeeiesineeisessseiesssesssesssesssssesssesssesssessssssesssesans 13
2.2 Mechanisms underlying the ovarian aging proCess..........ueneeneenseenecsseeeneenne 14
2.2.1 Spindle formation error and chromosomal alterations .........ccccecevveeivciieeincieenenns 15
2.2.2 Mitochondrial dySfUNCLIONS ......ccuviiiieiiiie e et 16
2.2.3 Reactive oxygen species and oxidative damage .......ccccceeeeeivicciiieeee e, 17
2.2. 4 DNA DAMAEE ..euturuuiiuiunniiiiiititiitiie s 18
2.2.5 Other MEeChaniSMS ...c..coiiiiiiiieeieeee et st 20

2.3 Alterations of female fertility ... 20
2.3.1 DimMinished OVarian rESEIVE..........ceieeriiriieieeteeree sttt 20
2.3.2 Premature ovarian inSUffiCIENCY ......cocciiiiiiciie et 21

3. Strategies to improve the reproductive potential of patients with compromised

OVATIAN TUNCHION ..ottt 23
3.1 Assisted reproductive techniques based on controlled ovarian stimulation ......23
3.2 Bone marrow-derived stem cells (BMDSCS)......o.oieeerieeeeeeeeeeseeesese e ssans 23

3.2.1 Characteristics Of BIMIDSCS ......cccceeiiieriieeiieentee et e steeereeesree e e sneeesreesneeas 24

3.2.2 BMDSC-based therapies to restore ovarian function ........ccccceeeecciiieeeeeeceeccciineen. 25



3.2.3 Mechanisms Of action Of BIVIDSCS......uuueiec s 27

3.3 Plasma-based treatMENTS ...t 28

I T8 010 [ oY= o1 [o o T« [P 28

3.3.2 Platelet-rich plasma.......c.ueee o e e e e 29

4. Animal models of ovarian aging, DOR, and POI conditions.........c...ccceeveenninrinrirnrennes 33
Il. HYPOTHESIS..............cceeueeueruncn. 35
I1l. OBJECTIVES..........ccccueeveereecunce. 39
1. MAIN ODJECTIVE ...ttt ss s 41
2. SECONAANY ODJECTIVES ...ttt 41
IV. MATERIAL AND METHODS 43

A) REGENERATIVE EFFECT OF DIFFERENT PLASMA SOURCES, RICH IN GROWTH
FACTORS, IN MOUSE MODELS OF OVARIAN DAMAGE INDUCED BY CHEMOTHERAPY

........................................................................................................................................................................... 45
1. EtHICal @PPIOVAL....coeec ittt st 45
2. ANIMAI NOUSING ettt 46
3. EXPErMENTal d@SIGN ..ottt 46

3.1 Study of the systemic administration of different human plasma sources in

chemotherapy-induced ovarian damage models. ..., 46
3.2 /n vitro study to analyze the plasma effects on DNA damage and repair............ 48
3.3 Analysis of follicle depletion induced by chemotherapy ........ccoooevvrcrricnricnrnerennees 49
4. Plasma COIBCTION ...t 49
5. DOR and POI models induced by chemotherapy ... 51
6. Plasma administration and ovarian stimulation ... 51
7. Sacrifice and samMPle COHBCLION. ...ttt 52
8. SNOM-TEIMN EFfECES ..ottt bbb 53
8.1 Mouse FOIlICIE COUNT ... ssaesenes 53

8.1.1 Paraffin-embedding and histological Sections ..........cccecvveeeviieeeecciiee e, 53



8.1.2 ANalySiS Of FOIICIES ...eeeeeeiieeeeieee e e 53

8.2 Oocyte and emMbryo COIECLION ... 54
9. Long-term effects: Breeding performance ........eensinsinsiesisssesssssssss s sssesssessons 55
10. MOUSE OVarian STromMa STATUS .......ccccueruueriereirerieeiiecieeiisesieesise st s s sssessssessssssaens 56

T0.T Cell PrOlfErAtION ...ttt sttt sssnsaes 56

10.2 MiICTOVESSEl AENSILY .....vueeeieieririesis sttt sss st sses st sssssssnsaes 57

T0.3 APOPLOSIS oottt se s ses s es st saesien s 58
11. Plasma prot€0OmMeE @SSESSMENT.........ccruriurieeeieiereiiesesie et sssesssssssessssss st s sssssssssssssssssessanes 59

11.1 Protein relative quantitation in plasma samples: SWATH-MS........ccccooornvrionnnnee 59

11.1.1 Sample Preparation. ...t e e et e et e e e ebe e e e e b e e e e nres 59
11.1.2 SWATH analysis of individual samples ........cccccueiiieiiiiiiciiee e 59
11.1.3 Data analysis and protein quantification ...........cccoecveiiiiiiiiiiccin e, 60

17.2 SWATH-MS data @nalySiS.......cooeiurenrerrieieiieiseeseiseiss s sssssssssssssssssssssssssssanes 61
12. In vitro analysis of DNA damage and repair in mouse ovarian tissue..........oec.. 61

12.1T CUUIE Of MOUSE OVAMIES......ooiereeeieeieeeee ettt ss bbb 61

12.2 Analysis of markers for DNA damage and repair by immunoblotting................ 62

12.3 RNA extraction and RT-gPCR for DNA repair geneS........c.coeewrreneeneereresseessssnsennns 62
13, StAtISTICAl @NAIYSIS oottt 63

B) EVALUATION OF THE MOST BENEFICIAL PLASMA TREATMENT ON HUMAN OVARIAN

TISSUE ..ottt 64
1. EthICAl @PPIOVAL. ...ttt sssessiens 64
2. ANIMAT NOUSING ..ottt 64
3. EXPErMENTAl AESIGN ..ottt sttt 64
4. Plasma COIBCTION ...t 65
5. Human ovarian tissue COIECHION ... 66

6. Xenograft surgery and plasma administration...........cccoeeernrineeineinsrineesesiseesee e 66



7. SACHIfICE AN TISSUE COIBCTION et ree e eee e eseesae e senes e sensseeneeseneas 67

8. Analysis of human follicle developmMENTt..........ooriere e 67
9. Analysis of human ovarian stroma: proliferation and vascularization ...........c...cc......... 68
10. Proteomic analysis of human ovarian cortex: SWATH-MS ........ccoommrmrrnecrnicnniinninns 69
10. T LiDrary CONSEIUCTION ...t ss st ss s sssesasesaes 69
10.1.1 Sample preparation and digestion .........cccevivrciiiiiriier e 69
10.1.2 SWATH-MS analysis for brary........ccccceveciee e 70

10.2 Sample preparation for SWATH-MS analysis.........ccccommeemeeneeenneeneeineeseeeseeenesinees 71
10.3 SWATH-MS data @nalySiS.......cocermrinrirririeiieiseiseiseiss s ssssssssssssssssssssssssssanes 71
171, StAtiSTICAl @NAIYSIS ..ottt ss s 72

C) DEVELOPMENT AND VALIDATION OF A MOUSE MODEL OF PHYSIOLOGICAL

REPRODUCTIVE AGING ...ttt esssesssesssse s s s s s s s s s ssssssssessssssnessaes 73
1. EtRICal @PPIOVAL ..ottt st ss e 73
2. ANIMAI NOUSING .ottt 73
3. EXPErMENTAl DESIGN ...ttt 73
4. Ovarian stimulation, sacrifice and sample collection...........cocevrrcnrencnrecnnicnriesrreeenns 74
5. FEITIlITY OUTCOMES. ... .ottt 75

5.1 FOINCIE COUNT ...ttt 75
5.2 FOICIE @CHIVATION ..ottt 75
5.3 Oocyte and embryo COECTION ... saensaes 76
5.4 Oocyte quality @SSESSIMENT .......c.cocvrerieeirerieeererie et ssssaee s s sssesees 76
5.5 /1 VItro @mMBIy0 CURUIE.......oiicecrcreec et ssseseen 78
6. Ovarian stroma status: analysis of cell proliferation and microvessel density............ 78
7. Mitochondrial function and oxidative damage..........c.eveenrenrierrnressisnneeese e 78
7.1 MIDNA COPY NUMDET ...ttt sssessaesines 78

7.2 ASSESSMENT OF OXIATIVE STIESS ...t e e e eee e ees s ess e es s s eeasaeens 79



7.3 ANalysis Of CEIl AEALN ...ttt 80

8. Proteomic Profile @NalySis......c it 81
8.1 SWATH-MS MELNO....... ittt 81

L YT g Yol [l o] =T o =T =1 o o TSP 81
8.1.2 SWATH-MS analysis of individual samples........cccccoveiieiiiieeciieee e 81
8.1.3 Data analysis and protein quantitation.......cccceeeeeiieiiiiiieee e 81

8.2 SWHAT-MS data @nalySiS......coouvrurrinrieieeierrireeeeie s ssssssssssss s ssssssssssssssssssssssssssans 82
9. StAtiSTICAl @NAIYSIS....ceuerieiee ettt 82

D) INTRAOVARIAN ADMINISTRATION OF THE MOST BENEFICIAL PLASMA TREATMENT

IN A PHYSIOLOGICAL AGING MOUSE MODEL .......comreerreereeeeeneeeeseeisseeesssessssesssssessesssssessnes 83
1. EtRICAl @PPIOVAL ..ottt 83
2. ANIMAI NOUSING ettt 83
3. EXPErMENTal d@SIGN ...ttt 83
4. Plasma COIlBCTION ... s s 84
5. Intraovarian plasma administration in the physiological aging mouse model.......... 85
6. SEAtISTICAl @NAIYSIS ..ottt 86
V. RESULTS......cvvmerricccrnrcnnnnes 87

A) REGENERATIVE EFFECT OF DIFFERENT PLASMA SOURCES, RICH IN GROWTH
FACTORS, IN MOUSE MODELS OF OVARIAN DAMAGE INDUCED BY CHEMOTHERAPY

........................................................................................................................................................................... 89
1. Analysis Of OVArian WEIGNT ...ttt sssssssssaes 89
2. SNOM-TEIMN EFfECES ..ottt 90

2.1 Analysis of ovarian reserve and follicular development.........coccooenecneccnnecenecenn. 90
2.2 Analysis of MIl 00Cytes and EMDIYOS..........coirrenrineeisseseseie s sssssesesens 93
3. Evaluation of long-term reproductive potential........cerneceneeneceseeineens 94
4. OVarian StromMa SEATUS.......cc..ociciiriicce it sase s seees 96

4.1 Analysis Of Cell Proliferation ... ssssssssessaens 96



4.2 Analysis Of MICrovessel AENSILY ..ot sssssssssssssensaens 96

4.3 APOPTOSIS .ottt 98
5. Study of the proteomic profile of Plasmas.........ccceirriercninnisrneesr e 99
6. Analysis of plasma effects on DNA damage and repair........ccoereeerersninseesesnsennnes 101

B) EFFECT OF THE MOST BENEFICIAL PLASMA TREATMENT ON HUMAN OVARIAN

TISSUE .ottt bbb bbb 104
1. Analysis of ovarian reserve and follicular development..........ccccooneioneinecnneinecennennne. 104
2. Analysis of the human ovarian StroMa...........cccccoerrerinrinine s ees 105
3. Proteomic analysis of human ovarian tissue after plasma treatment. ........................ 106

C) DEVELOPMENT AND VALIDATION OF A MOUSE MODEL OF PHYSIOLOGICAL

REPRODUCTIVE AGING ..ottt s s s sssessssesssesssse s sssesssessssesssessssesssssssnens 109
1. FEIEIlItY OULCOMIES. ..ottt st 109
1.1 Ovarian reserve and follicle growth ... 109

1.2 Number and quality of MII OOCYES ..o 110

1.3 Number of 2-cell embryos and further /n vitro culture ... 112

2. Ovarian stroma status: cell proliferation and vascularization............cececveevrenrrnie. 113
3. Mitochondrial function and oxidative damage...........ccocoeeminerenecnneineireeieseeeeieeens 115
4. Proteomic profile of ovarian tissue at different ages ..., 117

D) INTRAOVARIAN ADMINISTRATION OF THE MOST BENEFICIAL PLASMA TREATMENT

IN A PHYSIOLOGICAL AGING MOUSE MODEL .....cvvuiiriireireiisereireeieeiseiseiesieeesesseiesseseneane 120
1. Effects on fertility OUTCOMES ...t sseseeesse s s sssesssssessieses 120
1.1 Follicle growth activation and dynamicCs .........ccc.comremrinennrnsinninsiessesssssssssssseenes 120

1.2 Number and quality of MII OOCYLES ........ovccuerueeireciiecineceinseciecsise s esssessseseens 123

1.3 Number of 2-cell embryos and further /n vitro culture ... 125

2. OVArian STrOMA StATUS......ccu ittt 127

2.1 Analysis Of Cell Proliferation ... ssssssessaees 127



2.2 Analysis of microvessel density

3. Mitochondrial function and oxidative damage..........cc.coevrrerreeneeneineineereiseseieeieeeeees

4. Proteomic profile of ovarian tissue after plasma treatment .........ccccoeovrevrcerverrrinnnen.

VI. DISCUSSION............ccecueeeuuennnees

VII. CONCLUSIONS

VIil. BIBLIOGRAPHY

IX. ANNEXES

139

153

157

181






LIST OF FIGURES

INTRODUCTION

Figure 1.5truCture Of the OVAIY ...ttt st nnen 4
Figure 2. OVarian reSEIVE OFIQIN .....o.uieerureeeieneieeeresssesssesssesssesse s sssssssssssssssssssssssssssssssssssssssssssseses 5
FIGUIE 3. FOIlICUIOGENESIS ...ttt sttt sss s ssss s snsen 6
Figure 4. Evaluation of the OVarian reServe.......... e sesssssssssesssseees 7
Figure 5. Regulation of follicular developmeNt. ... sessessssesseseenes 8
Figure 6. Gonadotropin-independent follicular development ..., 10
Figure 7. Gonadotropin-dependent follicular development.........c.ceenrinrineineeeneeeneinnenn. 11
Figure 8. The hallmarks Of @giNg.........coccie e 12
Figure 9. The decline of ovarian reserve With age.........ccninrneinensesessseesss s 14
Figure 10. Mechanisms underlying ovarian aging ... 15
Figure 11. Effect Of OXidatiVe StIESS ...ttt 18
Figure 12. DNA double-strand breaks response pathway ..., 19
Figure 13. Effects of ovarian aging on ovarian reserve and AMH levels. ..........ccccocnecuneunne. 22
Figure 14. Stem cell differentiation from bone MarroW..........ccccoecveneeoneinerineeneeseseeeenee 24
Figure 15. Effects of BMDSCs in animal Models ... 26
Figure 16. Paracrine mechanism of action of BMDSCS. ... sessseseeens 27
Figure 17. Natural process of platelet activation............cconrninncneeesee e 32

MATERIALS AND METHODS

Figure 18. Experimental design to test different plasma sources in mouse models of
ovarian damage induced by chemotherapy........cccrnrinrnesesssssses s 47

Figure 19. In vitro study to analyze the effects of plasma treatments on DNA damage and

TP oottt eesea et ess et sse et s bR s AR s bRt 48
Figure 20. Plasma COIECHIONS. ...t sss e s seensnes 50
Figure 21. Collection of 00cytes and @MDIYOS..........crnriernnirnssses e sesssesesens 55

Figure 22. Experimental design to determine the effect of aBMDSC plasma on human
OVANTAN TISSUE .ottt se s bbb bbb 65
Figure 23. Experimental design to characterize a mouse model of physiological

FEPIOAUCTIVE @QING . euuririeriieiieieeeieeie et ss st sss bbbt bbbt s s s 74



Figure 24. Experimental design to evaluate the intraovarian administration of plasmas in

a physiological aging MOUSE MOAEN ... seseees 84
Figure 25. Intraovarian injection of plasma in MOUSE OVArIesS..........ccoevmerrrrerrrnrrererererssennnnn. 86
RESULTS

Figure 26. Ovarian weight after plasma administration in DOR and POl models.............. 89

Figure 27. Ovarian reserve and follicle growth after plasma treatments in DOR and POI
INOAELS oot bbb bbb 92
Figure 28. Dynamics of chemotherapy-induced follicular depletion..........coveeverneeeenn. 93
Figure 29. Oocytes and embryos recovered from DOR and POI mice after plasma
TN JECEIONS. .ottt bbbt 94

Figure 30. Breeding performance in DOR and POI models after plasma administrations

Figure 31. Analysis of cell proliferation and microvessel density in DOR and POI ovaries
after 2-weeks of plasma treatMENts. ... snes 97
Figure 32. Cleaved caspase-3 levels in ovaries from control and plasma-treated DOR and
POI MICE. ottt et bbb 98
Figure 33. DEPs of the proposed human plasma therapies obtained by SWATH-MS....99
Figure 34. Functional analysis of DEPs from human plasmas ... 101
Figure 35. In vitro study to analyze DNA damage and repair after plasma treatments 102
Figure 36. Human follicle development after aBBMDSC treatment .......cccoecoevveicnrinrirerens 104
Figure 37. Human ovarian stroma status after aBMDSC injections...........cccccoueeneeunecneeenes 105
Figure 38. Ovarian reserve and follicle development in a physiological aging model ..110
Figure 39. Oocyte number in a physiological aging mouse model.........cccouceneencenecuncs 111
Figure 40. Oocyte quality assessment in a physiological aging mouse model................. 112
Figure 41. Number of 2-cell embryos from a physiological aging mouse model and
SUDSEQUENT IN VITIO CUIUIE oottt sss sttt ssnsens 113
Figure 42. Analysis of ovarian stroma in a physiological aging mouse model................. 114

Figure 43. Analysis of mitochondrial DNA copy number in a physiological aging mouse



Figure 44. Analysis of lipid peroxidation and cell death in a physiological aging mouse

Figure 45. Proteomic characterization of a physiological aging mouse model by
SWATCH-MS tECHNIGUE. ..ottt 117
Figure 46. Functional analysis of DEPs from a physiological aging mouse model.......... 119
Figure 47. Follicular activation after intraovarian plasma administration in a physiological
AGING MOUSE MOUEL ..ottt s st s st s s ssnsens 120
Figure 48. Follicle growth activation and dynamics after intraovarian plasma injections in
a physiological aging Mouse MOl ... 122
Figure 49. Oocytes recovered after intraovarian plasma injections in a physiological aging
MOUSE MOAEN .ottt 123
Figure 50. Immunofluorescence to analyze oocyte quality after intraovarian plasma
injections in a physiological aging Mouse MOdEl ... 124
Figure 51. Assessment of oocyte quality after intraovarian plasma injections in a
physiological aging MOUSE MOAEL ...t eees 125
Figure 52. 2-cell embryos recovered after intraovarian plasma injections in a physiological
aging mouse model and further in Vitro CUltUre. ... 126
Figure 53. Analysis of cell proliferation after intraovarian plasma injections in a
physiological aging MOUSE MOAEL ... eaeees 128
Figure 54. Analysis of proliferative follicles after intraovarian plasma injections in a
physiological aging MOUSE MOAEL ... eseees 129
Figure 55. Microvessel density analysis after intraovarian plasma injections in a
physiological aging MOUSE MOUEL ... ssseeees 130
Figure 56. Analysis of mitochondrial DNA copy number after intraovarian plasma
injections in a physiological aging mouse MOodel...........cneecneencrerecere s 131
Figure 57. Analysis of lipid peroxidation after intraovarian plasma injections in a
physiological aging MOUSE MOMEL ...t ssenes 132
Figure 58. Analysis of cell death by TUNEL after intraovarian plasma injections in a
physiological aging MOUSE MOMEL ... sseses 133
Figure 59. Proteomic characterization of ovarian tissue after plasma treatments by

SWATCH-MS tECANIGUE ...ttt sttt ssss st ss s sssss s ss s sens 134



Figure 60. Functional analysis of DEPs after intraovarian plasma injections in a

physiological aging MOUSE MOEL ... ssseseesessseeeen 136

LIST OF TABLES

INTRODUCTION

Table 1. The largest human clinical studies of platelet-rich plasma (PRP) intraovarian

INJECHION 1O rESCUE TEILIITY. ....eeieeee ettt 30

MATERIALS AND METHODS

Table 2. Glossary of the genes and proteins employed to study the DNA damage and

TEPAIT. 1rteieieereeisese et st sse st s st st s et b s e s ARttt 49
Table 3. Paraffin-embedding ProtoCol. ... 53
Table 4. Primer sequences for the amplification of DNA repair genes. .......cccoeeveeerneenecen. 63

Table 5. Composition of fixing and blocking solutions for oocyte quality assessment...77

RESULTS

Table 6. Relative expression of DNA damage recognition and repair genes in ovaries 24
h after ChT and plasma treatments iN VItro. ... ssessessenes 103
Table 7. SWATH-MS xenograft results: DEPs in aBMDSC human samples compared to

CONTIOIS . ettt e e es e s e ts e s e s sesas s seseasassessensassessestasaeseeseasasnessentasaessaseasasnessensaenos 107



ABBREVIATIONS

4-HNE 4-hydroxy-2-nonenal

ACN Acetonitrile

AFC Antral follicle count

AKT Protein kinase B

AMA Advanced maternal age

AMH AntiMullerian hormone

ASCOT Autologous stem cell ovarian transplant
ATM Ataxia telangiectasia mutated
ATP Adenosine triphosphate

BAX Bcl2 associated with X activity
Bcl2 B-cell ymphoma 2

BMDSCs Bone marrow-derived stem cells
BPs Biological processes

BRCA1 Breast cancer susceptibility gene 1
BRCA2 Breast cancer susceptibility gene 2
BSA Bovine serum albumin

Bu Busulfan

CaCl; Calcium choride

CCs Cellular components

ChT Chemotherapy

cos Gonadotropin-controlled ovarian stimulation
Cy Cyclophosphamide

DAPI 4’,6-diamidino-2-fenilindol

DEPs Differential protein expression

DMSO Dimethyl sulfoxide



DNA Deoxyribonucleic acid

DOR Diminished ovarian reserve

DSBs Double-strand breaks

EGF Epidermal growth factor

FA Formic acid

FC Fold change

FGF Fibroblast growth factor

FGF-2 Fibroblast growth factor-2
FOXO3a Forkhead box O3

FSH Follicle stimulating hormone

GCs Granulosa cells

G-CSF Granulocyte-colony stimulating factor
GDF-9 Growt/differentiation factor 9
GnRH Gonadotropin-releasing hormone
GO Gene Ontology

H&E Hematoxylin-eosin

H2AX Histone protein family member X
hCG Human chorionic gonadotropin
HGF Hepatocyte growth factor

HR Homologous recombination
HRP Horseradish peroxidase

HSCs Hematopoietic stem cells

1B4 Isolectin B4

IGF Insulin-like growth factor

IL-6 Interleukin



LH Luteinizing hormone

MFs Molecular functions

Mil Metaphase I

MSCs Mesenchymal stem cells

mtDNA mitochondrial DNA

MVD Microvessel density

nDNA nuclear DNA

PB Peripheral blood

PBS Phosphate Buffered Saline

PDGF Platelet-derived growth factor
PDK1 Phosphoinositol-dependent kinase-1
PFA Paraformaldehyde

PI3K Phosphatidylinositol 30H-Kinase
PMSG Pregnant mare serum gonadotropin
POI Premature ovarian insufficiency
POR Poor ovarian response

PRP Platelet-rich plasma

PTEN Phosphatase and tensin homolog
RT-qPCR Real-time quantitative polymerase chain reaction
RT Room temperature

RIPA Radioimmunoprecipitation assay
RNA Ribonucleic acid

ROS Reactive oxygen species

RPA Replication protein A

SCs Stem cells



SDF-1
TBST
TFA
TGF
THSP-1
TUNEL

UcCB

VEGF

a-SMA

Stromal-derived factor-1
Tris-buffered saline
Trifluoroacetic acid
Transforming growth factor-beta
Thrombospondin-1

Transferase-mediated dUTP nick-end labeling

Umbilical cord blood

Vascular endothelial growth factor

Alpha-smooth muscle actin



SPANISH SUMMARY

1. INTRODUCCION
1.1 El ovario

El ovario es un érgano altamente organizado formado por células germinales (ovocitos)
y células somaticas (células de la granulosa (CG), estroma y células de la teca). Entre las
funciones principales del ovario se encuentran la oogénesis y la secrecion de hormonas

esteroideas necesarias para mantener la fertilidad femenina y la homeostasis endocrina.

Las interacciones entre las células germinales y somaticas establecen la formacién de la
unidad funcional del ovario, denominada foliculo ovarico, que contiene el ovocito. Los
ovocitos se forman a partir de células germinales primordiales durante el desarrollo fetal,
y tras un proceso de mitosis para aumentar su ndmero, comienzan la meiosis,
deteniéndose en la misma. Una vez formado, este conjunto de foliculos quiescentes

constituye la reserva ovarica, que es limitada y no renovable.

Los foliculos en la primera fase de desarrollo se denominan foliculos primordiales y estan
rodeados por varias células somaticas aplanadas, denominadas células preganulosa. Los
foliculos primordiales pueden tener uno de estos cuatro destinos: permanecer inactivos
en la fase quiescente; activarse, pero luego sufrir atresia; activarse, desarrollarse, madurar

y finalmente ovular; o morir directamente desde el estado quiescente.
Foliculogénesis

El desarrollo de los foliculos ovaricos desde el estadio primordial hasta su etapa final, la
ovulacion, se conoce como foliculogénesis. A medida que el proceso continda, en el
ovario pueden coexistir diferentes tipos de foliculos: primordiales, primarios,
secundarios, preantrales, antrales y preovulatorios. Tras diferentes procesos en los que
intervienen tanto sefales externas como reguladores paracrinos y autocrinos
intrafoliculares, un foliculo preovulatorio dominante ovula y libera un ovocito maduro
para su fecundacién. A continuacion, el foliculo residual sufre una luteinizacién y se
convierte en un cuerpo lUteo, responsable de la secrecién de progesterona y de la

preparacién del endometrio para la implantacion en caso de fecundacién.



El desarrollo folicular puede clasificarse, en funcidn de la necesidad de gonadotropinas,
como desarrollo folicular independiente de gonadotropinas o dependiente de
gonadotropinas. En el primero de ellos, se produce la transicién de foliculo primordial a
primario y posteriormente a secundario. La comunicacion paracrina entre el ovocito y las
células somaticas controla el reclutamiento del foliculo primordial. Esta comunicacion
estd mediada por factores de crecimiento secretados, y el ovocito controla las vias de
sefalizacion, incluyendo rutas como la fosfatidil inositol 3-OH-quinasa (PI3K)-AKT-

FOXO3a.

Los acontecimientos significativos durante la etapa del foliculo primario incluyen la
expresion de los receptores hormonales como la hormona foliculo estimulante (FSH) y el
crecimiento y la diferenciacion del ovocito. En este periodo, el ovocito aumenta su
didmetro, desarrolla la zona pellcida y aumenta el nUmero de capas de células de la
granulosa que los rodean, asi como de células de la teca, importantes para la produccion

de hormonas esteroideas.

Durante la fase dependiente de gonadotropinas, la hormona liberadora de
gonadotropinas (GnRH) es segregada de forma pulsatil por el hipotalamo y estimula la
secrecion de la hormona estimulante del foliculo (FSH) y la hormona luteinizante (LH)
por la hipofisis. Estas hormonas actuan en el ovario, regulando el crecimiento y la

maduracion folicular y desencadenando la ovulacion.

1.2. Envejecimiento
Envejecimiento ovarico

El envejecimiento celular se define como un deterioro gradual de la integridad fisiologica,
que deteriora la funcidon y aumenta la susceptibilidad a la muerte. En la actualidad, uno
de los retos importantes para los investigadores es entender y descifrar el proceso de
envejecimiento para prevenir o revertir esta patologia fisiolégica, dado el aumento de la
esperanza de vida en nuestra sociedad. Esto es de maxima prioridad en el caso de las
mujeres, que sufren un proceso de envejecimiento acelerado conocido como

envejecimiento ovarico.



El sistema reproductor femenino envejece aproximadamente diez afios antes que otros
sistemas organicos que experimentan una reduccion funcional relacionada con la edad.
El envejecimiento reproductivo se ha convertido en una de las principales
preocupaciones en el campo de la fertilidad, ya que actualmente las mujeres siguen
retrasando su edad de maternidad debido a los cambios en las circunstancias

socioecondmicas.

La fertilidad femenina se correlaciona negativamente con la edad, con notables
descensos de la reserva ovarica hasta la menopausia, consecuencia natural del
envejecimiento ovarico fisiologico, marcado por la disminucion de la cantidad de
ovocitos. A medida que aumenta la edad de la mujer, la calidad de sus ovocitos también
disminuye. Este descenso es mas significativo a partir de los 35 afios, cuando se considera
que la mujer tiene una edad materna avanzada (AMA), y la capacidad de quedarse

embarazada con sus propios ovocitos disminuye.
Mecanismos subyacentes al envejecimiento ovarico

Las aberraciones cromosdmicas durante la meiosis femenina, la disfuncion mitocondrial,
el estrés oxidativo y los dafios en el ADN, entre otros, han sido identificados como
mecanismos responsables de la disminucion de la calidad de los ovocitos relacionada

con la edad.

La falta de segregacion cromosomica durante la meiosis femenina ha sido descrita como
la principal causa de pérdida de embarazos e infertilidad humana. Para evitar la
aneuploidia, los mecanismos que garantizan una division meidtica y una segregacion
cromosdmica precisas son esenciales durante el desarrollo de los ovocitos. Sin embargo,
se ha demostrado que, con el envejecimiento, se producen alteraciones en la dinamica
de separacién de cromatidas, tanto por fallos en los microtubulos, como por cambios en

las proteinas relacionadas con los cromosomas (como los cinetocoros y las cohesinas).

En el caso de la funcion mitocondrial, esta se encuentra directamente relacionada con la
calidad ovocitaria. Dado que, en la meiosis, la fecundacion y el desarrollo embrionario se
consume una gran cantidad de ATP, se sugiere que la disminucion de la produccion de
ATP debida a un deterioro de la funcion mitocondrial da lugar a una disminucién de la

calidad de los ovocitos. Ademas, los errores en la replicacién del ADN mitocondrial



(ANDmt) se han correlacionado con el envejecimiento, al generarse mutaciones que
afectan a la funcionalidad de estos organulos. Del mismo modo, el envejecimiento afecta
a el numero de copias del ADNmt, que disminuye debido a las especies reactivas de
oxigeno (ROS) producidas en la matriz mitocondrial. Estudios recientes han relacionado
un menor niumero de copias de ADNmt con una peor calidad de los ovocitos, y también

han empleado el niUmero de copias como marcador de calidad.

Las ROS se generan constantemente en las mitocondrias, pero también son eliminadas
por las enzimas antioxidantes manteniendo asi el equilibrio redox y la homeostasis. En
condiciones fisioldgicas normales, las ROS son importantes en diferentes procesos
celulares. Sin embargo, debido al envejecimiento el equilibrio redox se pierde al
generarse un exceso de ROS o reducirse la capacidad antioxidante. La acumulacién de
ROS disminuye la calidad ovocitaria, induce la apoptosis y conduce a la atresia folicular.
Ademas, genera dafio en el ADN, peroxidacion lipidica y degradacion de proteinas. De
hecho, algunos productos intermediarios de las ROS como el 4-hidroxi-2-nonenal (4-

HNE) se han descrito como los responsables del dafio oxidativo.

Los dafos en el ADN se producen en todas las células y pueden deberse a causas
endogenas (ya comentado previamente), pero también al estrés genotdxico exdgeno,
como el inducido por tratamientos quimioterapéutico o por radiacion. Los foliculos
primordiales, que constituyen la reserva ovarica, estan detenidos en meiosis durante
mucho tiempo hasta ser activados y son muy susceptibles a la acumulacion de dafios en
el ADN. Las células disponen de mecanismos eficientes para reparar los dafios en el ADN
y evitar asi las aberraciones cromosémicas y las mutaciones. Sin embargo, cada vez hay
mas pruebas de la asociacion entre el dafio al ADN, la capacidad de reparacion de los
ovocitos y la edad materna. En los ovocitos, esto podria conducir a una mala calidad, a

la apoptosis y, en Ultima instancia, a la infertilidad.
Alteraciones de la fertilidad femenina

Existen condiciones en las que la funcidén ovarica estd alterada o el proceso de

envejecimiento ovarico se acelera, independientemente de la edad.

Entre ellas se encuentran la reserva ovarica disminuida (DOR), un proceso fisiologico

causado por la reduccion del nimero de foliculos. Sin embargo, algunas mujeres pueden



sufrir una DOR patoldgica cuando su reserva ovarica disminuye antes de lo habitual, y
posteriormente se vuelven infértiles de forma prematura. Estas pacientes suelen tener
ciclos menstruales regulares pero una baja respuesta a los regimenes de estimulacion
ovarica y valores de reserva ovarica anormales, denominandose pacientes con baja

respuesta ovarica (POR).

Por otro lado, la insuficiencia ovarica prematura (POI) es un defecto ovarico caracterizado
por la ausencia de menarquia o por el agotamiento prematuro de los foliculos ovaricos
antes de los 40 afos. Las mujeres con POI primaria no tienen desarrollo puberal, mientras
que, en la POI secundaria, suele haber una pubertad normal con la consiguiente
desaparicion de los ciclos menstruales. Entre sus causas se incluyen anomalias
cromosOmicas, cirugias ovaricas, enfermedades autoinmunes, infecciones, trastornos

metabdlicos y terapias oncoldgicas.

1.3. Estrategias para mejorar el potencial reproductivo de las pacientes con funcion

ovarica comprometida

Los cambios socioecondmicos que ha experimentado nuestra sociedad en los Ultimos
ahos han retrasado el momento en que muchas mujeres desean tener hijos. Por ello, la
edad de las pacientes es una de las principales causas de infertilidad. Ademas, también
ha aumentado el nUmero de pacientes que presentan una alteracion de la funcion
ovarica, como la DOR o POI. Estas pacientes representan un reto clinico porque, aunque
existen diversas intervenciones terapéuticas destinadas a aumentar su potencial

reproductivo, estas intervenciones tienen una eficacia limitada y poco reproducible.

Técnicas de reproduccion asistida basadas en la estimulacion ovarica

controlada

Estas estrategias incluyen el aumento de las dosis de FSH, la administracion de FSH en la
fase lutea, el uso de FSH recombinante en lugar de FSH urinaria purificada, la
modificacién de los protocolos de desensibilizacion hipofisaria, el pretratamiento con
estrégenos o anticonceptivos orales combinados y el pretratamiento con andrégenos.
Sin embargo, debido al bajo nimero de foliculos antrales susceptibles de estimulacion,

estas estrategias no suelen producir buenos resultados.



Por lo tanto, la Unica alternativa clinica disponible para estas mujeres es la donacion de
ovocitos/évulos, que permite a las mujeres lograr la maternidad independientemente de
la edad o del estado de los ovocitos. Sin embargo, no es una opcion adecuada en todos

los casos, ya sea por razones éticas, religiosas, normativas e incluso econdmicas.
Células madre derivadas de la médula 6sea (BMDSC)

Estudios recientes han demostrado que existen foliculos residuales en el ovario de
pacientes con POl que pueden ser activados mediante tratamientos de activacion y
fragmentacion /n vitro, dando lugar a ovocitos maduros y al nacimiento de nifios sanos.
Este enfoque podria ayudar a mejorar el potencial reproductivo de las mujeres sometidas
a tratamientos quimioterapéuticos u otras condiciones de baja reserva ovarica, en las
que, aun cuando el ovario pierde su funcién y capacidad de ovular, un pequefo grupo

de foliculos es susceptible de ser rescatado.

Con el desarrollo de la medicina regenerativa, se esta considerando cada vez mas el uso
de células madre para mejorar el potencial reproductivo de las pacientes con una funcion
ovarica deteriorada. Aunque se han identificado numerosas células madre, una de las
mas estudiadas para rescatar la fertilidad han sido las células madre derivadas de la
médula 6sea (BMDSCs). De hecho, se ha sugerido que las BMDSCs pueden ser las
responsables de rescatar los foliculos primordiales residuales y la fertilidad tras el
trasplante de médula 6sea en pacientes oncolégicos, proponiendo las terapias basadas

en BMDSCs como un tratamiento alternativo para estas pacientes.

La terapia celular con BMDSCs presenta ciertas ventajas que hacen que sea de especial
interés. En primer lugar, su seguridad ha sido probada mediante estudios en los que se
realiza su trasplante o infusion para el tratamiento de diferentes enfermedades. En
segundo lugar, su facilidad de obtencién en sangre periférica tras la movilizacién, lo que

las convierte en una fuente accesible de células madre autélogas.

Los estudios realizados por nuestro grupo en modelos animales de DOR y POl inducidos
por quimioterapia (ChT) confirman los efectos regenerativos de las BMDSC en la
restauracion de la produccion hormonal, la reactivacion de la foliculogénesis y la mejora
del estado del estroma ovarico. Ademas, estos efectos positivos también fueron

validados en tejido ovarico humano de pacientes POR. Nuestro grupo también



comprobd el potencial terapéutico de dicho tratamiento en un estudio piloto
prospectivo en mujeres con POR. El trasplante ovarico autélogo de células madre
(ASCOT) mejoro los biomarcadores de la funcién ovarica y se lograron embarazos y
nacimientos vivos en mujeres de mal prondstico, donde la donacién de ovocitos era

previamente la Unica opcion clinica.

Recientemente, se ha propuesto que la sefializacion paracrina, a través de la secrecion
de citocinas, quimiocinas y factores de crecimiento podria ser el principal mecanismo por
el que las células madre adultas ejercen sus efectos regenerativos. Las BMDSC secretan
citoquinas y factores esenciales en la angiogénesis, la inflamacion, lainmunomodulacion,
la apoptosis y la proliferacién, mejorando asi el microambiente para promover la
recuperacion del tejido dafiado. Este mecanismo paracrino podria explicar la correlacion
observada entre la respuesta ovarica positiva de las pacientes POR tras el ASCOT, y la
concentracién de FGF-2 y trombospondina-1 (THSP-1) en el plasma de aféresis de las

pacientes de ASCOT.
Tratamientos con plasma

En base al mecanismo paracrino comentado anteriormente y de los efectos observados
en los estudios con células madre, se ha planteado que la administracion de proteinas
especificas o de factores plasmaticos segregados por las células madre podria ser una
alternativa al uso de las células. De este modo, se ha propuesto la inyeccion de plasma
joven enriquecido con factores de crecimiento, plasma de sangre de corddn umbilical
(UCB) o proteinas especificas del plasma en organismos dafiados y envejecidos para
estimular la regeneracién y reparacion del tejido nervioso. En el contexto de la medicina
reproductiva, se ha evaluado la inyeccion intraovarica de plasma rico en plaquetas (PRP)
como estrategia de reactivacion ovarica. El PRP es el componente de la sangre que queda
tras la separacion de globulos rojos y blancos, compuesto por plaquetas sanguineas,
citoquinas, factores de crecimiento y pequefias moléculas. Numerosos autores han
estudiado el efecto del PRP en la mejora de la fertilidad femenina desde diferentes
perspectivas. Sin embargo, los protocolos no estan estandarizados y pocos se centran en
comprender los mecanismos de accion que subyacen a los efectos regenerativos

observados.



1.4. Modelos animales de envejecimiento ovarico, y condiciones de DOR y POI.

Se necesitan modelos animales apropiados para comprender el envejecimiento ovarico
y encontrar nuevas estrategias para retrasar o revertir las condiciones de DOR y POI.
Entre los diferentes modelos empleados, Mus musculus es el mas utilizado debido a su

similitud genética con los humanos y a la similitud en las caracteristicas reproductivas.

Los modelos de ratén establecidos por delecion génica y ChT se han utilizado para
estudiar el envejecimiento y los fenotipos comparables a DOR y POl en humanos. Por un
lado, la ingenieria genética permite estudiar los efectos de las alteraciones genéticas en
el envejecimiento ovarico, como las anomalias cromosomicas y las mutaciones genéticas.
Sin embargo, los modelos knockout han presentado algunas limitaciones, por ejemplo,
al no imitan los sistemas reproductivos de los seres humanos. Ademas, estos modelos
son caros y complejos de generar, lo que lleva a utilizar los modelos inducidos por ChT.
Los farmacos quimioterapéuticos se han empleado tradicionalmente para establecer
modelos de dafio ovarico, generado desde un dafio parcial que reduce la fertilidad hasta

la destruccién de la reserva folicular y la atrofia tisular.

Sin embargo, aunque estos modelos permiten estudiar las caracteristicas derivadas del
envejecimiento y los fenotipos de las condiciones DOR y POI, no representan un modelo
murino de envejecimiento progresivo y fisioldgico. Por lo que es necesario desarrollar y
caracterizar un modelo animal apropiado, econémico y reproducible, que muestre la
mayoria de las caracteristicas ovaricas de las diferentes etapas de la vida reproductiva de

la mujer.

2. HIPOTESIS

Las células madre adultas derivadas de la médula 6sea son capaces de recuperar la
funcion ovarica promoviendo el desarrollo folicular y la regeneracién del estroma
mediante la secrecién de factores solubles y citoquinas que actdan de forma paracrina
en el ovario dafado. Por lo tanto, el plasma rico en factores secretados por las células
madre podria ser una terapia adecuada para mejorar el potencial reproductivo de

pacientes con la funcién ovarica deteriorada.



3. OBJETIVOS
3.1 Objetivo principal

El objetivo principal de esta tesis doctoral es evaluar si la administracién de plasma rico
en factores secretados por las células madre puede ser una terapia alternativa para
mejorar la funcidn ovérica de pacientes con DOR y POl o mujeres con problemas de

fertilidad relacionados con la edad.
3.2. Objetivos secundarios
Para alcanzar el objetivo principal, el trabajo se dividid en diferentes fases

A) EFECTO REGENERATIVO DE DIFERENTES FUENTES DE PLASMA RICO EN FACTORES
DE CRECIMIENTO EN MODELOS MURINOS DE DANO OVARICO INDUCIDO POR
QUIMIOTERAPIA

1. Evaluar la capacidad de diferentes fuentes de plasma ricas en factores secretados
por diferentes tipos de células madre, como las células madre de la médula ésea
(BMDSC), y las células madre de la sangre del cordén umbilical (UCB), para promover el

desarrollo folicular, la ovulacion y la fecundacion en los modelos DOR y POI.

2. Analizar el efecto de los plasmas de BMDSC y UCB en la tasa de gestacion y el

tamafo de la camada.

3. Evaluar los efectos de la inyeccion de estos plasmas en el nicho ovarico: analisis

de la vascularizacion, proliferacién, degeneracion y apoptosis.

4. Evaluar si la activacion de los plasmas, para liberar el contenido de las plaquetas,

mejora los efectos regenerativos.

5. Caracterizar la composicion de los diferentes plasmas para entender los

mecanismos subyacentes a los tratamientos.

6. Estudiar las vias de reparacion del ADN en un modelo /n vitro de dafio ovarico

inducido por la quimioterapia.



B) EVALUACION DEL EFECTO DEL PLASMA MAS BENEFICIOSO EN TEJIDO OVARICO
HUMANO

1. Validar los efectos regenerativos del plasma BMDSC activado (aBMDSC) en tejido
ovarico humano de pacientes de POR empleando un modelo de xenotransplante,

analizando el desarrollo de los foliculos y la regeneracion del estroma.

2. Dilucidar los mecanismos responsables de los efectos regenerativos del plasma

aBMDSC en el tejido ovarico humano.

C) DESARROLLO Y VALIDACION DE UN MODELO ANIMAL DE ENVEJECIMIENTO
OVARICO FISIOLOGICO.

1. Caracterizar un modelo murino de envejecimiento reproductivo fisiolégico que
muestre la mayoria de las caracteristicas ovaricas de las diferentes etapas de la vida

reproductiva de la mujer.

2. Evaluar diferentes variables reproductivas (reserva ovarica y estroma, nimero de
ovocitos y embriones, calidad de los ovocitos MII, desarrollo embrionario /n vitro,
disfunciones mitocondriales y perfil protedmico ovarico) para determinar si el modelo
puede utilizarse para probar terapias para mujeres con problemas de fertilidad

relacionados con la edad.

D) ADMINISTRACION INTRAOVARICA DEL PLASMA RICO MAS BENEFICIOSO EN UN
MODELO MURINO DE ENVEJECIMIENTO FISIOLOGICO

1. Evaluar la capacidad del plasma rico en plaquetas activado (aPRP) y la
combinacion de factores secretados por las BMDSC y contenidos en las plaquetas
(aBMDSC) para promover la activacion y el desarrollo folicular en un modelo de

envejecimiento ovarico fisiologico mediante una Unica inyeccién intraovarica.

2. Analizar el efecto de la inyeccién intraovarica de aPRP y aBMDSC sobre la tasa de

ovulacion, la calidad de los ovocitos y el desarrollo embrionario.

3. Analizar los efectos del plasma en el estroma ovarico mediante el estudio de la

proliferacién y la vascularizacion.



4. Estudiar la disfuncion mitocondrial, el dafio oxidativo y la apoptosis tras la

administracién intraovarica de plasma.

5. Evaluar si existen cambios a nivel protedmico tras la administracion de plasma'y

estudiar las vias biologicas diferenciales implicadas.

4. MATERIALES Y METODOS

A) EFECTO REGENERATIVO DE DIFERENTES FUENTES DE PLASMA RICO EN FACTORES
DE CRECIMIENTO EN MODELOS MURINOS DE DANO OVARICO INDUCIDO POR
QUIMIOTERAPIA

Estudio de la administracion sistémica de plasma humano en modelos de

daio ovarico inducido por quimioterapia.

Para evaluar los posibles efectos regenerativos de los plasmas en el tejido ovarico
murino, empleamos dos modelos animales previamente establecidos de dafio ovarico

inducido por ChT: DORy POL.

Las condiciones de DOR y el POI se indujeron en ratones NOD/SCID inmunodeficientes
de 8 semanas de edad, mediante inyeccion de Ciclofosfamida (Cy) y Busulfan (Bu). Se
empled una dosis estandar (12 mg/Kg de Bu - 120 mg/Kg de Cy) o reducida (1,2 mg/Kg
de Bu - 12 mg/Kg de Cy), respectivamente. Una semana después, cuando se establecid
el dafo ovarico, los animales DOR y POI fueron asignados (n = 11 por grupo) en siete
grupos experimentales que recibieron inyecciones de: (1) solucién salina (ChT); (2)
plasma de sangre periférica de mujeres POR (plasma PB); (3) plasma PB activado (plasma
aPB); (4) plasma rico en factores secretados por BMDSCs (plasma BMDSC); (5) plasma
activado de BMDSC (plasma aBMDSC); (6) plasma rico en factores secretados por células
madre del corddn umbilical (plasma UCB); o (7) plasma UCB activado (plasma aUCB). Para
proporcionar valores de referencia para las distintas variables del estudio, se utilizaron

hembras NOD/SCID sin ningun tipo de tratamiento (n=11, grupo wild-type).

El plasma PB se obtuvo de la sangre periférica de las mujeres POR. El plasma BMDSC se
obtuvo de la aféresis de 10 pacientes POR tras movilizacion de células madre mediante

un tratamiento farmacologico de 5 dias con el factor estimulante de colonia de



granulocitos (G-CSF). La sangre del cordén umbilical de los recién nacidos se recogié de
pacientes sanas que dieron a luz en el Hospital La Fe. Las fracciones de plasma se aislaron
mediante una centrifugaciéon a 1600 x g durante 10 minutos a 4°C y se almacenaron a -
80°C hasta su uso. Las fracciones de plasma activado (aPB, aBMDSC y aUCB) se
obtuvieron utilizando CaCl, 0,1M al 5%, para liberar factores de crecimiento y otras

moléculas de sefalizacion encerradas en a-granulados antes de la inyeccion.

Los tratamientos se administraron en dias alternos durante 2 semanas mediante una
inyeccion en la vena de la cola (100 uL/dia). Tras el tratamiento, los ratones se sometieron
a una estimulacion ovarica controlada (EOC) basada en una inyeccién de 10 Ul de
gonadotropina sérica de yegua prefiada (PMSG) y 48 horas (h) después, 10 Ul de
gonadotropina coridnica humana (hCG) antes del cruce con machos. A continuacion, se
sacrificd a una parte de las hembras (n= 7 / grupo) y se recuperaron los ovarios y
oviductos para analizar los efectos a corto plazo, realizandose recuentos foliculares y
estudio del nimero de ovocitos metafase-Il (MIl) y embriones en estadio de 2-células.
También se estudié el estado estroma ovarico, analizando la proliferacion celular y la

vascularizacion mediante inmunohistoquimica, y la apoptosis por Western Blot.

Los animales restantes (n = 4 / grupo) se utilizaron para evaluar los efectos a largo plazo
sobre el rendimiento reproductivo, realizando cruces sucesivos durante tres meses en los

que se registro el nUmero de gestaciones y el tamafio de las camadas por cruce.

En esta misma fase del estudio, se realizé la caracterizacién protedmica de los diferentes
plasmas utilizados para comprender los mecanismos subyacentes, mediante analisis

SWATH-MS y estudio de las proteinas diferencialmente expresadas (DEPs).

Estudio /in vitro para analizar los efectos del plasma en el dafo y la

reparacion del ADN

Teniendo en cuenta el analisis protedmico del plasma, decidimos evaluar el efecto de los
tratamientos en la promocion de la reparacién del ADN en un modelo de dafio ovarico

inducido por ChT.

Se aislaron ovarios de ratones CD1 de doce semanas de edad, se cultivaron durante 24
h y luego se asignaron aleatoriamente a los grupos (n=6/grupo) 1) Grupo ChT: tratado

con 1,2 uM de 4-hidroperoxi Cy + 0,12 uM de Bu; 2) Grupo PB: tratado con ChT y plasma



PB; 3) Grupo BMDSC: tratado con ChTy plasma BMDSC; y 4) Grupo UCB: tratado con ChT
y plasma UCB; 5) Grupo control: sin ChT ni tratamiento con plasma. Los ovarios se
recogieron a las 12 o a las 24 h y se agruparon por grupos para analizar el dafio en el
ADN mediante western blot (H2AX, Bax, Bcl2 y caspasa-3 escindida) y la reparacién del
ADN (ATM, p53, Rad51, Apex1) mediante en tiempo reaccion en cadena de la polimerasa
cuantitativa en tiempo real (RT-qPCR). La mayoria de estos genes y proteinas se
seleccionaron en funcién de su papel en la reparacidn de la rotura de la doble cadena, el

sistema de dafio y reparacion del ADN mas comun en los ovocitos.
Andlisis del agotamiento folicular inducido por la quimioterapia

De forma paralela se realiz6 un experimento para establecer la dinamica del agotamiento
folicular inducido por ChT, con el fin de comprender mejor como los tratamientos
podrian aumentar el nimero de foliculos, considerando que la reserva folicular es finita

y no renovable.

Para ello, se emplearon hembras CD1 de ocho semanas de edad a las que se les
administro via intraperitoneal una dosis estandar de ChT (12 mg/Kg Bu - 120 mg/Kg Cy,
n = 12) o vehiculo (DMSO, n = 8). Se recogieron las muestras ovaricas a los 2, 7, 14 y 21

dias después de la inyeccion, se realizaron recuentos foliculares.

B) EVALUACION DEL EFECTO DEL PLASMA MAS BENEFICIOSO EN TEJIDO OVARICO
HUMANO

Debido a las diferencias funcionales entre el tejido ovarico murino y el humano, se evalué

el tratamiento mas eficaz en el tejido ovarico humano.

Seis hembras NOD/SCID ovariectomizadas fueron xenotrasplantadas con fragmentos de
corteza ovarica humana de pacientes POR. Una semana después, los animales fueron
asignados en dos grupos experimentales, recibiendo solucion salina (grupo de control)
o plasma BMDSC activado (grupo aBMDSC) a través de la vena de la cola, en dias alternos
durante 2 semanas. A continuacion, se recuperaron los fragmentos (n = 4 grupo control;
n = 6 grupo aBMDSC) para evaluar los efectos del plasma en el desarrollo folicular y el
nicho ovarico, realizando recuentos foliculares y estudiando la proliferacion vy

vascularizacion del estroma ovarico mediante inmunohistoquimica. Ademas, se realiz



el estudio protedmico del tejido para dilucidar los mecanismos responsables de los

efectos regenerativos.

C) DESARROLLO Y VALIDACION DE UN MODELO ANIMAL DE ENVEJECIMIENTO
OVARICO FISIOLOGICO.

Para evaluar adecuadamente los efectos de nuevas terapias en el tratamiento de la
infertilidad relacionada con la edad, se necesitan estudios preclinicos en modelos
animales adecuados. Por lo tanto, nos propusimos caracterizar un modelo murino de
envejecimiento ovarico fisioldgico, representando diferentes etapas de la vida

reproductiva de la mujer.

Se emplearon doce ratones hembra NOD/SCID de 8, 28 y 36-40 semanas de edad para
imitar diferentes fenotipos ovaricos reproductivos humanos: jovenes (~18-20 afos),
edad materna avanzada (AMA, ~36-38 afios) y mujeres afiosas (>45 afos),

respectivamente.

Una vez que los animales alcanzaron la edad apropiada, fueron estimulados, cruzados 'y
sacrificados para recuperar ovarios, ovocitos MIl y embriones de 2-células. A
continuacion, se evalud la tasa de ovulacion, la calidad de los ovocitos mediante
inmunofluorescencia y microscopia confocal, asi como el desarrollo /n vitro de los
embriones hasta estadio de blastocisto. También se recogieron los ovarios para estudiar
el desarrollo folicular mediante recuentos foliculares, el estado del estroma ovarico
analizando la proliferacion celular y la vascularizacidn mediante inmunohistoquimica.
Ademas, se evaluaron las disfunciones mitocondriales considerando el nimero de copias
de ADNmt, el dafo oxidativo y la apoptosis, analizadas mediante RT-qPCR,

inmunohistoquimica y ensayo TUNEL, respectivamente.

D) ADMINISTRACION INTRAOVARICA MAS BENEFICIOSO EN UN MODELO MURINO DE
ENVEJECIMIENTO FISIOLOGICO

Para comprobar si el plasma rico en factores secretados por las BMDSCs y las plaquetas
puede recuperar la funcion ovarica en la infertilidad relacionada con la edad, empleamos
el modelo de envejecimiento ovarico fisiologico caracterizado previamente, En este

estudio, comparamos el efecto del tratamiento mas beneficioso (aBMDSC) frente al aPRP.



Ademas, los plasmas se administraron mediante una Unica inyeccion intraovarica, en un

intento de acercar la administracién del tratamiento a la practica clinica.

Ratonas NOD/SCID jévenes, AMA vy viejas (n=12/edad) fueron asignadas al azar para
recibir una Unica inyeccion intraovarica en ambos ovarios (10 pl/ovario) de solucion salina
(grupo control), PRP activado de sangre periférica (grupo aPRP), o plasma activado rico

en factores secretados por las BMDSCs y plaquetas (grupo aBMDSC).

Una semana después de los tratamientos, los animales fueron sometidos a una EOC y
apareados. A continuacién, las ratonas fueron sacrificadas para recuperar los ovocitos
MIl ovulados y los embriones de 2-células del oviducto. También se recuperaron los
ovarios para analizar el crecimiento folicular, el estroma, la funcién mitocondrial y los

perfiles protedmicos a diferentes edades.

5. RESULTADOS Y DISCUSION

A) EFECTO REGENERATIVO DE DIFERENTES FUENTES DE PLASMA RICO EN FACTORES
DE CRECIMIENTO EN MODELOS MURINOS DE DANO OVARICO INDUCIDO POR
QUIMIOTERAPIA.

Diferentes fuentes plasmaticas, enriquecidas en factores secretados por células
madre, promovieron el desarrollo de foliculos en modelos murinos de daio ovarico

inducido por quimioterapia.

En el modelo DOR, el tratamiento con aBMDSC y aUCB redujo parcialmente el
agotamiento folicular inducido por la ChT. Este rescate puede estar impulsado en gran
medida por la conservacion de los foliculos primordiales, con valores similares a los
observados en el grupo wild-tipe. Ademas, ambos plasmas activados aumentaron el
numero de foliculos preantrales tardios por encima de los niveles de wild-type, pero sélo
el aBMDSC restaur6 el nimero de foliculos antrales tempranos. De hecho, los

tratamientos con aBMDSC y aUCB aumentaron el nUmero de ovocitos MIl y embriones.

En el modelo POI, el plasma aBMDSC y el aUCB rescataron la pérdida de foliculos
inducida por ChT, recuperando los valores al aumentar las poblaciones de foliculos

primordiales, secundarios y preantrales tardios, siendo el aBMDSC también capaz de



aumentar el nUmero de foliculos en fase antral. Ademas, se observé un ligero aumento
de las poblaciones primordiales, secundarias y preantrales tardias tras la administracion
de aPB, aunque no fue tan significativo como el efecto inducido por aBMDSC y aUCB. La
administracién de UCB, aUCB y aBMDSC también tuvo efectos positivos sobre el nUmero

de ovocitos MII.

Dado que la reserva folicular es limitada y no renovable, nuestra hipotesis es que el
plasma rescata los foliculos primordiales dafiados antes de que sufran atresia. De
hecho,el andlisis paralelo realizado para comprender el proceso de agotamiento folicular
tras la administracién de ChT, indicé que se producen una oleada inmediata de muerte
folicular a los dos dias de la exposicién, mientras que la segunda no se produce hasta los
siete dias, finalizando al veintiuno. Por tanto, una semana después del tratamiento con
ChT, quedan foliculos primordiales susceptibles de ser reparados y rescatados por

factores solubles del plasma.

La fertilidad a largo plazo fue rescatada por la terapia basada en factores secretados

por células madre

Las hembras DOR de todos los grupos de tratamiento lograron gestaciones y dieron a
luz a crias en tasas similares. Sin embargo, tanto UCB como BMDSC aumentaron el
tamafo de las camadas siendo mas significativo cuando se utilizaron formas activadas,

especialmente para el grupo aUCB.

En el modelo POI, los animales de los grupos de control ChT y PB no lograron gestacién
tras varios intentos de apareamiento. Sin embargo, el 40% de las ratonas tratadas con
BMDSC y UCB obtuvieron la gestaciones y nacimiento de crias sanas. El uso de aBMDSC
y aUCB aumentd las tasas de gestacion al 80% y 67% respectivamente. El plasma aPB

también permitio las gestaciones y nacimientos, aunque su efecto fue del 40%.

Los plasmas ricos en factores solubles de células madre regeneraron el estroma

ovarico

Los plasmas BMDSC y UCB aumentaron drasticamente la proliferacion celular en el tejido
ovarico en ambos modelos. Los plasmas aBMDSC y aUCB tuvieron efectos mas potentes
sobre la proliferacion que las formas no activadas en los modelos DOR. El plasma aPB

aument6 en menor medida la proliferacion celular.



Ademas, en comparacion con la solucién salina, todos los tratamientos con plasma
promovieron la formacién de nuevos vasos en los ratones DOR. Sin embargo, en la
condicién POI, el aumento fue mas leve para los plasmas PB y aPB, y muy alto tras el
tratamiento con BMDSC, aBMDSC, UCB y aUCBa, que aumentaron la vascularizacién a
niveles del grupo wild-type. Cuando se evalué la apoptosis en los ratones DOR, el plasma
de BMDSC fue el Unico tratamiento que disminuyd los niveles de proteina caspasa 3-
escindida. En el modelo POI, la apoptosis se redujo tras el tratamiento con BMDSC,

aBMDSC, UCB y aUCB.

La evaluaciéon protedomica de las diferentes fuentes de plasma revel6 proteinas y

vias relacionadas con el rescate ovarico.

Se cuantificdé un total de 293 proteinas para identificar las DEPs asociadas al tipo de
plasma y/o al estado de activacién. La comparacion de las muestras de BMDSC y UCB
con el plasma de control arroj6 un alto porcentaje de DEPs implicadas en el ciclo celular,
la expresion génica, la reparacién del ADN y en las vias relacionadas con las RhoGTPasas,
los receptores de muerte y la HIPPO en la muestra de BMDSC. Las reguladas al alza en el
plasma UCB estaban relacionadas principalmente con el metabolismo, la hemostasia, el
transporte mediado por vesiculas, la organizacion de la matriz extracelular y la
sefalizacion por GPCRs, integrinas y la familia MAPK. A continuacion, se compararon las
fracciones activadas, y la fraccion aBMDSC mostré el mayor porcentaje de proteinas
sobreexpresadas relacionadas con expresidn génica, la reparacion del ADN vy la
sefalizacion por RhoGTPasas, receptores nucleares, NOTCH, PDGF y WNT. Las proteinas
de la fraccion aUCB estaban implicadas en los mismos procesos enriquecidos en la
fraccién no activada, lo que indica que la activacion tiene un efecto mucho menor en

este tipo especifico de plasma.

El reconocimiento y la reparacion del dafio en el ADN fueron promovidos por el

plasma BMDSC en un modelo in vitro.

La expresion de los genes de reconocimiento de dafios en el ADN (ATM y p53) y de
reparacion (Rad51, Albkh2 y Apex1) aumento tras el tratamiento con el plasma BMDSC
y de forma menos dramatica con el tratamiento con UCB a las 12 h de la exposicion. La

activacion de estas vias de sefalizacion se correlaciond con una disminucidén de la



relacion pro-apoptotica BAX/Bcl2. A las 24 h, tanto el grupo BMDSC como el UCB
mostraron una reduccién de la expresion del marcador de dafio en el ADN H2AX, de la
proporcidn pro-apoptética BAX/Bcl2 y de la caspasa 3 escindida. Asimismo, la expresion
de los genes de reconocimiento y reparacion del dafio en el ADN fue menor en los

grupos tratados con BMDSC y UCB que en el grupo ChT a las 24 h.

B) EVALUACION DEL EFECTO DEL PLASMA MAS BENEFICIOSO EN TEJIDO OVARICO
HUMANO

El plasma aBMDSC promovié el desarrollo folicular y la regeneracion del estroma

en la corteza ovarica humana.

El plasma aBMDSC fue el tratamiento mas eficaz en los modelos animales y, por tanto,

prometedor para ser validado en el tejido ovarico humano.

Al comparar la densidad folicular y el recuento total de foliculos, no se detectaron
diferencias, lo que pone de manifiesto la homogeneidad de las muestras incluidas en
ambos grupos. No obstante, en los fragmentos tratados con aBMDSC se observo una
disminucién de los foliculos primordiales, junto con un aumento de las poblaciones
primarias y secundarias, lo que indica una promocién del crecimiento folicular. De hecho,
solo se detectaron foliculos secundarios en los trasplantes humanos que recibieron
aBMDSC. Ademas, el aBMDSC indujo una mejora en la proliferacion celular y

vascularizacion en comparacion con el control.

Para profundizar en el analisis de los efectos beneficiosos del plasma aBMDSC en el tejido
ovarico humano, se estudiaron los perfiles protedmicos de los trasplantes. Se
cuantificaron un total de 1.224 proteinas, siendo 17 de ellas DEPs en los fragmentos del
grupo aBMDSC en comparacion con los controles. El 35% de estas proteinas estaban
implicados en la sintesis y el procesamiento de proteinas en el reticulo endoplasmico, el
24% en la autofagia y el 18% en la angiogénesis. Ademas, varias de las proteinas mas
reguladas mostraron una funcion especifica en el ovario con un papel clave en la

foliculogénesis o en la atresia folicular.



C) DESARROLLO Y VALIDACION DE UN MODELO ANIMAL DE ENVEJECIMIENTO
OVARICO FISIOLOGICO.

El desarrollo folicular y el potencial reproductivo disminuyé en el modelo

fisiolégico de envejecimiento ovarico.

La reserva ovarica se vio globalmente mermada a medida que aumenté la edad de los
ratones en el modelo de envejecimiento, con una disminucion del nimero de foliculos
primordiales y primarios especialmente en los ratones viejos en comparacion con los
grupos jovenes y AMA. También se observd un numero reducido de foliculos en
crecimiento en diferentes etapas de desarrollo, siendo estas disminuciones reflejadas en
el nimero total de foliculos. Ademas, el nUmero de cuerpos IUteos fue menor en los
ovarios mas viejos. Este fendmeno fue acompafiado de una menor activacion de los
foliculos primordiales por extrusion nuclear de FOXO3 tanto en los ratones AMA como

en los viejos en comparacion con los controles jovenes.

Tras la EOC, se recuperaron menos ovocitos Mll de los ratones AMA en comparacién con
el grupo joven, siendo este descenso mayor en el grupo viejo donde el 67,5% de los
ovocitos se encontraron fragmentados como consecuencia de una calidad reducida. De
hecho, el analisis de la calidad ovocitaria mediante inmunofluorescencia, mostré una
disminucion del area del huso y un ensamblaje anormal del mismo tanto en los ovocitos
AMA como en los viejos. Estos grupos también presentaron un aumento en el nimero

de ovocitos con los cromosomas desalineados.

En el momento del sacrificio, el nimero de embriones de 2-células recuperados fue
menor en los ratones AMA en comparacion con los ratones jovenes, y el posterior cultivo
in vitro revelé un deterioro de las tasas de formacién de blastocistos. En el caso de los
ratones viejos, la peor condicion de envejecimiento ovarico, no se recuperaron

embriones viables.
El estroma ovarico se deterioro en los ratones envejecidos.

También se observaron deficiencias relacionadas con la edad en el estroma ovarico, ya
que la proliferacion celular disminuy6 significativamente en los ovarios AMA y viejos en

comparaciéon con los jévenes. De hecho, el porcentaje de foliculos primarios



proliferativos y secundarios fue menor en estos grupos, todo ello junto con una menor

vascularizacion en los ratones mas envejecidos.

El envejecimiento ovarico afecta la funcién mitocondrial y aumenta el dafio

oxidativo.

Cuando se analizaron el nimero de copias de ANDmt como marcador de disfuncion
mitocondrial, se detecté un nUmero menor en los ratones AMA y viejos en comparacion
con los jovenes. En el grupo de los ratones mas envejecidos, la reduccion de las copias
mitocondriales también se asoci6 a un mayor nivel de 4-HNE, marcador de peroxidacion

lipidica y dafo oxidativo, y a un mayor nimero de células apoptéticas.

Los efectos observados como consecuencia del envejecimiento fueron

corroborados a nivel protedmico.

El analisis de regresion ElastiNET de las muestras identificadas mediante SWATCH-MS,
detectd 30 DEPs entre las condiciones de joven, AMA y viejo. La agrupacion jerarquica
dividié estos DEPs en dos categorias principales: una con el grupo de ratones viejos y
otra que incluia los grupos de jévenes y AMA, que a su vez se clasificaron en dos
subgrupos distintos. Al estudiar el nUmero de proteinas reguladas al alza y a la baja,
observamos un mayor nimero de proteinas reguladas a la baja en el grupo de ratones

envejecidos.

A continuacion, se estudiaron las vias reguladas por las DEPs, realizando un analisis Gene
Ontology (GO) para comprender mejor el proceso bioldgico subyacente, la funcion
molecular y los componentes celulares. El GO reveld procesos bioldgicos relacionados
con la regulacion de los procesos metabolicos, la expresion génica, el transporte de
lipidos y la angiogénesis, ademas de las vias implicadas en la actividad mitocondrial,
como la respuesta al estrés, los procesos metabolicos del ATP o la cadena respiratoria de
transporte de electrones. También se enriquecieron diferentes componentes celulares y
funciones moleculares relacionadas con dichos procesos. Y un analisis GOchord destacé

los genes mas significativos y comunes en los procesos bioldgicos.



D) ADMINISTRACION INTRAOVARICA DEL PLASMA MAS BENEFICIOSO EN UN MODELO
MURINO DE ENVEJECIMIENTO FISIOLOGICO

El tratamiento local con aBMDSC promovié la activacion y el crecimiento folicular

Una Unica inyeccion intraovarica de aBMDSC activo los foliculos latentes en todos los
grupos de edad, como indica el mayor porcentaje de foliculos primordiales con extrusion
nuclear de FOXO3, en comparacién con los grupos de control y de tratamiento con aPRP.
La activacion folicular también se confirmé por una reduccién del niumero de foliculos
primordiales tanto en los ratones jovenes como en los AMA. Estos cambios en la
dindmica folicular se asociaron a un mayor niumero de poblaciones en crecimiento
(primarias, antrales y cuerpos lUteos) en los ratones jévenes, AMA y, en menor medida,
en los viejos. Por ultimo, el tratamiento con aPRP también produjo efectos positivos
sobre la activacién primordial y el nimero de foliculos primarios tanto en los ratones

AMA como en los viejos.

La inyeccion de aBMDSC mejoré la cantidad y la calidad de los ovocitos en el

modelo de envejecimiento fisiologico

Tras la EOC, se recuperaron un nimero mayor de ovocitos Ml de los ratones jévenes
tratados con aBMDSC que del control. Ademas, no se observaron diferencias en el
porcentaje de ovocitos MIl fragmentados, lo que sugiere que la inyecciéon de aBMDSC

no produce efectos deletéreos al ser administrado a ovocitos jovenes.

En el grupo AMA, el plasma aBMDSC aumento el numero de Mll y redujo el porcentaje
de ovocitos fragmentados hasta un nivel comparable al de los ratones jovenes. Al evaluar
la calidad de los ovocitos de los ratones AMA, observamos que el tratamiento aBMDSC
aumento el area del huso, mejord el ensamblaje y redujo la desalineacion cromosémica.
A pesar de que los ratones viejos mostraban los peores resultados iniciales, se observaron
efectos beneficiosos tras la inyeccion de aBMDSC con un mayor numero de Mll, una
menor fragmentacion ovocitaria y una mejor alineacién cromosomica. Los beneficios del
tratamiento aPRP también se reflejaron en el modelo AMA, en la cantidad y calidad de

los ovocitos, aunque en menor medida que con aBMDSC.



El plasma aBMDSC mejoré el desarrollo y la competencia embrionaria.

En el momento del sacrificio, se recuperaron mas embriones de 2-células en los ratones
jovenes, AMA vy viejos tratados con aBMDSC que en el control. El posterior cultivo /in
vitro mostréd que el tratamiento con aBMDSC favorecié la formacién de blastocistos
especialmente en los ratones AMA y viejos. El aPRP también mejoro6 la tasa de formacion
de blastocistos en la condicion AMA y permitid obtener embriones en los ratones viejos.
Sin embargo, este tratamiento no tuvo mejoras significativas en el posterior desarrollo

embrionario en ninguno de los grupos de edad.
El tratamiento local con aBMDSC promovi6 la regeneracion del estroma ovarico.

El plasma aBMDSC aumenté significativamente la proliferacion celular en el estroma
ovarico de los ratones jovenes, AMA y viejos, mientras que el aPRP mejoro la proliferacion
solo en los grupos jovenes y AMA. Se observaron mas foliculos primordiales, primarios y

secundarios proliferativos tras el tratamiento con aBMDSC en los grupos AMA y vigjos.

Ninguno de los tratamientos mejord la vascularizacion en los ratones jovenes. Sin
embargo, la densidad de microvasos en los ratones AMA y viejos aumento hasta niveles
comparables a los encontrados en los ratones jovenes tras la inyeccién de aBMDSC. El

tratamiento con aPRP sélo aumento la vascularizacion en los ratones mas envejecidos.

La inyeccion de plasma aBMDSC mejoro la funcion mitocondrial, mitigando el dafio

oxidativo y la muerte celular en los ratones envejecidos.

No se observaron diferencias en los ratones jovenes tras el tratamiento. Sin embargo, el
plasma aBMDSC aumenté el nimero de copias de ADNmt en los grupos de ratones AMA

y viejos, mientras que el plasma aPRP solo tuvo efecto en este ultimo.

El efecto positivo del plasma aBMDSC se reflejé también en los niveles de dafio oxidativo,

detectado una menor peroxidacion lipidica y apoptosis en los ratones mas viejos.

El analisis de proteomica funcional puso de manifiesto los efectos de los

tratamientos plasmaticos a diferentes edades.

El analisis de regresion ElastiNEC mostré 26 DEPs en los ratones jévenes tratados con

plasmas. La agrupacion jerarquica dividié estas DEPs en dos categorias principales: una



formada por el grupo control, y otra que incluia los grupos aPRP y aBMDSC. Las muestras
tratadas con plasma tenian un mayor nimero de proteinas reguladas al alza en
comparacién con el grupo control. Del mismo modo, identificamos 30 DEPs en ratones
AMA y 27 DEPs en ratones viejos. En estos casos, el clustering jerarquico clasificd y
discrimind un cluster compuesto por las muestras aBMDSC y otro por los grupos aPRP y
control. Ademas, encontramos respectivamente un mayor numero de proteinas
reguladas a la baja en los grupos AMA y viejo tratados con aBMDSC con respecto a sus

correspondientes grupos de control.

A continuacion, se estudiaron las vias reguladas por las DEPs. En los ratones jovenes, las
DEPs se asociaron principalmente con funciones relacionadas con las mitocondrias. En
los ratones AMA, se identificaron vias enriquecidas relacionadas con la regulacién,
organizacion y proliferacion de la actina, ademas de procesos metabdlicos de ROS,
regulacion de la proliferacion celular y de la angiogénesis. Por ultimo, en el grupo de
ratones viejos, el analisis funcional identificd procesos relacionados con la oxidacién, el
metabolismo y la modificacion de lipidos, asi como del transporte de electrones

mitocondrial y la regulacion del ensamblaje del huso.

6. CONCLUSIONES
De esta tesis se pueden extraer las siguientes conclusiones:

1. La administracion sistémica de plasma humano enriquecido en factores secretados por
células madre (plasmas BMDSC y UCB) rescata el desarrollo folicular y la fertilidad,
induciendo la formacién de microvasos y la proliferacion celular, y reduciendo la

apoptosis en modelos de raton de DOR y POI.

2. La activacion de los plasmas BMDSC y UCB potencio los efectos positivos sobre la

fertilidad en modelos murinos de dafio ovarico.

3. Los analisis protedmicos e /n vitro indican que los efectos del plasma pueden estar
mediados por factores solubles relacionados con el ciclo celular/apoptosis, la expresién
génica, la transduccion de sefales, la comunicacion celular, la respuesta al estrés y la

reparacion del ADN.



4. El tratamiento mas eficaz, el plasma aBMDSC, promovié el desarrollo folicular y
regenerd el estroma en el tejido ovarico humano de las mujeres POR, corroborando los

efectos observados en los modelos DOR y POI.

5. Los plasmas BMDSC y UCB podrian ser tratamientos eficaces para aumentar los
resultados reproductivos en mujeres con deterioro de la funcién ovarica debido a
diversas causas. Sin embargo, la combinacién de los beneficios de los factores de
crecimiento secretados por las células madre y por las plaquetas podria mejorar y
acelerar los efectos regenerativos en los ovarios. El plasma activado de BMDSC es el

tratamiento mas prometedor debido a sus potentes efectos restauradores.

6. Se estableci6 un modelo murino de envejecimiento fisioldgico, que representa
diferentes perfiles de fertilidad de la mujer, como la edad materna avanzada y afiosa.
Este modelo representa una herramienta para descifrar el proceso de envejecimiento
ovarico y probar futuros tratamientos potenciales para frenar o revertir los efectos del

envejecimiento ovarico.

7. Una Unica inyeccion intraovarica que combina factores secretados por células madre
y plaquetas (aBMDSC) mejord los resultados reproductivos en un modelo murino de
envejecimiento fisioldégico, promoviendo la activacion y el desarrollo de los foliculos y

regenerando el estroma ovarico.

8. Los efectos del plasma aBMDSC en los resultados de fertilidad se asociaron
positivamente a la funcion mitocondrial, con el tratamiento aumentando el nUmero de

copias de ADN mitocondrial y reduciendo el dafio oxidativo y la apoptosis.

9. La mejora del potencial reproductivo tras la inyeccién de aBMDSC se acompafio de
cambios a nivel protedmico, con proteinas implicadas en los mecanismos de
reorganizacion del huso ovocitario, la regulacion de la proliferacion y la apoptosis, y las

funciones mitocondriales.

10. Una Unica inyeccion intraovarica de plasma aBMDSC parece un tratamiento
prometedor para mejorar los resultados reproductivos de las mujeres con infertilidad

relacionada con la edad.
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I. INTRODUCTION

1. The ovary
1.1 Physiology and anatomy of the ovaries
1.1.1 Ovarian function and structure

The ovary is a highly organized organ formed by germ cells (oocytes) and somatic cells
(granulosa cells (GCs), stromal and theca cells). The interactions between germ and
somatic cells dictate the formation of the functional unit of the ovary, called the ovarian

follicle, which contains the oocyte.

Among the primary functions of the ovary are oogenesis, and secretion of steroid
hormones necessary for maintaining female fertility and endocrine homeostasis. The
hypothalamic-pituitary axis controls both functions through the hypothalamic hormone
(gonadotropin-releasing hormone, GnRH), and pituitary hormones (follicle stimulating
hormone (FSH) and luteinizing hormone (LH)). These hormones act on the ovaries to

stimulate follicular development, ovulation, and the secretion of steroid hormones' .

Three structural zones or regions can be differentiated in the ovary: epithelium, cortex,
and medulla (Figure 1). The distribution of follicles in the ovary is determined by collagen
concentration. The ovarian cortex is the outer part of the ovary, covered by the
epithelium, and the most rigid region of the ovary, which contains the follicles in the first
stage of follicle development. The medulla is the central part, which contains connective
tissue, nerves and blood and lymphatic vessels. This is where growing follicles can be

found®3.
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Epithelium

Figure 1.Structure of the ovary. Histological section of a human ovary in which the three structural parts

of the ovary can be distinguished: epithelium, cortex with follicles, and medulla in the innermost part.

1.1.2 Ovarian reserve

Oocytes are formed from primordial germ cells that migrate from the endoderm of the
yolk sac to the genital ridge*> and initiate a period of rapid mitosis to increase their
number®’. Subsequently, some continue to divide, others enter programmed cell death
(apoptosis), and others begin meiosis, arresting in the diplotene phase of meiosis. Once
formed, this pool of dormant follicles constitutes the ovarian reserve, which is limited and
non-renewable®® (Figure 2). These follicles first appear in human fetuses at around 15 to
20 weeks pregnancy'®. The total number of oocytes drops radically from a peak of 6 to 7
million at 20 weeks pregnancy, to less than 1 million at birth!", with approximately 300

000 to 400 000 remaining per ovary’.



Introduction
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Figure 2. Ovarian reserve origin. In humans, oogonial development starts during weeks 6 to 10 of
pregnancy. The primordial follicles are formed between week 15 and birth. Image modified from Stringer

and Western, 20192,

Follicles at the first stage of development are called primordial follicles and are
surrounded by several flattened somatic cells, called pre-granulosa cells. Oocytes that

are not enclosed in the primordial follicles are lost due to apoptosis™ ™.

The primordial follicles can have one of four fates: remain inactive in the quiescent stage;
activate but then undergo atresia; activate, develop, mature, and finally ovulate; or die

directly from the quiescent state™®.

1.1.3 Folliculogenesis

Folliculogenesis refers to the development of ovarian follicles from primordial follicles to
their final stage, ovulation. It is a very lengthy process which is regulated and controlled

in a coordinated manner by growth factors, hormones, receptors, and enzymes'’~"°,

Folliculogenesis begins with the recruitment of a primordial follicle into the group of
growing follicles and ends with ovulation or death by atresia®’. As the process of follicular
development continues, different follicle types can co-exist in the ovary at any one time:
primordial follicles, primary follicles, secondary follicles, preantral follicles, antral follicles,
and preovulatory follicles. After different processes involving both extra-ovarian signals
and intra-follicular paracrine and autocrine regulators, a dominant preovulatory follicle
ovulates and releases a mature oocyte for fertilization. Then, the residual follicle

undergoes luteinization and becomes a corpora lutea, which is responsible for
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progesterone secretion and for preparing the endometrium for implantation in the event

of fertilization (Figure 3).

Corpus albicans

Primordial follicle
Corpus luteum
Primary follicle

Ovulation

Figure 3. Folliculogenesis. When the follicles are activated, they go through various stages of growth and
maturation until one of them releases an oocyte (ovulation), after which this follicle becomes a corpora

luteum and then albicans. Image created with biorender.com

When a woman is of reproductive age, the process of folliculogenesis happens every
month. The primordial follicle starts to grow, proliferating the surrounding pre-granulosa
cells, which develop from a few flattened cells to multiple cuboidal GCs'’. Then, the
ovarian follicle is enclosed by a layer of GCs, which provide nutrients to the growing
oocyte. The oocyte and surrounding GCs are separated from the interstitial tissue
(stroma) by a membrane known as the basal lamina. As a result of GCs proliferation and
differentiation, the follicle reaches the secondary or preantral stage, defined by several
layers of GCs around the oocyte. In addition, in developing secondary follicles, a layer of
specialized cells, the theca cells, appear around the outer layer of granulosa cells. The
theca cells are essential for follicular growth, implementing a vascular system that allows
communication with the hypothalamic-pituitary axis during the reproductive cycle, and
allows for the release of nutrients essential for this process®’. Subsequently, the antral
cavity (or antrum) is formed by accumulating follicular fluid in the granulosa layer. Of all
the follicles recruited in each menstrual cycle, only one reaches the preovulatory stage,

and the rest enter atresia (mainly in the antral stage) (Figure 4).
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During follicular development, the follicle grows from 40 um to 15-22 mm in diameter.
The process of folliculogenesis in humans requires more than 200 days for a primordial

follicle to grow and develop to the ovulation stage’® .
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Figure 4. Evaluation of the ovarian reserve. From puberty to menopause, every month a pool of dormant
follicles is activated and acts as a source of developing follicles and oocytes. One of the oocytes will be

ovulated each month. Image modified from McGee and Hsueh, 2000"".

1.2 Regulation of folliculogenesis

Follicular development can be classified, based on the requirement for gonadotropins,

as either gonadotropin-independent or gonadotropin-dependent follicle development'’

(Figure 5).
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Figure 5. Regulation of follicular development. The stages of folliculogenesis can be differentiated
according to the response of follicles to gonadotropins (independent or dependent). Follicle development,
oocyte maturation, and ovulation occur after birth and take ~240 days in total. Image modified from Stringer

and Western, 20192,

1.2.1 Gonadotropin-independent follicular development

a. Primordial to primary transition

The mechanisms that control the ovarian reserve and the activation of the primordial
follicles determine the duration of a woman's fertility. Studying this process is difficult
due to the slow growth of many small follicles over a prolonged period®. During
folliculogenesis, only a small number of dormant oocytes become activated in the phase
of rapid growth, during which oocyte volume, ribonucleic acid (RNA) content?, and

protein synthesis increase®.

Paracrine communications between the oocyte and somatic cells control primordial
follicle recruitment. This communication is mediated by secreted growth factors,

including members of the transforming growth factor-beta (TGF) superfamily.

The oocyte controls the signaling pathways that regulate follicular growth®. Phosphatidyl
inositol 3-OH-kinase (PI3K)-AKT-FOXO3a signaling is responsible for restraining follicle
activation, by preventing the primordial-primary transition'®. In this pathway, PI3K
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2), generating
phosphatidylinositol-3,4,5-triphosphate (PIP3), which acts as a second messenger
recruiting different proteins with lipid binding groups, namely phosphoinositol-
dependent kinase-1 (PDK1) and Akt, into the cytoplasm. PDK1 then phosphorylates Akt,
activating its function. Once active, Akt phosphorylates FOXO3a, promoting its nuclear

8
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exclusion (from the nucleus to the ooplasm) and culminating in a global primordial

follicle?® (Figure 6).

Different studies have demonstrated the importance of PTEN (phosphatase and tensin
homolog), a lipid phosphatase that inhibits signaling by the PI3K pathway. The loss of
PTEN in oocytes generates global activation of primordial follicles, suggesting that PTEN-
mediated inhibition of PI3K signaling is required to prevent follicle activation®’. Similarly,
FOX03a knockout mice undergo global primordial follicle activation®. Thus, a principal

physiologic role of the PI3K pathway is to control primordial follicle activation via FOXO3.

In addition to these signaling pathways, chemokines and factors such as stromal-derived

factor-1 (SDF-1) are secreted by oocytes to regulate follicle activation®.

b. Primary to secondary transition

The significant events during the primary follicle stage include FSH receptor expression
and oocyte growth and differentiation. In this period, the oocyte increases in diameter
from ~25 pm to ~120 um and develops its surrounding extracellular matrix, the zona
pellucida. This growth happens because of the reactivation of the oocyte genome™.
During the growth phase, the oocyte is highly transcriptionally active. It must generate
sufficient proteins and mRNA transcripts to support its growth and future critical oocyte

maturation, fertilization, and early embryo development.

Secondary follicle development begins with acquiring a second layer of granulosa cells.
It involves a change in the arrangement of the GCs from simple cuboidal epithelium to

stratified columnar epithelium (Figure 6).

The transcription factors FIGLA (Folliculogenesis Specific BHLH Transcription Factor) and
NOBOX (NOBOX Oogenesis Homeobox) regulate the zona pellucida proteins, and the
growth factors GDF-9 (Growth/Differentiation Factor 9) and BMP-15 (Bone-
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Morphogenetic Protein-15)3"2 These growth factors play an essential role in stimulating

granulosa cell proliferation and theca development®,

The Kit ligand signaling pathway is crucial for oocyte growth and follicle development.
Kit ligand is generated by GCs and required for oocyte growth®. In addition, the Kit

ligand is also essential for organizing theca cells around the growing follicle.

As secondary follicle development proceeds, two primary layers of theca appear. An inner
theca layer that is closest to the granulosa cells (theca interna), which contains the
endocrine cells that produce the steroid hormones, and an outer theca that is a
connective tissue layer derived from fibroblast-like cells (theca externa), which produce
extracellular matrix factors, such as coIIagen35. The formation of small blood vessels
through angiogenesis also accompanies theca development. Consequently, blood can
then circulate within the follicle, providing nutrients and gonadotropins, and expelling

waste and secretory products from the developing follicle.
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Figure 6. Gonadotropin-independent follicular development. (PI3K)-AKT-FOXO3a signaling is required
to restrain follicle activation and prevent the primordial to primary transition. Extraction of FOXO3 from the
nucleus to the ooplasm of the oocyte activates the primordial follicle. After activation, the primary stage
follicle begins to increase in size, with granulosa cells' division and theca cells' development until the

secondary stage. Image created with biorender.com.

10



Introduction

1.2.2 Gonadotropin-dependent follicular development

During follicular development, dormant primordial follicles are activated, and develop
until they form an antral cavity. Subsequently, the antral follicles grow until they reach

the preovulatory stage. This occurs under cyclic stimulation by GnRH.

GnRH is secreted in a pulsatile manner by the hypothalamus and acts on the pituitary
gland, inducing the secretion of FSH and LH. FSH plays a key role in developing the antral
follicle and, in combination with LH, stimulates preovulatory follicular growth'"3¢ (Figure

7).

Hypothalamus

GnRH °
- Oocyte
FSH . Antrum
B @ ® e hd ® o
. ® e ' ——Granulosa cells
- . ,\
LH .
Pituitary \E'stradlol
Theca cells

Figure 7. Gonadotropin-dependent follicular development. Gonadotropin-releasing hormone (GnRH) is
secreted in a pulsatile manner by the hypothalamus and stimulates the secretion of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) by the pituitary. These hormones act on the ovary, regulating

follicular growth and maturation and triggering ovulation. Image created with biorender.com.

FSH also stimulates the production of estradiol by the GCs. The estradiol acts in an
autocrine and paracrine manner, favoring granulosa cells' proliferation and the LH

receptor's expression®’.

In each female cycle, one of the developing antral follicles increases its response to
estradiol and causes a decrease in FSH secretion®**®, leading to atresia of the remaining
antral follicles. Thus, in each ovulation cycle, there is only one dominant follicle®. Finally,

in response to the secreted estradiol, there is a peak in LH secretion by the pituitary. This

11
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LH peak triggers ovulation and causes the oocyte of the dominant follicle to complete
meiosis and generate a haploid gamete ready for ovulation and subsequent

fertilization*°.

2. Aging

Cellular aging is defined by a gradual deterioration of physiological integrity, which
impairs function and increases susceptibility to death*'. This physiological process is one
of the significant risk factors for multiple different human pathologies, including cancer,

diabetes, cardiovascular problems, and neurological illnesses.

Different studies have aimed to elucidate the mechanisms responsible for this
progressive deterioration, highlighting genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient-sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular

communication*® (Figure 8).
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Figure 8. The hallmarks of aging. Image modified from Lépez-Otin et al., 20134,
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2.1 Physiological ovarian aging

Nowadays, one of the significant challenges for researchers is to understand and
decipher the aging process, in order to prevent or reverse this pathophysiology, given
the increase in life expectancy in our society®. This is of utmost priority in the case of

women, who suffer from an accelerated ovarian aging process *.

The female reproductive system ages approximately ten years before other organ
systems naturally experience age-related functional reduction. Reproductive aging has
gradually become a primary health concern, as nowadays women continue delaying their
age of childbearing due to changes in socio-economic circumstances and cultural

norms®.

Female fertility is negatively correlated with age, with noticeable declines in ovarian
reserve until menopause, which is a natural consequence of physiological ovarian aging
marked by the quantity of oocytes falling below 1000%*°. As the age of a women
increases, the quality of her oocytes also decreases (Figure 9). This decline is most
significant from age 35, when women are considered to be of advanced maternal age

(AMA), and a woman's ability to fall pregnant with her own oocytes decreases®*>".

13
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Figure 9. The decline of ovarian reserve with age. Oocyte quantity and quality decline from the late thirties
in humans until they reach menopause. As a woman's age increases, the ability to fall pregnant decreases.

Image modified from Li et al., 20124°.

The menopausal transition period, which includes the final menstrual cycle, starts, on
average, at age 46 (but can start at any age between 34 and 54), with the final menopause
reached at an average age of 51. The first symptomatic indications of advanced
reproductive aging>* are shortening and irregularity of menstrual cycles, and a decrease
in follicles. Ovarian reserve markers such as the antral follicle count (AFC) and serum anti-
Mullerian hormone (AMH) levels allow assessment of the ovarian reserve to estimate the

remaining reproductive life.

2.2 Mechanisms underlying the ovarian aging process

Chromosomal aberrations during female meiosis, mitochondrial dysfunction, oxidative
stress, and DNA damage, among others, have been identified as the significant

underlying etiologies of age-related decline of oocyte quality>*** (Figure 10).

14
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Figure 10. Mechanisms underlying ovarian aging. Image created with biorender.com.

2.2.1 Spindle formation error and chromosomal alterations

Chromosome missegregation during female meiosis is the leading cause of pregnancy
loss and human infertility. To prevent aneuploidy, mechanisms that ensure accurate
meiotic division and chromosome segregation are essential during oocyte development.
Chromosome separation is driven by the interaction between spindle microtubules and
kinetochores. Studies with aging mouse oocytes showed that altered spindle microtubule
dynamics result in mistakes during sister chromatid separation®>, giving rise to embryo

aneuploidies.

These mistakes in meiosis during ovarian aging are not only attributed to cytoplasmic
defects in the microtubule cytoskeleton but also to changes in chromosome-related
proteins (such as kinetochores and cohesins), which can lead to chromosome

separation’®.

Centromere chromatin, which is also responsible for the chromosomal anomaly,
disappears with increasing maternal age. Fragmented kinetochores are abnormally
attached to spindle microtubules, affecting the oocyte quality®’. Studies in mice and
humans have shown that with increasing female age, chromosomal cohesion in oocytes

58,59

naturally deteriorates. Decreased cohesion leads to increased chromosome

segregation errors, premature chromatid separation, and aneuploidy®.
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2.2.2 Mitochondrial dysfunctions

Mitochondria are essential organelles that produce energy by aerobic respiration. Human
mitochondrial genetic material (mtDNA) is approximately 16.6 kb long, double-stranded,
circular, and lacks histones. It contains 37 genes encoding 2 mitochondrial rRNAs, 22
tRNAs, and 13 protein subunits of oxidative phosphorylation complexes (OXPHOS) |, IlI,
IV, and V. The rest of the mitochondrial proteome, consisting of about 1,500 proteins, is

encoded in the nuclear DNA (nDNA)®"62,

The mtDNA is maternally inherited and is redundant, present in multiple copies in each
mitochondrion. Each animal cell contains between 100 and 10,000 copies of mtDNA.
However, this number varies significantly according to cell type, tissue stage of
development, as well as in various pathological conditions and during the aging
process®. In the case of oocytes, mitochondria are the most abundant organelle in the
cytoplasm. However, their concentration varies depending on the developmental stage
of the egg. Dormant oocytes in primordial follicles contain fewer than 10,000
mitochondria®, and metaphase Il (MIl) oocytes at mid-ovulation may have up to 1.5
million®. Mature oocytes have the highest mitochondrial content in human cells, which
may be due to the enormous energy demands of oocyte fertilization and early embryo
development® In oocytes, mitochondria are closely related to the decline in oocyte

quality with age®®.

Since a large amount of ATP is consumed in meiosis, fertilization, and embryonic
development, it is a likely that decreased ATP production due to impaired mitochondrial
function results in reduced oocyte quality®’. In addition, this decreased ATP production

in the oocyte may be responsible for spindle misassembly during meiosis.

Errors in mtDNA replication have been linked to aging, causing mutations and depletions
in the mitochondrial genome®. The mtDNA is vulnerable and easily mutated due to its
proximity to the reactive oxygen species (ROS)-producing respiratory chain, lack of
protective histones, and the deficiency of efficient repair mechanisms®. Mutations of

mitochondrial genes, in turn, lead to reduced mitochondrial function™.

During aging, the mtDNA copy number decreases due to ROS produced in the

mitochondrial matrix. In this regard, several reports have shown that aging causes

16
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mtDNA damage and dysfunction”™"

. In these cases, the quantification of mtDNA
damage and mtDNA copy number may be promising biomarkers for disease progression
and therapy development’. In non-pathological or aging-related conditions, mtDNA
quantification is also a good indicator of mitochondrial mass. Since mtDNA levels remain
almost constant in a normal/healthy physiological state, the assessment of mtDNA copy
number can be a good indicator of the mitochondrial mass in a diseased state. Recent
studies have linked lower mtDNA copy numbers to poorer oocyte quality, and thus

employed copy number as a marker of quality”™"’.

Mitochondrial fusion and fission also play a critical role in maintaining mitochondrial
activity. Genes such as mitofusin 1 and 2 mediate these processes, and associated
deficiencies due to aging could affect oocyte quality. Specific deletion of these genes in

oocytes results in severely reduced oocyte quality, with elevated ROS levels’®”®.

2.2.3 Reactive oxygen species and oxidative damage

ROS are highly reactive molecules containing oxygen with unpaired electrons. ROS are
constantly generated in the mitochondria of aerobic organisms but are also removed by
antioxidant enzymes in the mitochondria, thus maintaining redox balance and
homeostasis®®. Under normal physiological conditions, ROS mediate several responses,
including cell differentiation, migration, and proliferation®'. However, redox balance is
lost when excessive ROS are generated, or antioxidant capacity is reduced due to aging.
ROS accumulates, inducing apoptosis, associated follicular atresia, and a decline in
oocyte quality®. Therefore, excess ROS harms ovarian aging, affecting different processes
such as deterioration of mitochondria and spindle formation error but also DNA damage,
lipid peroxidation and protein degradation®# (Figure 11). Reactive molecules not only
attack DNA to cause DNA damage and adduct formation (i.e., DNA double-strand breaks,
8-hydroxy-2-deoxyguanosine/8-oxo-dG) but also lead to protein oxidation and lipid

peroxidation®.

Some secondary intermediates of ROS, such as 4-hydroxy-2-nonenal (4-HNE) are
responsible for oxidative damage®. Moreover, 4-HNE is employed as a biomarker of

oxidative stress and identified as one of the most formidable reactive aldehydes®’. In
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ovarian aging, lipid peroxidation, and its electrophilic product 4-HNE, affect
folliculogenesis and oocyte meiosis®, contributing to the accumulation of spindle

assembly defects, chromosome misalignments, and aneuploidy®.
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Figure 11. Effect of oxidative stress. Reactive oxygen species (ROS) in dysfunctional mitochondria produce
oxidative stress in ovaries, generating spindle oocyte mistakes, DNA damage, lipid peroxidation, and protein

degradation. Image modified from Sasaki et al., 2019 with biorender.com.

2.2.4 DNA Damage

DNA damage, especially double-strand breaks (DSBs), occurs constantly in all cells and
can be due to endogenous causes such as the ROS-induced oxidative stress (discussed
above), but also due to exogenous genotoxic stress, such as chemotherapeutic treatment

or radiation®.

The primordial follicles, which constitute the ovarian reserve, are arrested in prophase
meiosis for a long time until they are activated and are therefore very susceptible to the
accumulation of endogenous and exogenous DNA damage. Indeed, follicles cannot be
replaced, making them the longest-lived cells in the female body, and therefore

potentially vulnerable to DNA damage®".

Cells have efficient mechanisms to repair DNA damage and thus prevent chromosomal
aberrations and mutations. However, there is increasing evidence of an association

between DNA damage, oocyte repair capacity, and maternal age. Different studies have
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shown that the efficiency of the mechanisms involved in DNA repair are affected by age,
leading to the accumulation of mutations over time®*®, In oocytes, this could lead to

poor quality, apoptosis, and ultimately infertility®*.

There are different repair pathways: base excision repair, nucleotide excision repair,

mismatch repair, non-homologous end joining, and homologous recombination (HR)%.

The HR pathway occurs in the oocyte at all stages of folliculogenesis®® °’. The HR pathway
starts with the detection and recognition of DNA DSBs by the meiotic recombination 11-
Rad50-Nijmegen (MRE11-RAD50-NBS1) break syndrome 1 (MRN) complex, which
triggers phosphorylation of ataxia telangiectasia mutated (ATM). Activation of ATM
results in phosphorylation of several DNA damage response kinases, such as histone
protein H2A family member X (H2AX), checkpoint kinase 2 (Chk2), and p53 (TAp63a in
primordial oocytes). Mediator DNA damage checkpoint protein 1 (MDC1) binds to yH2AX
via breast cancer susceptibility gene 1 (BRCA1) and forms foci that co-localize with
yH2AX. HR activation generates single-stranded DNA in multiple steps, requiring a
specific factor, the replication protein A (RPA). The RPA complex of the ssDNA-binding
protein in oocytes is replaced by Rad51, and meiotic cDNA1 (DMC1) breast cancer
susceptibility gene 2 (BRCA2), which repairs the DNA® (Figure 12A).
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Figure 12. DNA double-strand breaks response pathway. (A) Homologous recombination (HR) repair
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Alternatively, TAp63 can induce an apoptotic signaling pathway in response to excessive
or irreparable DNA damage. Induction of p53 upregulates the modulator of apoptosis
(PUMA) and NOXA®. Apoptosis is then controlled by the balance between anti-apoptotic
B-cell lymphoma 2 (Bcl2) protein and proapoptotic Bcl2 associated with X activity (BAX)
protein'® (Figure 12B).

2.2.5 Other mechanisms

The condition of the ovarian stroma is affected by age, with decreased blood vessels,
hyaluronic acid, and cell proliferation and increased fibrosis and apoptosis over time. An
impaired ovarian stroma is characterized by a decrease in the number and quality of eggs

and may affect follicular development and oocyte quality '™,

104

Inappropriate epigenetic modifications in the DNA of reproductive cells ™ and telomere

105,106

shortening also play a critical role during the aging process of oocytes.

2.3 Alterations of female fertility

There are conditions in which ovarian function is impaired or the process of ovarian aging

accelerated, irrespective of age.

2.3.1 Diminished ovarian reserve

Diminished ovarian reserve (DOR) is a physiological process caused by reduced follicle
number. As mentioned above, this process begins at 30 years old and is exacerbated until
menopause®. However, some women may suffer from pathological DOR when their
ovarian reserve decreases earlier than usual, and they subsequently become prematurely
infertile. These patients usually have regular menstrual cycles but a low response to

ovarian stimulation regimens and abnormal ovarian reserve values'’.
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In assisted reproduction, 10-25% of treatment patients exhibit an inadequate response
to gonadotropin-controlled ovarian hyperstimulation (COS) and are referred to as Poor

Ovarian Response (POR) patients'®.

Regardless of the cause of DOR, up to one-third of these patients experience a POR to
COS, leading to cycle cancellation and a reduced chance of a live birth'®. The most critical
limitation in treating these patients is the heterogeneity of the population included in
this definition, which is given by grouping women with different biological characteristics

and, therefore, different prognoses.

2.3.2 Premature ovarian insufficiency

Premature ovarian insufficiency (POI) is an ovarian defect characterized by the absence
of menarche (primary amenorrhea) or premature depletion of ovarian follicles before the
age of 40 years (secondary amenorrhea)''’. This disorder affects approximately 1 % of
women under 40 years of age and 0.1 % under 30""". Women with primary POI have no
pubertal development, whereas, in secondary POI, there is usually normal puberty with
subsequent disappearance of menstrual cycles. Secondary POI is characterized by the
absence of menses for at least four months, in combination with low levels of gonadal
hormones (estrogens and inhibin), and high FSH levels (greater than 251U/L), occurring

before the age of 40 years (Figure 13).

The causes of POI include chromosomal abnormalities, ovarian surgeries, autoimmune

diseases, infections, metabolic disorders, and oncologic therapies'".

113

Women with POI have a very low spontaneous pregnancy rate'”, and therefore new

strategies to improve their reproductive potential are required.
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Figure 13. Effects of ovarian aging on ovarian reserve and AMH levels. (A) Typical physiological ovarian
aging, which is characterized by a progressive decline in follicle number and anti-Mdllerian hormone (AMH)
levels with increasing biological age. (B) An altered normal ovarian function profile (e.g., Diminished ovarian
reserve (DOR)) characterized by follicle count and AMH levels decreasing earlier than usual. (C) Premature
ovarian insufficiency (POI) profile, where no antral follicles are produced, and AMH levels are almost
undetectable. In all cases, when ovarian function is lost, residual primordial follicles remain. Image modified

from Visser et al., 201214,
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3. Strategies to improve the reproductive potential of patients with compromised

ovarian function

As we have described above, age is one of the leading causes of infertility''. Thus, age-
related infertility and low ovarian reserve represent a clinical challenge because, although
various therapeutic interventions are aimed at increasing their reproductive

potential'™®'" all these interventions have limited and poorly reproducible efficacy.

3.1 Assisted reproductive techniques based on controlled ovarian

stimulation

Among the options available to these patients are therapies based on the hormonal
stimulation process. These strategies include increasing FSH doses, administering FSH in
the luteal phase, using recombinant FSH instead of purified urinary FSH, modifying
pituitary desensitization protocols, pre-treatment with estrogens or combined oral

118120 However, due to the low

contraceptives, and pre-treatment with androgens
number of antral follicles susceptible to stimulation, these strategies generally do not

produce good outcomes.

Therefore, the only clinical alternative available to such women is oocyte/egg donation,
which allows women to fall pregnant regardless of age or oocyte status. However, it is
not a suitable option in all cases, as it may be unacceptable to a patient depending on

ethical, religious, regulatory, and even economic reasons.

3.2 Bone marrow-derived stem cells (BMDSCs)

Recent studies have shown that there are residual follicles in the ovaries of POI patients
that can be activated by /n vitro activation and fragmentation treatments, resulting in
mature oocytes, and giving rise to successful pregnancies and healthy children '#'-'# This
approach could help to improve the reproductive potential of women undergoing
chemotherapeutic treatments or other conditions of low ovarian reserve, in which, even
when the ovary loses its function and capacity to ovulate, a small group of follicles is

susceptible to rescue.
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With the development of regenerative medicine, various stem cells (SCs), including adult
SCs', are increasingly being considered to improve the reproductive potential of
patients with impaired ovarian function. Adult SCs are present in different tissues, where
they act as a reservoir to replace damaged and senescent cells'®. Although numerous
somatic SCs have been identified, one of the most studied to rescue fertility are the bone
marrow-derived stem cells (BMDSCs). Indeed, years ago it was suggested that BMDSCs
may be responsible for rescuing residual primordial follicles and fertility after bone

127-131

marrow transplantation in oncologic patients , suggesting the potential of BMDSC-

based therapies as an alternative treatment to recover fertility.

3.2.1 Characteristics of BMDSCs

Bone marrow is rich in SCs, including hematopoietic stem cells (HSCs) that can give rise
to all blood cell types, and mesenchymal stem cells (MSCs), which have the ability to
differentiate into various cell types, including osteocytes, chondrocytes, adipocytes,

hemocytoblasts, mast cells, and fibroblasts'**'** (Figure 14).
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Figure 14. Stem cell differentiation from bone marrow. Within the bone marrow, we can distinguish
between two major stem cell populations: hematopoietic stem cells (HSCs), which can give rise to all cell
types of the hematopoietic lineage, and mesenchymal stem cells (MSCs). Image adapted from “Stem Cell

Differentiation from Bone Marrow"” by BioRender.com.
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Cell therapy with BMDSCs presents certain advantages that make these therapies of
particular interest. Firstly, their safety is supported by data obtained after transplantation
or infusion in treating different diseases*'*. Secondly, improved collection protocols
from peripheral blood after mobilization or by iliac crest puncture make them an

attractive and ethically robust source of autologous SCs'.

Mobilization of SCs from bone marrow to peripheral blood through pharmacological
treatments has become the gold-standard for autologous transplantation, as this avoids
invasive iliac crest puncture and technical difficulties'’. The most utilized mobilization
treatment in clinical practice is granulocyte-colony stimulating factor (G-CSF)
administration. G-CSF is a hematopoietic growth factor that modulates hematopoiesis
and the immune system. It is widely used in the clinic to increase hematopoietic cell

138 Once mobilized,

proliferation and differentiation and to activate neutrophil functions
SCs can be isolated from peripheral blood by apheresis and subsequent density gradient
centrifugation™®. The product of this centrifugation contains HSCs, MSCs, and cells

committed to a cell lineage at various stages of maturation.

3.2.2 BMDSC-based therapies to restore ovarian function

Studies performed by different groups in animal models of ovarian failure confirm the
regenerative effects of BMDSCs in restoring hormone production, reactivating
folliculogenesis, and improving ovarian stromal status®'*. Similarly, clinical trials have
been conducted wherein BMDSCs restore menstruation, improve ovarian reserve

markers, and allow pregnancies and births.

Previously, our group aimed to evaluate whether BMDSCs infusion promoted follicular
growth in a murine model of DOR and POI induced by chemotherapy'* (Figure 15). In
this study, BMDSCs reached the ovarian niche, settling mainly near vessels and follicles.
They promoted follicular growth to the preovulatory stage, increased vascularization and
cell proliferation, and inhibited apoptosis in chemotherapy-damaged mouse ovaries. In
addition, BMDSCs infusion restored the estrous cycle, which had been previously

disrupted due to chemotherapy treatments. Ovulation capacity was also improved in the
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two chemotherapy doses studied, increasing the number of MIl oocytes and embryos

retrieved.

A. Chemotherapy-induced POl and DOR mouse models B. Xenograft mouse model: Ovarian cortex from PR women
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Figure 15. Effects of BMDSCs in animal models. (A) Regenerative effects of bone morrow-derived stem
cells (BMDSCs) in mouse models of diminished ovarian reserve (DOR) and premature ovarian insufficiency
(POI). (B) Corroboration of the BMDSCs positive effects in human ovarian tissue from poor ovarian response

(POR) patients by employing a xenotransplant model. Image created by Herraiz et al. 20184,

Furthermore, these positive effects were also validated in human ovarian tissue from POR
patients' (Figure 15). In this case, BMDSCs were able to rescue residual primordial
follicles. In addition, they stimulated vascularization and proliferation of the ovarian

stroma, thus generating an appropriate niche to support growth of activated follicles.

Following this, the therapeutic potential of such treatment was tested in a prospective

pilot study in POR women'#

. In that study, autologous stem cell ovarian transplant
(ASCOT) improved ovarian function biomarkers in 81.3% of women, as measured by
antral follicle count and/or serum anti-Millerian hormone. BMDSCs also allowed
pregnancies and live births in poor-prognosis women, where oocyte donation was
previously the only clinical option. A total of six pregnancies were achieved (3 by IVF and

3 spontaneous conceptions), and three healthy babies were born after BMDSC

administration.
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3.2.3 Mechanisms of action of BMDSCs

Different mechanisms have been proposed by which SCs could exert their regenerative
effects in damaged or aged tissues. Regarding BMDSCs, it was initially proposed that the
primary mechanisms underlying their therapeutic action were transdifferentiating into
tissue-derived and vascular lineage cells’. However, the paracrine signaling, through
secretion of cytokines, chemokines, and growth factors with crucial functions in tissue
repair, has recently been proposed as the primary mechanism by which adult SCs exert

their regenerative effects™ 1>,

BMDSCs secrete cytokines and factors such as vascular endothelial growth factor (VEGF),
fibroblast growth factor-2 (FGF-2), insulin-like growth factor (IGF), hepatocyte growth
factor (HGF), and interleukin (IL)-6, among others'™?. This paracrine signaling is essential
in  angiogenesis, anti-inflammation, immunomodulation, anti-apoptosis, and
proliferation, thus improving the microenvironment to promote the recovery of damaged

tissue (Figure 16).
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Figure 16. Paracrine mechanism of action of BMDSCs. Bone marrow-derived stem cells (BMDSCs) can
exert their effects by secreting soluble factors such as chemokines and cytokines, which are involved in
processes such as anti-inflammation, angiogenesis, proliferation, anti-apoptotic functions, and modulation

of the immune response. Image created with biorender.com.

Indeed, a direct effect of SCs on tissue repair is unlikely as the number of cells present in
damaged tissues after the infusion is too low to explain the functional improvement
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observed'> 153134 Moreover, exposure to stem cell-conditioned media causes the

same positive effects as cellular infusion upon the injured ovary ™.

This paracrine mechanism could explain the correlation observed between the positive
ovarian response of POR patients after ASCOT, and the increased plasma levels of FGF-2

and thrombospondin-1 (THSP-1) into the plasma of apheresis™®.

3.3 Plasma-based treatments

Based on the paracrine mechanisms discussed above and the effects observed in stem
cell studies, the administration of specific proteins or plasma-containing factors secreted

by SCs has been proposed as an alternative therapy to the use of SCs.

3.3.1 Young blood

The human umbilical cord was first successfully tested as a source of MSCs for cell
therapy'®, and its potential as an alternative therapeutic option for chemotherapy-
induced POI was evaluated™"™""">°. However, the low survival rate and uncertain efficacy

of these SCs after transplantation still limit their clinical application.

Recently, the injection of young, growth factor-enriched plasma, umbilical cord blood
(UCB) plasma, or plasma-specific proteins into damaged and aged organisms has been
proposed to stimulate nervous tissue regeneration and repair'®®', In these studies, UCB
is shown to have a rejuvenating effect and stimulate neurogenesis, which improves
hippocampal functioning, cognitive function, learning ability, and memory in old mice.
Castellano et al. (2017) showed that UCB plasma contained plasticity-enhancing proteins
of high translational value for targeting aging- or disease-associated hippocampal

dysfunction.

Other studies have demonstrated that the regenerative effects observed after UCB
plasma administration could be mediated by cytokines and growth factors present in
plasma'®'® Romanov et al. (2019) determined the content of biologically active

molecules, cytokines, and growth factors in UCB samples to confirm the paracrine
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mechanisms of action. This study showed that UCB plasma is a rich source of cytokines
and growth factors with pronounced anti-inflammatory, angiogenic, and anti-apoptotic

effects.
3.3.2 Platelet-rich plasma

Intraovarian injection of platelet-rich plasma (PRP) has been proposed among the
strategies for ovarian reactivation. PRP is a component of blood that remains after /n
vitro removal of red and white blood cells, which contains platelets, cytokines, growth
factors, and small molecules'®. Indeed, PRP is mainly composed of growth factors such
as platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), VEGFs,
epidermal growth factor (EGF), and transforming growth factor B-1 (TGF-B1), among

others.

In human reproductive medicine, one of the first research groups to use PRP was Callejo
et al. (2013). They implanted cryopreserved human ovarian tissue into the peritoneum
using PRP as a proangiogenic and proliferative agent, leading to live birth'®,
Subsequently, numerous authors have studied the effect of PRP in improving female
fertility from different perspectives. The largest cohorts published to date and the main

findings are shown in Table 1.
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Table 1. The largest human clinical studies of platelet-rich plasma (PRP) intraovarian injection to rescue fertility.

Characteristics of the study
population

Fertility outcomes

Cakiroglu et
al. (2020)

Jackman et al.
(2020)

Melo et al.
(2020)

Sfakianoudis
et al. (2020)

311

140

83

120

24-40

42-44

39-44

36-50

POI

DOR

DOR

POI
POR
Premenopausal
Menopausal

Intraovarian injection of 2
to 4 ml of PRP (non-
activated) in each ovary.

Intracortical injection of
200 pyL of PRP (non-
activated).

Intracortical injection of
200 pL of PRP (activated
by calcium chloride) in
each ovary monthly for
three consecutive cycles.

Intraovarian injection of 4
ml of PRP (activated by
calcium gluconate).

30

Number Age Ovarian PRP treatment Key measurements
(n) (Years old) condition

-Serum levels of FSH, AMH,
and AFC after PRP therapy.

-Pregnancies (IVF cycle or
spontaneous)

AFC before and after PRP
injection (once a week for a
total of 6 weeks).

-Serum levels of FSH and
AMH, and AFC before and
after PRP therapy.

-IVF cycle.

-In POR women, AMH levels
and AFC in PO,
perimenopausal and
menopausal women,
restoration of the menstrual
cycle and FSH levels before
and after PRP therapy.
-Pregnancies and live births
(IVF cycle and
spontaneous).

-AMH levels and AFC improved after PRP
treatment.

-Spontaneous pregnancy was achieved in
23 of 311 women, and 16 resulted in
sustained implantation or live birth.

-201 patients attempted IVF. 57 of the 82
women  who  developed  embryos
underwent embryo transfer, 9 resulted in
sustained implantation or live birth'®’.
-AFC increased significantly in both ovaries
after PRP treatment’68,

-Asignificant increase in FSH, AMH and AFC
was observed after PRP treatment.

-PRP increased the pregnancy rates. There
was no difference between groups (PRP and
control) between first-trimester miscarriage
and live birth rates'®,

-Menses was restored for POI patients (18
of 30) after PRP. AMH and AFC improved
significantly, ~ with 3 spontaneous
pregnancies and live births.

-For POR women, there was an
improvement in pregnancy rates after ICSI
cycles.

-For  perimenopausal  women,  PRP
improved hormone levels and AFC, with



Sillls et al.
(2020)

Parvanov et
al. (2022)

Cakiroglu et
al. (2022)

182

66

510

39-51

34-46

30-45

DOR

POR

POR

Intraovarian injection of 1
mL of PRP (activated by
calcium gluconate).

Intraovarian injection of
0.5 mL of PRP (activated
by calcium gluconate) in
each ovary in two
subsequent menstrual
cycles.

Intraovarian injection of 4
mL PRP (non-activated)
into at least one ovary.

31

-Serum levels of FSH,
estradiol and AMH every
two weeks for three
months.

-Serum levels of FSH and
AMH, and AFC before and
after PRP treatment.

-IVF cycle.

-Serum levels of FSH and
AMH, and AFC before and
after PRP treatment.
-Pregnancies and live births
(IVF cycle and
spontaneous).

introduction

four spontaneous pregnancies and three
live births noted.

-13 of 30 menopausal patients responded
positively to PRP treatment, with one
spontaneous pregnancy and live birth
noted'?°.

-PRP injection increased the levels of AMH
in 51 patients at different ages'’".

-PRP injections decreased the FSH levels,
and increased AMH and AFC.

-The number and quality of oocytes, the
fertilization rate and number of blastocysts
were higher after PRP172,

-PRP treatment decreased the FSH levels
and increased the AMH and AFC.

-22 women conceived spontaneously.
-Among women who attempted IVF (474),
312 generated embryos and underwent
embryo transfer, achieving 83 pregnancies
and 54 sustained implantation and live
birth73.
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As shown in Table 1, some trials also include a plasma activation phase'®'"#'® The term
activation refers to the degranulation of platelets to release additional growth factors
contained in platelets'’®. Different activation protocols are employed, although the most

common is by adding calcium chloride (CaCly).

166,177,178[ suggesting that

However, in other studies, PRP is injected without activation
spontaneous platelet activation will occur after administration. The automatic
mechanism by which platelets are activated is complicated by the involvement of
numerous receptors. Spontaneous platelet activation is driven by "outside-in" signaling,
initiated through a broad repertoire of G protein-coupled receptors, integrins, and
glycoprotein channels on the platelet surface'®, including, among others, thrombin,

collagen, adenosine diphosphate (ADP), thromboxanes, serotonin, oxidized LDL, and

extracellular divalent cations'*'® (Figure 17).

ADP

TXA; l

(A0 0 Granule

[T o f\ ; f secretion
\1L Rt VUV
Thrombin BUUR =
CURSANA P2Y,/P2Y,; Fibrinogen
TXA; receptor
PAR1/PAR4 Pl?tel.et / albp3
Activation

Collagen

Figure 17. Natural process of platelet activation. Image adapted from “Platelet activation” by

BioRender.com.

Recent studies have shown that PRP from resting platelets differs from that containing

activated platelets'®,

Numerous clinical trials are investigating PRP as a therapy for improving impaired ovarian
function, with encouraging results. However, the protocols and study groups employed

vary, and few focus on understanding the mechanisms of action underlying the observed
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regenerative effects'®. Thus, further mechanistic research and preclinical studies'® '8

are still required.

4. Animal models of ovarian aging, DOR, and POI conditions.

Appropriate animal models are needed to understand ovarian aging and find new

strategies to delay or reverse DOR and POI conditions'®

. Among the different models
employed, Mus musculus is the most widely used due to its genetic similarity to

humans'® and similarity in reproductive characteristics'™".

Mouse models established by gene deletion and chemotherapy (ChT) have been used

for studying aging and phenotypes comparable to DOR and POl in humans'®.

On the one hand, genetic engineering allows us to study the effects of gene alterations
on ovarian aging, such as chromosomal abnormalities and genetic mutations. Brca2
receptor deficiency’®, follicle-stimulating hormone receptor depletion™, loss of
pigment epithelium-derived factor'®, or deletion of mitochondrial genes’, are knockout
models employed to decipher potential mechanisms of ovarian aging, and to study the
phenotype of POl women. However, these models have presented some limitations. For
example, the ovaries of animals are damaged and affected from the early stages of
development and do not mimic reproductive systems in humans. In addition, these
models are expensive and complex to generate, which leads to using other animal

models such as those induced by ChT.

Clinically, the effect of cytotoxic treatments on the ovary can range from partial damage
that reduces fertility, to the destruction of the follicular pool and tissue atrophy, leading
to POI and a loss of fertility’®. The degree of gonadotoxicity differs depending on the
ChT drugs and dose, with alkylating drugs carrying the highest risk of ovarian failure'’.
Therefore, these ChT drugs are often employed to establish a mouse model of ovarian
damage. Most studies employ high doses of chemotherapy, representing the worst
ovarian condition, POI'®®'% However, our group also developed an animal model to

represent less severe conditions such as DOR, using reduced doses of chemotherapy?®.
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The mechanisms of action of the ChT drugs are believed to be the induction of DNA

201202 inducing chromosomal aberrations, sister chromatid exchange, DNA

damage
adducts, single-strand breaks, and the formation of double DNA crosslinks®®. In mice,
primordial follicles, growing follicles and GCs are the most sensitive to chemotherapy-
induced ovarian damage®®. Thus, these mouse models of ovarian damage allow us to
study the effects of ChT on fertility measures, like follicle loss and oocyte death, and are

crucial to finding therapies to protect or rescue fertility.

Although knockout and chemotherapy-induced models enable the study of
characteristics derived from aging and phenotypes of DOR and POI conditions, they do
not represent a progressive and physiological aging mouse model. In this sense, to
evaluate potential therapies to slow down or reverse the physiological aging process, it
is necessary to develop and characterize an appropriate, economic, and reproducible
animal model, displaying most of the ovarian characteristics of different stages during

women'’s reproductive life.
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Il. HYPOTHESIS

Adult stem cells derived from bone marrow can repair damaged mouse and human
ovarian tissue by promoting follicular development and stromal regeneration, through
the secretion of soluble factors and cytokines in a paracrine manner. Therefore, plasma
rich in factors secreted by stem cells could be a suitable therapy to improve the

reproductive potential of patients with impaired ovarian function.
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I1l. OBJECTIVES

1. Main objective

The main objective of this doctoral thesis is to evaluate whether the administration of
plasma rich in factors secreted by stem cells presents an alternative therapy to improve
the ovarian function of DOR and POI patients, or women with age-related fertility

problems.
2. Secondary objectives
To achieve the main objective, the work was divided into different phases:

A) REGENERATIVE EFFECT OF DIFFERENT PLASMA SOURCES, RICH IN GROWTH
FACTORS, IN MOUSE MODELS OF OVARIAN DAMAGE INDUCED BY CHEMOTHERAPY

1. To assess the ability of different plasma sources rich in factors secreted by
different stem cell types, such as bone marrow stem cells (BMDSC plasma), and
umbilical cord blood (UCB plasma) stem cells, to promote follicular development,
ovulation, and fertilization in DOR and POI models.

2. To analyze the effect of BMDSC and UCB plasmas on pregnancy rate and litter
size.

3. To evaluate the effects of the injection of these plasmas on the ovarian niche:
analysis of vascularization, proliferation, degeneration, and apoptosis.

4. To evaluate whether the activation of plasmas in order to release platelet contents
improves regenerative effects.

5. To characterize the composition of the different plasmas to understand the
mechanisms underlying treatments.

6. To study DNA repair pathways in an /n vitro model of chemotherapy-induced

ovarian damage.

B) EVALUATION OF THE MOST BENEFICIAL PLASMA TREATMENT ON HUMAN OVARIAN
TISSUE

1. To validate the regenerative effects of activated BMDSC plasma (aBMDSC) in
human ovarian tissue from POR patients by employing a xenotransplant model

and analyzing follicle development and stroma regeneration.
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2.

To elucidate the mechanisms responsible for the regenerative effects of aBMDSC

plasma in human ovarian tissue.

C) DEVELOPMENT AND VALIDATION OF A MOUSE MODEL OF PHYSIOLOGICAL

OVARIAN AGING

To characterize a physiological reproductive aging mouse model displaying most

ovarian characteristics of different stages during women's reproductive life.

To evaluate different reproductive variables (ovarian reserve and stroma, number
of oocytes and embryos, MIl oocyte quality, /in vitro embryo development,
mitochondrial dysfunctions, and ovarian proteomic profile) to determine if the
model can be used to test therapies for women with age-related fertility

problems.

D) INTRAOVARIAN ADMINISTRATION OF THE MOST BENEFICIAL PLASMA TREATMENT

IN A PHYSIOLOGICAL AGING MOUSE MODEL

1.

To assess the ability of a single intraovarian injection of activated platelet-rich
plasma (aPRPa) and the combination of factors secreted by BMDSCs and
contained in platelets (aBMDSC), to promote follicular activation and
development in a physiological ovarian aging model.

To analyze the effect of intraovarian injection of aPRP and aBMDSC on ovulation
rate, oocyte quality, and embryo development.

To analyze the effects of plasma on ovarian stroma by studying proliferation and
vascularization.

To study mitochondrial dysfunction, oxidative damage, and apoptosis after
intraovarian administration of plasma.

To evaluate if there are changes at the proteomic level after plasma

administration and to study the differential biological pathways involved.
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IV. MATERIAL AND METHODS

In the Ph.D. thesis work herein, we first evaluated the potential of systemic administration
of different plasma sources, rich in factors secreted by bone marrow-derived stem cells
(BMDSC plasma) or umbilical cord stem cells (UCB plasma), to recover the ovarian
function of chemotherapy-induced DOR and POl murine models. Moreover, we also
assessed the additional effect of plasma activation, i.e., the release of factors contained
in platelets, on reproductive outcomes (Phase A). We also characterized the protein
profile of different plasmas tested to establish the potential mechanisms underlying the
observed regenerative effects. Based on these results, we studied the role of plasmas in
DNA repair, by performing an additional in vitro experiment with mice ovaries exposed
to chemotherapy. Then, due to the functional differences between murine and human
ovaries, we evaluated the most beneficial treatment in human ovarian tissue (Phase B).
Plasma combining factors secreted by both bone marrow derived stem cells and platelets
(aBMDSC) was tested in human ovarian tissue from POR patients xenografted into

immunodeficient mice.

Finally, given the increasing number of patients with age-related ovarian infertility
requiring novel therapeutic approaches, we developed a physiological aging mouse
model, displaying most of the ovarian characteristics of different stages during women's
reproductive life (Phase C). This model allowed us to evaluate the regenerative effects of
aBMDSC as a therapy for treating age-related infertility (Phase D). Their effects were
compared with platelet-rich plasma (aPRP), and both plasmas were administered by a
single intraovarian injection to bring the treatment's administration closer to clinical

practice.

A) REGENERATIVE EFFECT OF DIFFERENT PLASMA SOURCES, RICH IN GROWTH
FACTORS, IN MOUSE MODELS OF OVARIAN DAMAGE INDUCED BY
CHEMOTHERAPY

1. Ethical approval

All study procedures were approved and conducted according to the Institutional Review

Board of Hospital Universitario y Politécnico La Fe, Valencia, Spain (2014/0147) and the
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Institutional Review Board and the Ethics Committee from University of Valencia,

Valencia, Spain (A1510574679987).

2. Animal housing

The animal experimentation was carried out in the authorized animal house of the Faculty
of Medicine of the University of Valencia, by current regulations and respecting the
handling and euthanasia procedures recommended by the Spanish and European
legislation (Royal Decree 1201/2005, B.O.E. 252, October 10, 2005, and the European
2005 and the European Convention 1-2-3, March 18, 1986).

During the experiment, mice were housed in a specific pathogen-free area under
constant temperature (23°C) and humidity (60-70%), with a 12-h light/dark cycle and

free access to the standard rodent diet and water.

3. Experimental design

3.1 Study of the systemic administration of different human plasma sources

in chemotherapy-induced ovarian damage models.

To assess the potential regenerative effects of plasmas on mouse ovarian tissue, we
employed two previously established animal models of chemotherapy-induced ovarian
damage: DOR and POI models?®®. DOR and POl were induced in immunodeficient
NOD/SCID mice by reduced and standard ChT regimens, respectively. One week later,
when ovarian damage was established, DOR and POI animals were allocated (n = 11 per
group) into seven experimental groups receiving injections of: (1) saline (ChT); (2)
peripheral blood plasma from women with POR (PB plasma); (3) activated PB plasma
from women with POR (aPB plasma); (4) Plasma rich in factors secreted by BMDSCs
(BMDSC plasma); (5) activated BMDSC plasma (aBMDSC plasma); (6) plasma rich in
factors secreted by umbilical cord stem cells (UCB plasma); or (7) activated UCB plasma
(aUCB plasma). Treatments were administered every other day for 2 weeks though tail
vein injection (100 wul/day). Following treatment, mice underwent ovarian

hyperstimulation before mating with fertile males. Then, some of the females (n= 7 /
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group) were euthanized, and ovaries and oviducts recovered to analyze the short-term
effects of plasma administration. The remaining animals (n = 4 / group) were not

sacrificed and were used to assess the long-term effects on breeding performance.

To provide reference values for the different study variables, NOD/SCID females without

chemotherapy and plasma treatment (n= 11, wild-type group) were used (Figure 18).

wildtype DOR model POl model
4 12mglkgBu F mglkg Bu
12 mg/kg Cy 120 mg/kg Cy
GChT BMDSC Groups
rou R T P
E P ‘// Ta 7 Ta o Ta
Saline solution From peripheral Activated form From apheresis Activated form  From umbilical cord
f blood f blood

~

Ovarian hyperstimulation and mating
(101U PMSG 48h+ 10 U hCG)

s A2
TR

Consecutive matings for 3

<] Short-term effects months

Ovaries, (16 h after hCG) (n=4/group)

oocytes/embryos P . .
(n=Tigroup) [ Long-term effects ]E> i 6 &

Figure 18. Experimental design to test different plasma sources in mouse models of ovarian damage
induced by chemotherapy. The conditions of diminished ovarian reserve (DOR) and premature ovarian
insufficiency (POI) were induced by a reduced and standard dose of cyclophosphamide (Cy) and busulfan
(Bu), respectively. One week later, the different plasmas were administered every other day for two weeks
through tail vein injection. After ovarian stimulation and mating, the effects on short (sacrifice after
stimulation) and long-term effects (successive mating for three months) on fertility were assessed. A group

without chemotherapy and plasma treatment was included as a wild-type control.

Proteomic characterization of the different plasmas was also carried out to understand
the mechanisms underlying treatments. Moreover, additional experiments to evaluate
the effect of proposed treatments on DNA repair (section 3.2) and to understand the
depletion of ovarian reserve associated with our mouse model (Section 3.3), were

included.
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3.2 In vitro study to analyze the plasma effects on DNA damage and

repair

An additional experiment was performed to evaluate treatment effects on promoting

DNA repair in a model of ChT-induced ovarian damage.

Twelve-week-old CD1 mouse ovaries were isolated, cultured for 24h and then
randomized to the following groups (n=6/group): 1) ChT group: treated with 1.2 uM 4-
hydroperoxy cyclophosphamide (Cy) + 0.12 uM busulfan (Bu); 2) PB group: treated with
ChT and PB plasma; 3) BMDSC group: treated with ChT and BMDSC plasma; and 4) UCB
group: treated with ChT and UCB plasma; 5) Control group: without chemotherapy or
plasma treatment. Ovaries were collected at 12h or 24h and pooled by group to analyze
DNA damage by western blot (H2AX Bax, Bcl2 and Cleaved caspase-3) and DNA repair
(ATM, p53, Rad57, ApexT) by real-time quantitative polymerase chain reaction (RT-qPCR)
(Figure 19). The majority of these genes and proteins (Table 2) were selected based on

their role in repairing DSBs, the most common DNA damage and repair system found in

205-207
oocytes .

Chemotherapy Control

Bu: 0.12uM + 4-HC: 1.2uM
Isolated ovaries In vitro Culture
— S— w/o plasma PBplasma BMDSC ucB w/o ChT
plasma plasma w/o plasma
Sample collection n=3/group
12h 24 h

To analyze ovarian damage and DNA repair

~u: B

Western Blot RT-gPCR

Figure 19. /n vitro study to analyze the effects of plasma treatments on DNA damage and repair.
Isolated mouse ovaries were cultured with chemotherapy (ChT) and plasmas treatment for 12 and 24 h. Then,
the ovaries were pooled by group to analyze to analyze ovarian damage and DNA repair by Western Blot

and RT-gPCR. Image created with biorender.com

48



Material and Methods

Table 2. Glossary of the genes and proteins employed to study the DNA damage and repair.

Gene ID Gene name Role
11920 Ataxia telangiectasia mutated (A7TM) DNA damage recognition
22059 Transformation related protein 53 (p53) DNA damage recognition
19361 RAD51 recombinase (Rad57) DNA repair
231642 AlkB homolog 2, alpha-ketoglutarate DNA repair

dependent dioxygenase (A/kbh2)

11792 Apurinic/apyrimidinic endonuclease 1 DNA repair
(ApexT)
Protein ID Protein name Role
P27661 H2AX variant histone (H2AX) DNA damage marker
P10417 B cell leukemia/lymphoma 2 (Bcl2) Anti-apoptotic protein
Q07813 BCL2 associated X, apoptosis regulator (Bax) Pro-apoptotic protein
P70677 Cleaved caspase 3 Apoptotic regulator

3.3 Analysis of follicle depletion induced by chemotherapy

As the ovarian reserve is formed by a non-renewable pool of follicles™, a further
experiment to establish the dynamics of ChT-induced follicular depletion was performed

to better understand how the treatments might affect follicle numbers.

To this end, eight-week-old female CD1 mice (Charles River Laboratories, Saint-Germain-
sur-I'Arbresle, France) were intraperitoneally injected with a standard ChT dose (12
mg/Kg Bu — 120 mg/Kg Cy, n = 12) or vehicle (DMSO, n = 8). Ovarian samples were
harvested at 2, 7, 14, and 21 days after injection. Samples were processed and follicles

counted as described below.

4. Plasma collection

PB plasma was obtained from peripheral blood of POR women. BMDSC plasma was
obtained from the apheresis of 10 POR patients undergoing stem cell mobilization by a

5-day pharmacological treatment with G-CSF as previously described™. This treatment
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consisted of a daily subcutaneous injection of 10ug/kg G-CSF for five days. On the fifth
day, plasma was obtained in those patients who reached a CD34+ cell threshold =10
cells/uL?®. aBMDSC collection was performed with standard apheresis procedures
employing continuous flow in an OPTIA cell separator (Cardian, Denver, USA). Apheresis
samples were also analyzed by flow cytometry for confirmation. Umbilical cord blood
from newborn babies was collected from healthy patients delivered at Hospital La Fe

(Figure 20).

Apheresis and blood samples were collected in EDTAK, BD Vacutainer® tubes (BD
Diagnostics, Madrid, Spain) and plasma fractions isolated by a 1600 x g centrifugation

for 10 min at 4°C and stored at -80° C until use.
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Figure 20. Plasma collections. Plasma from peripheral blood (PB plasma) from poor ovarian response (POR)
patients without mobilization. Plasma rich in bone-marrow derived stem cell secreted factors (BMDSC
plasma) after mobilization with granulocyte stimulating factor (G-CSF). Plasma rich in umbilical cord stem

cell secreted factors (UCB) from newborn babies. Image created with biorender.com.
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Fractions of three plasma types (PB, BMDSC, and UCB plasmas) were activated (aPB,
aBMDSC, aUCB plasmas) using 5% CaCl, 0.1M (Sigma-Aldrich, St. Louis, US). Activation
induces platelet degranulation which allows the release of growth factors and other

signaling molecules enclosed in a-granules'’® before injection.

5. DOR and POI models induced by chemotherapy

DOR and POl were induced in seventy-seven 8-week-old female NOD-SCID mice (Charles
River Laboratories, Saint-Germain-sur-I'Arbresle, France) by Cy and Bu. Mice were
administered a standard (12 mg/Kg Bu — 120 mg/Kg Cy) or a reduced (1.2 mg/Kg Bu -
12 mg/Kg Cy) dose was employed, respectively. We used these drugs because they are
frequently employed for the treatment of breast cancer and hematological malignancies,
such as leukemia and lymphomas, which are the cancers that most affect women's

fertility**

. Moreover, by using immunosuppressed NOD/SCID mice, who do not develop
T and B lymphocytes and have impaired natural killer cell functionality, human origin

treatments can be tested.

To prepare the standard dose, 48 mg of Cy and 4.8 mg of Bu were dissolved in 2 mL of
DMSO (all Sigma-Aldrich, St Louis MI). Then, the above solution was diluted 1:10 dilution
in DMSO, obtaining the reduced dose of chemotherapy. Both solutions were filtered
using a 0.45 pm pore size filter (VWR International Eurolab, S.L, Barcelona, Spain) and
used immediately after preparation. The solutions were prepared under sterile conditions

in a laminar flow cabinet.

A single intraperitoneal injection was used to administer ChT in the abdominal area. For
injections, 1 mL syringes (VWR International Eurolab, S.L., Barcelona, Spain) and 27G-

gauge Sterican® hypodermic needles (Braun Vetcare, S.A., Barcelona, Spain) were used.

6. Plasma administration and ovarian stimulation

First, the grouping of animals was randomized using the virtual tool random.org into
seven experimental groups. The plasma infusion was performed via tail vein injection

using 1 mL syringes (VWR International Eurolab, S.L., Barcelona, Spain) and 27G-gauge
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Sterican® hypodermic needles (Braun Vetcare, S.A., Barcelona, Spain) every other day for
two weeks. The volume and duration of plasma treatments was established based on

161,210,211

previous animal studies , and considering our previous results with BMDSC

145,146

infusion , In a similar experimental set up.

Ovarian stimulation consisted of an injection of 10 IU of pregnant mare serum
gonadotropin (PMSG, Sigma-Aldrich, St. Louis, MO, USA) to induce follicle growth and
maturation, and 48 h later, 10 IU of human chorionic gonadotropin (hCG, Sigma-Aldrich,
St. Louis, MO, USA) to induce ovulation of the oocytes contained in these follicles. Both
injections were performed intraperitoneally with 27G gauge needle. After COS, females

were mated with males (2 females: 1 male).

7. Sacrifice and sample collection

Seven mice per group were euthanized by cervical dislocation 36 h after hCG injection to
collect ovaries and oviducts and analyze short-terms effects on fertility. The body weight
of mice was recoded before sacrifice. The time-point for analysis was also established

145146 in which fourteen days

based on our previous studies with the injection of stem cells
was shown to be the best time point to observe the highest regenerative effects in human

ovarian tissue.

After sacrifice, the female reproductive system (ovaries, oviducts, and uterus) was
removed in a Petri dish with PBS (Biowest, Nuaillé, France) on a hot plate at 37°C. Under
binocular loupe, the fat was removed from the ovaries-oviducts-uterus to avoid
confusions with oocytes and embryos. The oviducts were separated from the ovaries and

uterus with a scalpel, with care taken to avoid loss of any part of the oviduct.

The oviducts were transferred to a Petri dish collection medium (GCOL-100,
CooperSurgical Fertility & Genomic Solutions, Denmark). The ovaries were weighed, and
one was immediately fixed in neutral buffered formalin (PFA, Panreac Quimica S.A.U,
Barcelona Spain) at 4% for immunohistochemistry, while the other was stored at -80° C

for biomolecular analysis.
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8. Short-term effects
8.1 Mouse Follicle count
8.1.1 Paraffin-embedding and histological sections

Ovaries fixed in PFA 4% were embedded in paraffin (Panreac Quimica S.A.U, Barcelona
Spain), after dehydration, through successive passage in increasing concentrations of

ethanol and xylol (Merck, Darmstadt, Germany), then paraffin, as shown in Table 3.

Table 3. Paraffin-embedding protocol.

Ethanol 70% 60
Ethanol 96% 60
Ethanol 96% Il 60
Ethanol 100% | 60
Ethanol 100% I 60
Ethanol 100 % IlI 60
Xylol | 20
Xylol Il 20
Xylol 1l 20
Paraffin | 60
Paraffin Il 60

Subsequently, serial 4 um slices were prepared using an HM-340E rotation microtome
(ThermoFisher, Waltham, MA, USA). Sections were adhered onto SUPERFROST® PLUS
slides (Thermo Scientific, Waltham, MA, USA).

8.1.2 Analysis of follicles

Every fifth section was stained with hematoxylin-eosin (H&E), as described below. This
criterium was established to avoid double counting whilst still capturing as many follicles
as possible, considering that the size of the primordial follicles in mice are approximately

20 pm.
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First, the ovarian sections were deparaffinized by incubating the samples for 1 h at 60°C
and performing successive passes through xylol. After, tissue sections were hydrated by
performing successive passes through decreasing concentrations of ethanol.
Subsequently, the sections were stained with hematoxylin (Sigma-Aldrich, St. Louis, MI)
for 5 min and with eosin (Sigma-Aldrich, St. Louis, MI) for another 3 min. Finally, the slices
were dehydrated and mounted with Eukit mounting medium (Sigma-Aldrich, St. Louis,

MI).

To avoid double counting, only normal follicles with the oocyte nucleus present in the
section were counted. Follicular subpopulations were identified under optical microscope
as follows: primordial: oocyte surrounded by a layer of squamous granulosa cells;
primary: oocyte surrounded by a layer of cuboidal granulosa cells; secondary: with two
or three granulosa cell layers; late pre-antral: four or more granulosa cell layers but
without an antrum; early antral: with one or more fluid-filled foci; and antral: with a larger
centrally located antral cavity. Follicles were considered morphologically abnormal when
degeneration and necrosis of granulosa cells and/or oocytes were observed, and these

abnormal follicles were not included in counts.

8.2 Oocyte and embryo collection

Immediately after collection, the oviducts were placed in a small Petri dish with PBS
(Biowest, Nuaillé, France). Oocytes and embryos were flushed from the oviducts using a
30G needle (Braun Vetcare, S.A., Barcelona, Spain) loaded with global collect medium
(GCOL-100, CooperSurgical Fertility & Genomic Solutions, Denmark), as shown in Figure
21.
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W /’*Il
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Figure 21. Collection of oocytes and embryos. After sacrifice, the oviducts were isolated. Under a binocular
loupe and using a 30G needle, oocytes and embryos were flushed. Subsequently, they were classified and

evaluated. Imagen created with biorender.com

The resulting oocytes and embryos were isolated, counted, and classified based on

212,213

morphological criteria under a binocular loupe with a warming stage.

The meiotic maturation of oocytes was evaluated by assessing germinal vesicle
breakdown and extrusion of the first polar body. Embryos with two symmetrical, non-
fragmented blastomeres and a proportionate zona pellucida were considered a

morphologically normal embryo.

9. Long-term effects: Breeding performance

After COS and mating, breeding performance was assessed in four mice per group

throughout the three months following the plasma treatments.

During this period, a total of three mating attempts were performed, and the pregnancy
rate (number of spontaneously pregnant females/total number of females in the group),
and litter sizes (the number of pups each female had) were recorded. Each mating
attempt was maintained for a total of 7 days. Then, females were housed separately until

delivery.
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10. Mouse ovarian stroma status

Due to the relevance of the ovarian stroma for follicular development, and its alteration

in DOR and POl profiles, its status was analyzed after administration of the plasmas.
10.1 Cell proliferation

To establish the status of the ovarian niche, proliferative stromal and follicle cells were

quantified by Ki-67 immunostaining.

First, ovarian sections were deparaffinized and dehydrated with ethanol, as described
above in section 8. Then, the samples were placed in a 10 mM sodium citrate solution,
pH 6 (Dako, Denmark), at a pressure of 1.5 bar in microclave (J.P. Selecta) for 3 min
(minutes). Once tempered, the samples were incubated for 15 min in a solution of
Methanol: Hydrogen peroxide (29:1; Sigma-Aldrich, St. Louis, US) to block endogenous
peroxidase activity. Following this, samples were incubated for 1 h in a solution
containing 10% horse serum to reduce nonspecific labeling. After this blocking, they were
incubated with the primary anti-Ki67 antibody (Abcam, U.K;; 1:500) for 18 h at 4°C. The
samples were washed with tris-buffered saline with 0.1% Tween® 20 detergent (TBST,
Dako, Denmark) and incubated at room temperature (R.T) for 1 h with a biotinylated anti-
rabbit secondary antibody (Vector Laboratories, U.K.). Both antibodies (primary and

secondary) were diluted in a 1% horse serum solution.

Horseradish peroxidase (HRP)-conjugated streptavidin was used for detection (LSAB
method Dako Denmark A/S, Glostrup, Denmark) with the VIP substrate (Vector
Laboratories, Burlingame, CA, USA). To contrast the VIP signal, Methyl green (Vector
Laboratories, Burlingame, CA, USA) staining was used. The negative control was an
isotype-matched rabbit immunoglobulin (Ig)G used at a 1:50 dilution (DakoCytomation).

Proliferative endometrial sections were used as positive controls.

Finally, the sections were dehydrated with ethanol and xylol, and the samples were

mounted using DePeX mounting medium (BDH Prolabo, VWR International, U.K.).

To quantify cell proliferation, four sections per sample were analyzed by light-field
microscopy (Leica DMI 3000B, Leica Microsystems GmbH, Germany). For each section,

high magnification images (20X) were obtained and analyzed using Image Pro-plus
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software (Media Cybernetics, Carlsbad, CA, USA). Proliferation was quantified as the Ki-

67 positive area measured as a percent of the total analyzed tissue area.

10.2 Microvessel density

Double immunofluorescence with isolectin B4 (IB4; FL-1201, Vector Laboratories,
Burlingame, USA), which specifically labels endothelial cells, and with an antibody against
a-smooth muscle actin (a-sma; Dako, Glostrup, Denmark), which stains mature vessels,

was used to assess the microvessel density (MVD).

Briefly, ovarian sections were deparaffinized with xylol and dehydrated with ethanol as
mentioned above. Antigenic unmasking was then performed using 10 mM sodium citrate
solution (pH 9) (Dako, Denmark) in a microclave (J.P. Selecta) at a pressure of 1.5 bar for
3 min. Once tempered, the sections were incubated for 30 min at RT with a solution
containing 1 mM CaCl2, T mM MgClI2, 1 mM MnCI2, and 0.05% Tween at pH 7.4 (blocking
solution). Next, the sections were incubated for 10 min with a 1% Bovine Serum Albumin
(BSA) solution at RT and for another 20 min with blocking solution to avoid nonspecific
signals. Then, sections were incubated with primary antibody B4 (Vector Laboratories,
USA) at a dilution of 1: 200 for 18 h at 4°C. Finally, the samples were incubated with a
mouse monoclonal anti-a-SMA antibody conjugated to Alexa 594 (Sigma-Aldrich, USA;
1:200) for 30 min at RT, washed with TBST (Dako, Denmark) and directly mounted with
4' 6-diamidino-2-fenilindol (DAPI) mounting medium (Abcam, U.K.). Antibodies were
diluted in the blocking solution. A section incubated with a-SMA but not with 1B4 was
used as a negative control for labeling, and a mouse brain section was used as a positive

control.

Four random ovarian sections per sample were assayed. High-magnification images
(20X) were obtained using a bright-field microscope with a fluorescence module and a
digital camera (LEICA DM4000B and DFC450C; Leica Microsystems GmbH, Germany), and
analyzed using Image Pro-plus software (Media Cybernetics, Carlsbad, CA, USA). Lectin-
positive areas were classified as vessels, and microvessel density was quantified as the

lectin-positive area as a percent of the total area.
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10.3 Apoptosis

Apoptosis was assessed by western blot probed for cleaved caspase-3. Ovarian tissue
fragments were lysed using a radioimmunoprecipitation assay (RIPA) buffer (0.15M NaCl,
10 mM Tris-HCI [pH 7.4], 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, and 0.5%
aprotinin) and incubated for 15 min at 4° C. Nuclear and cellular debris were removed by
centrifugation at 14 000 g for 20 min at 4° C. Protein concentrations were determined

with a Bradford protein assay (Bio-rad, Hercules, CA, USA).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
under reducing conditions. Samples were diluted in 2X loading buffer (0.5M Tris-HCl at
pH 6.8, 25% Glycerol, 10% SDS, 10% 2-Mercaptoethanol, Bromophenol 1%) and 20 ug of
protein from each sample was separated on 12% acrylamide gels. Electrophoresis was
carried out for 1 h at 30 mA. Proteins were then transferred to PVDF membranes, and the
membranes blocked in 5% skim milk in TBST buffer (20 mM Tris-HCl, pH 7.6, 0.1369 M
NaCl, 0.1% Triton X-100) at RT. for 1 h. After blocking, samples were incubated overnight
at 4°C with a rabbit antibody to Cleaved caspase-3 at 1:1000 (Cell Signaling Technology,
Danvers, MA, USA). Anti-B-actin (1:2000; Abcam, Cambridge, UK) was used as a loading
control. Blots were washed and incubated with secondary antibodies conjugated with
alkaline phosphatase (1:2000; Sigma, St. Louis, MO, USA) for 1 h at RT. The membranes
were washed with TBST, and the antigen-antibody complex revealed by
chemiluminescence (ThermoFisher, Waltham, MA USA) using the LAS-3000 scanner

(Fujifilm, Tokyo, Japan) and short exposure times (5 to 30 seconds).

The intensity of the protein bands was quantified with Image)?, and the signal

normalized to the intensity of the B-actin band.
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11. Plasma proteome assessment

To characterize the proteomic profile of the different plasmas, a SWATH-MS analysis was

performed.
11.1 Protein relative quantitation in plasma samples: SWATH-MS
11.1.1 Sample preparation

A total of six plasma samples pooled from each group (PB, aPB, BMDSC, aBMDSC, UCB

and aUCB plasmas) were processed and analyzed as previously described®".

First, 100 pL of every individual pooled sample was centrifuged for 15 min at 15 000 g
and 5°C, and 60 L of the delipidated plasma was transferred to a new tube. Then, 60 L
of every individual sample were precipitated with 40% cold ethanol. Precipitates were
incubated for 2 h at 5°C, and then centrifuged for 1 h at 15 000 g and 5°C. Supernatant
was discarded and pellets were left to air dry. Pellets were dissolved with 120 yL of 2M
urea, 1% SDS, 250 mM Triethylammonium bicarbonate (TEAB, pH 8) and the final
solutions were quantified with the Machery Nagel Quantitation kit (ThermoFisher,
Waltham, MA, USA) according to the manufacturer's protocol. After that, an appropriate
volume of 4x Laemmli Sample Buffer with B-mercaptoethanol (Biorad, Hercules, CA, USA)
was added to 20 ug of the samples, and samples were then denatured by heating at 95°C

for 5 min.

11.1.2 SWATH analysis of individual samples

For SWATH LC-MS/MS analysis, samples were loaded onto 2 successive columns, then
eluted with a linear gradient. Peptides were then analyzed in a mass spectrometer

microESI gQTOF (6600plus TripleTOF, ABSCIEX), and samples were ionized in a Source
Type.

20 pg of each protein sample was loaded without resolving in one 1D PAGE.
Electrophoresis was then performed at 200V for 10 min. Gels were fixed with 40% EtOH

/10% acetic acid for 1 h, stained with colloidal Coomassie for 1 h, then destained with

MilliQ H20. Following this, samples were digested with sequencing-grade trypsin as
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described elsewhere?'®. The digestion mixture was dried in a vacuum centrifuge,
resuspended in 20 uL of 2% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA). 5 pl of
each sample was loaded onto a trap column and desalted with 0.1% TFA at 10 pl/min for
5 min. Peptides were then loaded onto an analytical column equilibrated in 3% ACN and
0.1% formic acid (FA). Elution was carried out with a linear gradient of 3% A to 35% B for
45 min (A: 0.1% FA; B: ACN, 0.1% FA) at a flow rate of 300 nl/min. Peptides were analyzed
in a mass spectrometer microESI qQTOF. For that, samples were ionized in an Optiflow
1-50 ul Micro applying 4.5 kV to the spray emitter. Analysis was carried out in a data-
dependent mode; survey MS1 scans were acquired from 400-1250 m/z for 250 ms. Then,
100 variable windows from 400 to 1250 m/z were acquired throughout the experiment.
The total cycle time was 2.79 secs, and the quadrupole resolution was set to 'UNIT’ for
MS2 experiments, which were acquired from 100-1500 m/z for 25 ms in ‘high sensitivity’

mode.

11.1.3 Data analysis and protein quantification

For data analysis and protein quantitation, the Wiff files obtained from the SWATH
experiment were analyzed by Peak View 2.1 with the UVEG ‘pan serum library 2019".,

according to the following workflow:

a. Target peptide assay (from shotgun identification library).

b. Extract target peptide assay.

c. Score target peptide assay (spectronaut raw score = 3.15).

d. Decoy peptide assay (pseudo-reversed sequence).

e. Extract decoy peptide assay.

f.  Score decoy peptide assay (spectronaut score = -1.57).

g. Compare the distribution of targets and decoy scores (FDR estimation for a

given score cutoff).

Retention times were aligned among the different samples using the main protein

peptides. The processing settings used for the peptide selection were:

a. Number of peptides per protein: 20.

b. Number of transitions per peptide: 6.
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c. Peptide confidence threshold % (0-99): 95.
d. False discovery rate threshold % (0-100): 1.0.
e. XIC extraction window (min): 20.

f.  XIC width (ppm): 50.

The cycle time used in the MS-MS/MS acquisition allowed quantitation of each peptide

area with more than 10 points.

The area data obtained with Peak View was then analyzed with Marker View (Sciex). The
calculated protein areas were normalized to the sum of the areas of all quantified

proteins.

11.2 SWATH-MS data analysis

Fold change (FC) values were calculated in three different types of comparison: 1)
comparison of the BMDSC and UCB groups to the PB group, 2) comparison of the
aBMDSC and aUCB groups to the aPB group, and 3) comparison of each activated sample
to its respective non-activated fraction. We considered those proteins with a Log,(FC)
above 1.5 to be upregulated and those with a Log(FC) below 1.5 value to be

downregulated.

Pathway analysis was performed using PantherDatabase®'’, focusing on reactome

218

pathway results"®. We examined the number of up- or downregulated proteins specific

to a given identified pathway in all three above comparisons.

12. /n vitro analysis of DNA damage and repair in mouse ovarian tissue

We evaluated the effect of plasma treatments to promote DNA repair in a model of ChT-

induced ovarian damage.
12.1 Culture of mouse ovaries

Fifteen CD1 mouse ovaries (12-weeks old) were isolated and cultured for 24 h on top of
a membrane (Whatman® Nuclepore™ Track-Etched Membranes — 13 mm - 8.0um,

ThermoFisher, Waltham, MA, USA) in 24-well culture plates containing Gibco™ Minimum
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essential media-a,with no nucleosides (ThermoFisher, Waltham, MA, USA) supplemented
with fetal bovine serum (FBS, 1X), penicillin and streptomycin (0.1 mg/mL), insulin-
transferrin-sodium (ITS, 0.1mg/mL), and BSA (1 mg/mL) (obtained from Sigma-Aldrich,
St. Louis, MO, USA). Ovaries were then randomized to the treatment groups (n =
6/group): ChT, PB, BMDSC, UCB and control, and cultured for 12 h or 24 h. Ovaries were

harvested after 12 h or 24 h and pooled by group.

12.2 Analysis of markers for DNA damage and repair by immunoblotting

Western blots were used, as described previously at section 10, to analyze DNA damage
and apoptosis. In this study, primary antibodies to HZAX (1:1000; Cell Signaling
Technology, Danvers, MA, USA), BAX7, Bc/2 (1:200 and 1:500, respectively, Santa Cruz
Biotechnology, Dallas, Texas, USA), and Cleaved caspase-3 (1:1000; Cell Signaling
Technology, Danvers, MA, USA) were used followed by horseradish peroxidase-
conjugated secondary anti-mouse or anti-rabbit antibodies (1:2000 and 1:5000;
ThermoFisher, Waltham, MA, USA). An anti-B-actin antibody (1:2000; Abcam, Cambridge,

UK) was used as a loading control.

12.3 RNA extraction and RT-qPCR for DNA repair genes

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. RNA quantification was determined by absorbance at
260 nm by NanoDrop (ThermoFisher, Waltham, MA USA), and complementary cDNA was
synthesized using the PrimeScript RT reagent kit (Takara, Kyoto, Japan). RT-qPCR was
performed with the StepOnePlus System (Applied Biosystems, Foster City, CA, USA) using
PowerUp SYBR Green (ThermoFisher, Waltham, MA USA) and specifically designed
primers (Invitrogen, Carlsbad, CA, USA; Table 4). PCR reactions were performed in a 10
uL reaction containing 1 pL of cDNA (final concentration 100 ng/uL), 0.5 pL of each primer
(300-800 nM) (Table 4), 5 yL of PowerUp SYBR Green Mastermix (Applied Biosystems,
Foster City, CA, USA) and RNase-free water. The reactions consisted of UDG activation
for 2 min at 50°C, dual-lock DNA polymerase hot start for 2 min at 95 °© C, followed by

40 cycles of denaturation for 15 s at 95 © C, and annealing and extension for 1 min at 60

62



Material and Methods

© C. The relative expression was obtained by the comparative Ct method (AACt) using 78S

ribosomal RNA expression for normalization.

Table 4. Primer sequences for the amplification of DNA repair genes.

GENE PRIMER SEQUENCES

ATM F- CAGTCATCATGCAGACCTATC
R- GCCTTCATCTGTCCATTTCT
P53 F- GACCTATCCTTACCATCATCAC

R- CACAAACACGAACCTCAAAG
RAD51 F- GCAGCGATGTCCTAGATAATG
R- CAGTGCATACCTGGATTCTAC
Alkbh2 F-TCCAGGTGTTCGGAAAGT
R-TGTCAGGGTAAGACCAGAAA
Msh6 F-GCAGTGTTGGATGTCTTACT
R-GAAGGGATGTGTGTCTTCTC
Apex1 F- CTCAAGATATGCTCCTGGAATG
R- CTGGTGCTTCTTCCTTTACC

13. Statistical analysis

Necessary sample sizes were calculated using the TrialSize package under R version 3.6.1,

based on effect sizes observed in previous studies'.

Kruskal-Wallis tests followed by Mann-Whitney U-tests for two-by-two comparisons
were performed for group comparisons. Analyses were performed using GraphPad Prism
version 8.12 (GraphPad Software, San Diego, CA USA), and p values less than 0.05 were
considered statistically significant. Data are represented as violin plots with median and

quartile values, or bar charts with mean + standard deviation (SD).

63



Material and Methods

B) EVALUATION OF THE MOST BENEFICIAL PLASMA TREATMENT ON HUMAN
OVARIAN TISSUE

1. Ethical approval

As in the previous section A, this study was approved and conducted according to the
Institutional Review Board of Hospital Universitario y Politécnico La Fe, Valencia, Spain
(2014/0147) and the Institutional Review Board and the Ethics Committee from University
of Valencia, Valencia, Spain (A1510574679987). Before ovarian cortex donation, the
patients received a written information sheet and signed an informed consent form, as

required by the relevant biomedical research law.

2. Animal housing

Similarly, the animal experiments were carried out as described above, in the authorized
animal house of the Faculty of Medicine of the University of Valencia, according to
current regulations, and respecting the handling and euthanasia procedures
recommended by the Spanish and European and Spanish legislation. Mice were housed
in a specific pathogen-free area under constant temperature (23°C) and humidity (60—

70%), with a 12-h light/dark cycle and free access to standard rodent diet and water.

3. Experimental design

Due to the functional differences between murine and human ovaries, we evaluated the
most efficient treatment in human ovarian tissue. Plasma combining factors secreted by
stem cells and platelets (aBMDSC) was tested in human ovarian tissue from POR patients

xenografted into immunodeficient mouse.

Six NOD/SCID ovariectomized females were xenografted with human ovarian cortex
fragments from POR patients and a week later, when grafts were completely vascularized,
animals were allocated into two experimental groups, receiving either saline (control

group) or activated BMDSC plasma (aBMDSC group). Treatments were administered
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every other day for 2 weeks following the protocol described above. Then, ovarian
xenografts (n = 4 in control group; n = 6 in aBMDSC group) were recovered to assess the
effects of aBMDSC plasma on human follicles and the ovarian niche from women with
impaired ovarian reserve. A proteomic study of human xenografts was also performed
after treatment to elucidate the mechanisms underlying the regenerative effects of

aBMDSC plasma (Figure 22).

O O, ©)

Xenograft Plasma treatment Tissue colletion and analysis
Ovariectomized NOD-SCID mice Intravenous injections
n=6 Every two days
Human

ovarian cortex
(POR women)

Follicle count

.

PR /100 uL saline

2=\ Sk . (H&E sections)
Control group
/—. 7 Days n=4 grafts (14 Days Vascularization
N IHC: human CD31
H H '_\ 77 ( )
Surgical 4 N
incision % ' Cell proliferation
, 100 ul plasma (IHC: human ki67)
aBMDSC plasma group Protein realtive quantification
n=6 grafts (SWATH-MS)

Figure 22. Experimental design to determine the effect of aBMDSC plasma on human ovarian tissue.
The effect of activated plasma rich in bone marrow-derived stem cell secreted factors (aBMDSC plasma) was
analyzed on ovarian cortex from poor ovarian responder patients (POR), xenotransplanted into
immunosuppressed (NOD/SCID) mice. After two weeks of plasma administration, the grafts were harvested

to evaluate the effects of plasma treatment. Image created with biorender.com

4. Plasma collection

aBMDSC plasma was obtained from POR patients after stem cell mobilization by G-CSF
treatment, as described in phase A section 4. The activation of plasma was performed by

a treatment with CaClz at 5% prior to administration.
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5. Human ovarian tissue collection

After obtaining written informed consent, 10 ovarian cortex strips were obtained from
five women (41 £ 13 years) undergoing fertility preservation or ovarian surgery for
benign disease. Ovarian strips (5 x 5 mm approximately) were washed with serum-free
M199 medium (Sigma, St. Louis M), dissected by removing the medulla with a scalped
blade and cryopreserved by slow-freezing until use. Briefly, the pieces of cortex were
incubated for 15 min with M199 medium (Sigma, St. Louis MI) containing 5% Human
serum albumin (HSA; Vitrolife, Sweden) and 5% DMSO (Sigma, St. Louis MI) at 4°C under
agitation. The ovarian tissue samples were then incubated for another 15 min with M199
medium (Sigma, St. Louis MI) containing 5% HSA (Vitrolife, Sweden) and 10% DMSO
(Sigma, St. Louis MI). After this incubation, the fragments were immersed in fresh medium
as above and subjected to slow freezing at -1°C/min to -80°C using a Mr FrostyTM
(ThermoFisher, Waltham, MA, USA). Finally, they were stored at -196°C in a liquid

nitrogen tank until use.

Before xenotransplantation, the human ovarian samples were thawed by immersing the
cryovials for 2 min in a 37°C water bath with agitation. The DMSO was gradually removed

by resuspending the tissue in fresh M199 medium (Sigma, St. Louis MI).

A small piece of each patient’s ovary was stored at -80°C for building the human ovarian

cortex spectral ion library needed for the SWATH proteomic assessment.

6. Xenograft surgery and plasma administration

Six adult NOD/SCID female mice (eight-weeks-old; Charles River, Ecully, France) were
randomly allocated to control or aBMDSC group. Animals were anaesthetized with
isoflurane (Abbott Laboratories, Chicago, Illinois, USA; 5% for induction and 1-2% for

maintenance), and ovariectomized by dorsal incision.

During the same surgery, two human ovarian cortex pieces were intraperitoneally grafted
in the abdomen of each mouse with a Premilene 6-0 suture (B/Braun, Melsungen AG,
Germany) by median laparotomy. Ovarian strips from the same patient were xenografted

in both experimental groups to avoid patient-specific responses. Both the dorsal incisions
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and the laparotomy were closed in two layers using Vicryl5-0 suture (Ethicon, New
Brunswick, NJ, USA). After surgery, buprenorphine (0.1 mg/kg; Temgesic, Schering
Plough) was administered every 8-12 h for 48-72 h.

One week later, mice in the control group received their first injection of 100 pl of saline,
while mice in the aBMDSC group were treated with 100 pl of aBMDSC plasma. These
administrations were performed every other day for two weeks via tail vein using a 27 -

gauge needle, as previously described.

7. Sacrifice and tissue collection

Based on the previous study with DOR and POl models, we established 14 days of
systemic administration of plasma as the optimum duration of treatment, after which
animals were sacrificed by cervical dislocation. Then, the ovarian grafts were harvested
(n = 4 in control and n = 6 in aBMDSC groups), and each cortex was divided into two
parts. One part was fixed in 4% PFA (Panreac Quimica S.A.U, Barcelona, Spain) for
histological and immunohistochemistry analyses. The other part was stored at -80°C for

subsequent proteomic assessment.

8. Analysis of human follicle development

Ovarian formalin-fixed samples were paraffin-embedded and cut into 4-um thick

sections, as previously described in the first part of this thesis.

In this case, every tenth H&E section was used to perform follicular counts. This criterion
was established to count all follicles present in the samples, considering that the size of

human primordial follicles is approximately 40 pm.

Only morphologically normal follicles with the oocyte nucleus present were counted.
Follicles were classified as: primordial follicle: oocyte surrounded by a layer of flattened
GCs; primary follicle: oocyte surrounded by a complete layer of cuboidal GCs; secondary

follicle: oocyte surrounded by two or more layers of cuboidal GCs; antral follicles: with an
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antral cavity; and preovulatory follicles: with a large antrum and with the oocyte in one

corner surrounded by cumulus cells.

The results were expressed as follicular density (number of follicles/mm? of ovarian
tissue), to facilitate the analysis and comparison of the samples. In addition, the
proportion of each follicular population for the total number of follicles in each graft was

estimated.

9. Analysis of human ovarian stroma: proliferation and vascularization

For each analysis, ovarian sections (four representative sections per sample) were
deparaffinized and hydrated, as detailed in phase A section 10. Subsequently, antigenic
unmasking was performed in 10 mM sodium citrate solution pH 6.0 (Dako Denmark A/S,
Glostrup, Germany) at 95°C for 15 min in a water bath. Following this, the sections were
incubated for 15 min at RT with Peroxidase-Blocking Solution (Dako Denmark A/S,
Glostrup, Germany) to block endogenous peroxidase activity. The slides were then
washed with TBST (Dako Denmark A/S, Glostrup, Germany) and incubated with the
primary antibodies for 1 h at RT. A mouse monoclonal anti-human Ki-67 antibody (MIB-
1, Dako Denmark A/S, Glostrup, Denmark; 1:100), or a mouse monoclonal anti-CD31
antibody (JC70A, Dako Denmark A/S, Glostrup, Denmark; 1:50) were employed to study
proliferation and vascularization, respectively. The primary antibodies were diluted in

ENVISION antibody diluent (Dako Denmark A/S, Glostrup, Denmark).

For the secondary antibody incubation, a biotin/streptavidin reaction was used
(ENVISION method; Dako Denmark A/S, Glostrup, Denmark) according to the supplier's
instructions, and staining was detected with 3,30-diaminobenzidine (DAB). After
contrasting the DAB signal by gentle staining with hematoxylin, the samples were
mounted with Eukit medium (Sigma-Aldrich St. Louis MI), after dehydration by ethanol
and xylol passages. Negative controls with an isotype-matched mouse immunoglobulin
(19)G at 1:50 dilution (Dako Denmark A/S, Glostrup, Denmark) were included. For positive
controls, sections of proliferative human endometrium and human amygdala were

utilized.
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High-magnification images were obtained on a Leica DFC450C digital camera (Leica
Microsystems GmbH, Germany) and analyzed using the Image Pro-plus software
(Mediacybernetics; Carlsbad, CA). Proliferation was estimated as number of Ki-67 positive
cells by tissue area, while microvessel density was determined as vessel positive area

(CD31 immunostained) per section.

10. Proteomic analysis of human ovarian cortex: SWATH-MS

To understand the mechanisms underlying plasma treatments, a total of 15 ovarian
cortex samples were processed and analyzed as described previously (in the plasma
proteome assessment of phase A section 11) with minor modifications for protein library
construction and sample preparation. The procedure was carried out in the same facilities

and using the same equipment.
10. 1 Library construction
The five pre-xenotransplant ovarian samples were used for spectral library building.
10.1.1 Sample preparation and digestion

Different methods were employed for protein extraction. One of the ovarian pieces was
treated with 100 pL of UTC (7 M Urea, 2 M Thiourea, 2% CHAPS) by sonication for 30 min
and precipitated with TCA/acetone. Another two samples were treated in the same way
with 100 pL of 2% SDS and 10 mM DTT. The protein concentration of the solutions was
determined by Machery Nagel Quantitation (ThermoFisher, Waltham, MA, USA) assay,
according to the manufacturers' instructions. Then, 50 pg of every sample were resolved
in a 1D SDS-PAGE gel to determine the best conditions for sample preparation. An
appropriate volume of 4x Laemmli Sample Buffer with B-mercaptoethanol (Biorad,

Hercules, CA, USA) was added to 20 pg of each sample.

The samples were denatured at 95°C for 5 min, and the electrophoresis was performed
using an 12% precast gel (Biorad, Hercules, CA, USA) at 200V for 5 min. The gel was fixed
with 40% ethanol/10% acetic acid for 1 h, stained with colloidal Coomassie ((Biorad,

Hercules, CA, USA) and destained with MilliQ H.O. The UTC extraction without
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precipitation provides a completer and more balanced proteome. Then, the gel was

digested to build the spectral library.

Every sample run was separated into 5 pieces and then digested with sequencing-grade
trypsin (Promega, Madison, WI, USA), as described elsewhere?'. 500 ng of trypsin was
used for each sample, and digestion was set to 37 °C for 20 min. The trypsin digestion
was stopped with 10% TFA and the supernatant removed, and the library gel slides were
dehydrated with pure ACN. The new peptide solutions were combined with the
corresponding supernatant. The peptide mixtures were dried in a speed vacuum and re

suspended with 15 pL of 2 % ACN and 0.1% TFA (20 pL).

For the last two samples, ThermoScientific EasyPep™ Mini MS Sample Prep Kit
(ThermoFisher, Waltham, MA, USA) was used for sample preparation and digestion,
according to the manufacturers' instructions. After digestion, the peptides were cleaned
with the same kit. The peptide mixtures were dried in a speed vacuum and resuspended

with 15 pL of 2 % ACN and 0.1% TFA (20 pL).

10.1.2 SWATH-MS analysis for library

5 ul of peptide mixture sample was loaded onto a trap column (3u C18-CL, 350 uym x
0.5mm; Eksigent) and desalted with 0.1% TFA at 5 pl/min for 5 min.

The peptides were then loaded onto an analytical column (3u C18-CL 120 A, 0.075 x 150
mm; Eksigent) equilibrated in 5% acetonitrile 0.1% FA. Elution was carried out with a
linear gradient of 7% A to 40% B for 20 min for in-gel digested samples, or 120 min for
in-solution digested samples (A: 0.1% FA; B: ACN, 0.1% FA, at a flow rate of 300 nL/min).
Peptides were analyzed in a mass spectrometer nanoESI qQTOF (6600plus TripleTOF,
ABSCIEX).

Samples were ionized in a Source Type Optiflow < 1 uL Nano applying 3.0 kV to the spray
emitter at 200 °C. Analysis was carried out in a data-dependent mode. Survey MS1 scans
were acquired from 350-1400 m/z for 250 ms. The quadrupole resolution was set to
‘LOW’ for MS2 experiments, which were acquired 100-1500 m/z for 25 ms in ‘high

sensitivity’ mode. The following switch criteria were used: charge: 2+ to 4+; minimum
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intensity: 250 counts per second (cps). Up to 100 ions were selected for fragmentation
after each survey scan. Dynamic exclusion was set to 15 s. The rolling collision energies
equations were set, for all ions, as for 2+ ions according to the following equation:

|CE|=(slope)x(m/z) + (intercept).

10.1.3 Protein identification

All the information was combined in a single search. ProteinPilot default parameters were
used to generate a peak list directly from 6600 plus TripleTOF wiff files. The Paragon

220 of ProteinPilot v 5.0 was used to search the Swissprot_200601.fasta database

algorithm
with the following parameters: trypsin specificity, cys-alkylation, no taxonomy restriction
(562246 proteins), and the search effort set to rapid with FDR analysis. 3010 proteins

were identified as DEPs with an FDR <£1%.

10.2 Sample preparation for SWATH-MS analysis

In this case, proteins from ovarian xenografts were extracted by using UTC (7 M Urea, 2
M Thiourea, 2% CHAPS), precipitated with TCA/acetone and digested as previously
described for the library construction. The following SWATCH-LS steps were carried out

as described in phase A sections 11.1.2 and 11.1.3.

10.3 SWATH-MS data analysis

In this proteomic analysis, FC values were calculated using the normalized protein area
values of the aBMDSC samples, relative to those of the control group. Also, a Welch’s t-
test was performed, and the proteins presenting a p-value <0.05 were considered as

statistically significant.

Finally, functional processes, in which the significant proteins were implicated, were

studied using the NCBI database.
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11. Statistical analysis

Kruskal-Wallis tests followed by Mann-Whitney U-tests for two-by-two comparisons
were performed for comparisons between control and aBMDSC groups. Analyses were
performed using GraphPad Prism version 8.12 (GraphPad Software, San Diego, CA USA)
and p values <0.05 were considered statistically significant. Data are represented as violin

plots with median and quartile values, or bar charts with mean + SD.
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C) DEVELOPMENT AND VALIDATION OF A MOUSE MODEL OF PHYSIOLOGICAL
REPRODUCTIVE AGING

1. Ethical approval

Animal experiments were carried out following approval from the Ethics Committee of

the University of Valencia (Valencia, Spain; A20200617081941).

2. Animal housing

As in the previous sections, the experiments were carried out in the authorized animal
house of the Faculty of Medicine of the University of Valencia, following European and
Spanish legislation. During the experiment, mice were housed in a specific pathogen-free
area under constant temperature (23°C) and humidity (60-70%), with a 12-h light/dark

cycle and ad /ibitum access to sterilized standard rodent pellets and water.

3. Experimental Design

To properly evaluate the effects of novel therapeutic approaches for treating age-related
infertility, preclinical studies in appropriate animal models are needed. Thus, we aimed
to characterize a physiological reproductive aging mouse model displaying most of the

ovarian characteristics of different stages during women's reproductive life.

Twelve NOD/SCID female mice of 8, 28, and 36-40-week-old were employed to mimic
different human reproductive ovarian phenotypes: young (~18-20 years-old), Advanced
Maternal Age (AMA, ~36-38 years-old), and old women (>45 years-old), respectively.
Once animals reached the target age, they were stimulated, mated, and sacrificed to
recover MIl oocytes and 2-cell embryos. Then, ovulation rate, oocyte quality, and embryo
development were assessed. Ovaries were also harvested to analyze follicular growth,
stroma, mitochondrial function, and proteomic profile (Figure 23), keeping one ovary in

PFA for immunohistology studies and the other at -80°C for molecular analysis.

The different ages were established considering the characteristics of the NOD/SCID

189,221

strain and the equivalent age in the aging human'®,
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Figure 23. Experimental design to characterize a mouse model of physiological reproductive aging.
Mice of different ages (8-, 28-, and 36-40-week-old) were employed to mimic different human reproductive
ovarian phenotypes: young (~18-20 years-old), Advanced Maternal Age (AMA, ~36-38 years-old), and old
women (>45 years-old), respectively. Animals underwent ovarian stimulation and were mated. Mice were
sacrificed 36h after to recover metaphase-Il (MIl) oocytes and 2-cell embryos. Then, ovulation rate, oocyte
quality, and embryo development were assessed. Ovaries were also harvested to analyze follicular growth,

stroma, mitochondrial function, and proteomic profile Image created with biorender.com

4. Ovarian stimulation, sacrifice and sample collection.

Animals were stimulated with PMSG and hCG injections, mated and sacrificed as

previously described in phase A sections 6 and 7, respectively.

Under a binocular loupe, the fat and the oviducts were removed and separated from the
ovary and uterus by cutting with a scalpel. The oviducts were transferred to a Petri dish
with collection medium (GCOL-100, CooperSurgical Fertility & Genomic Solutions,

Denmark).
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5. Fertility outcomes
5.1 Follicle count

Follicles were categorized and recorded as described in phase A section 8.1.2. In this
study, the number of corpora lutea was also included in accordance with previous

studies®®.

5.2 Follicle activation

FOXO3a immunostaining was performed to analyze the activation of dormant primordial

follicles®?3,

First, samples were deparaffinized and rehydrated in ethanol. Antigen retrieval
pretreatment was carried out by boiling the sections in 0.01 M citrate buffer, pH 6.0, for
20 min and cooling slowly (15-20 min). Then, endogenous peroxidase activity was
blocked by incubation in 3% peroxide in methanol (Sigma-Aldrich, St. Louis, US) for 10
min. After washing with TBST (Dako Denmark A/S, Glostrup, Germany),
immunohistochemical analysis was performed by the ENVISION kit (Dako Denmark A/S,
Glostrup, Denmark) using an antibody to FOXO3 (1:250; Cell Signaling Technology,
Danvers, MA, USA) overnight at 4 °C. For some sections, primary antibodies were
replaced with nonimmune rabbit IgG as negative controls. As a positive control human

breast cancer tissue sections were employed.

The next day, samples were washed with TBST, and then incubated with an HRP-
conjugated goat-anti-rabbit antibody at 1:500 (Vector Laboratories, Burlingame, CA,
USA) for 1 h at RT. For the biotin/streptavidin reaction, the ENVISION method (Dako
Denmark A/S, Glostrup, Denmark) was employed, according to the supplier's instructions,
and staining was detected with DAB. After contrasting the DAB signal by gentle staining
with hematoxylin, the samples were mounted with Eukit medium (Sigma-Aldrich St. Louis

M), after dehydration by ethanol and xylol passages.

As in previous reports®?

, primordial follicles were considered activated when the FOXO3a
nuclear extrusion was detected in the oocyte, thus, we calculated the percentage of

primordial follicles with FOXO3a located in the ooplasm.
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5.3 Oocyte and embryo collection

As in phase A section 8.2, oocytes and embryos were flushed from the oviducts
(harvested at sacrifice) using a 30G needle (Braun Vetcare, S.A., Barcelona, Spain) loaded
with global collect medium (GCOL-100, CooperSurgical Fertility & Genomic Solutions,
Denmark). The obtained oocytes and embryos were isolated, counted, and classified
under a binocular loupe with a warming stage. The meiotic maturation of oocytes was
evaluated by assessing germinal vesicle breakdown and extrusion of the first polar body.
Moreover, in this study, we considered oocytes with fragmented artifacts visible in the

ooplasm as abnormal and of poor-quality.

5.4 Oocyte quality assessment

Oocytes that had achieved polar body extrusion were considered mature (MIl oocytes),
removed from the collection medium, and fixed in supplemented PHEM solution as detail
in Table 5. Oocytes were incubated in this solution for 20-25 min at RT. Oocytes were
then washed in PBS and blocked overnight, using PBS supplemented with various

reagents (Table 5).

The next day, oocytes were incubated overnight at 4°C with anti-a-tubulin-FITC antibody
(diluted 1:50 in the blocking solution) to label the microtubules of the spindle. Then,
oocytes were washed in PBS with 0.1%Triton X-100, and chromosomes were labeled with
Hoechst 33342 (20 ug/ml) for 20 min at RT. All reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA).
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Table 5. Composition of fixing and blocking solutions for oocyte quality assessment.

SOLUTION COMPONENTS

Fixing solution PHEM buffer (60 mM PIPES at pH 6.9, 25 mM HEPES,
10mM EGTA, 2mM MgCl,)

3.7% paraformaldehyde

50% Deuterium oxide

0.1%Triton X-100

0.01% aprotinin

TmM DTT

TuM Taxol

Blocking solution  1X PBS

1% BSA

0.2% dried milk

2% Fetal Bovine Serum

0.1M Glicina

0.2% sodium azide

0.01% Triton x-100

Oocytes were transferred to micro-drops of PBS under mineral oil, in Ibidi p-slide 8-well
glass-bottom plates (Ibidi, Germany) for confocal imaging. Serial Z sections of fixed
oocytes were captured by a confocal microscope (LEICA TCS-SP8) with an oil immersion
objective (40X-63X) to span the entire region of the spindle. Oocytes with well-organized
microtubules and aligned chromosomes on the metaphase plate were considered
normal, and conversely, those with disordered spindles and/or chromosomes were
considered abnormal. Spindle area and chromosome alignment were measured using

ImageJ software®'™.
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5.5 /n vitro embryo culture

All 2-cell embryos were cultured in GPS dishware with Sage 1-step medium (both from
Cooper Surgical Fertility & Genomic Solutions, Denmark) at 37°C with 5% O, 6% CO>
and 89% N until the blastocyst stage. Blastocyst formation and hatching was evaluated

on days 5 and 6 using an inverted microscope.

6. Ovarian stroma status: analysis of cell proliferation and microvessel density

Stroma and follicle cell proliferation and vascularization were analyzed to determine the

effects of aging in the ovarian niche.

Proliferative stroma and follicle cells were studied by Ki-67 immunostaining, as previously
described in phase A section 10.1. However, in this study, we also evaluated the

proportion of proliferative follicles in each subpopulation.

The MVD was measured by double immunofluorescence, targeting isolectin B4 and a-

smooth muscle actin, following our previous protocols in phase A section 10.2.

7. Mitochondrial function and oxidative damage

Because mitochondrial dysfunction and oxidative damage are a principal contributor to
the ovarian aging process, we evaluated the mtDNA copy number, the lipid peroxidation,

and the apoptosis.
7.1 mtDNA copy number
mtDNA copies in the ovarian samples were estimated using a RT-qPCR-based method.

Total DNA was isolated from half of each frozen ovary using the QlAamp kit (Qiagen,
Germantown, MD, USA), following the manufacturer’s instructions. Specific primers were
designed to target the following mitochondrially-encoded genes: ND7 (F:5'-
CTAGCAGAAACAAACCGGGC-3';  R:5'-CCGGCTGCGTATTCTACGTT-3"), COX3 (F5'-
TTTGCAGGATTCTTCTGAGC; R: 5-TGAGCTCATGTAATTGAAACACC-3’) and 76SrRNA
(F:5'-CCGCAAGGGAAAGATGAAAGAC-3'; R:5'-TCGTTTGGTTTCGGGGTTTC-3'). The 78S
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gene was selected to represent nuclear DNA (F:5-CCGCTAGAGGTGAAATTCTT-3"; R: 5'-
CTCCGACTTTCGTTCTTGAT-3"). RT-qPCRs were performed using PowerUp SYBR Green
on a StepOnePlus System (Applied Biosystems, Foster City, CA, USA), with the optimized
cycling parameters: 50°C for 2 min, dual-lock DNA polymerase for 2 min at 95°C, 40 cycles
of denaturation at 95°C for 15 s, followed by annealing and extension at 60°C for Tmin.

Finally, the mtDNA/nuclear DNA (nDNA) ratio was calculated using the AACt method.

7.2 Assessment of oxidative stress

Immunohistochemical staining of the lipid peroxidation product 4-HNE was performed

on ovarian sections, to localize oxidative damage.

Paraffin sections were dewaxed, and antigen retrieval was then performed in sodium
citrate buffer (pH 6.0) at 95 — 100 °C for 20 min The sections were cooled to RT and
washed with PBS (Biowest, Nuaillé, Francia) for 5 min three times. The samples were
incubated with 3% hydrogen peroxide (Sigma-Aldrich, St. Louis, US) for 10 min, washed
with PBS and blocked in a solution with 5% goat serum in 1x TBST buffer for 1 h at RT.
After blocking, the slides were incubated overnight with the primary antibody 4-HNE at
1:500 (Abcam, Cambridge, UK) at 4°C. The primary antibody was diluted in a solution
with 2% goat serum. HRP-conjugated goat-anti-rabbit antibody (1:1000, Vector
Laboratories, Burlingame, CA, USA) was employed for the secondary antibody incubation,
and the staining was revealed with DAB peroxidase substrate kit (Dako Denmark A/S,
Glostrup, Denmark). Sections were re-stained with methyl green (Vector Laboratories,
Burlingame, CA, USA). For the negative control, the primary antibody was omitted.

Human kidney sections were used as a positive control.

Sections were imaged by microscopy and analyzed with Image-Pro Plus software (Media
Cybernetics, Carlsbad, CA, USA). Age-related oxidative damage was estimated by

dividing the 4-HNE-positive area by the total area of ovarian tissue.
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7.3 Analysis of cell death

Apoptosis was assessed by the terminal deoxyribonucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay using the TMR red In Situ Cell Death Detection Kit
(Roche Diagnostics, Risch-Rotkreuz, Sweden). This technique detects DNA fragmentation
due to apoptotic signaling cascades' activation, adding labeled dUTPs to the 3" ends

generated because of DNA fragmentation.

In detail, after deparaffinizing and hydrating the ovarian sections as detailed above,
antigenic unmasking was performed using a 10 mM sodium citrate solution at pH 6 and
incubating at 850W for 5 min in a microwave. The slices were then incubated for 60 min
at 37°Cin a dark and humid environment with the TUNEL mixture, consisting of a labeling
solution (dUTPs labeled with the TMR fluorophore) and an enzyme solution (TdT

enzyme).

After incubation, the samples were washed with PBS and mounted with the mounting
medium DAPI ProLong Gold antifade reagent (Life Technologies, Carlsbad, CA) overnight
at RT. Ovarian sections incubated after unmasking with 2000 U/mL DNAse | in 50mM Tris
+ 1Tmg/mL BSA at pH 7.5 for 10 min were employed as a positive control. Ovarian sections
incubated after antigenic unmasking with the labeling solution alone (without the

enzyme solution) were used as a negative control.

To quantify apoptotic cells, the proportion of TUNEL-positive cells was assessed in four
sections per sample. High-magnification images were captured and analyzed using
Image-Pro Plus (Media Cybernetics, Carlsbad, CA, USA). The TUNEL-positive (red) and
DAPI-positive (blue) signal was quantified, and the percentage of apoptotic cells

calculated as the positive TUNEL area relative to the positive DAPI area.
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8. Proteomic profile analysis
8.1 SWATH-MS method
8.1.1 Sample preparation

Firstly, the mouse ovarian tissue samples were prepared and processed for SWATH-MS.
In this study, the preparation of the samples differed from those used in phase A section
11.1.1 and phase B section 10.2. All samples were lysed using the Sample Grinding Kit
(GE Healthcare) with 100 pL of Lysis Buffer (EasyPep™ Mini MS Sample Prep Kit, Thermo
Scientificc, Waltham, MA, USA) according to manufacturer's instructions. After
centrifugation (15 min at 15,000 x g) to remove lipids, 1 pL of each sample was quantified
using the Qubit protein quantitation kit (ThermoFisher, Waltham, MA, USA).) according

to manufacturer’s instructions. Protein concentrations ranged from 4 to 9 pg/uL.

Then, the samples were digested. Specifically, 20 ug of each sample was digested using
the EasyPep™ Mini MS Sample Prep Kit (Thermo Scientific, Waltham, MA, USA), according
to the manufacturer’s instructions. Cleaned peptide mixtures were dried in a speed

vacuum and resuspended in 2% AN and 25 pL of 0.1% TA, to a final concentration of 0.8

Mg/uL.

8.1.2 SWATH-MS analysis of individual samples

Every peptide mixture sample was analyzed as described above in phase B section 10.1.2,

using a mass spectrometer nanoESI qQTOF (6600plus TripleTOF, ABSCIEX).

8.1.3 Data analysis and protein quantitation

The data obtained from SWATH experiments were examined by PeakView 2.1 software
(Sciex) with a specific spectral library for mice, following the workflow described in phase

A section 11.1.3.

The area data obtained with PeakView was subsequently analyzed with MarkerView
(Sciex). Then, the protein areas were normalized to the total sum of the areas of all

quantified proteins.
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8.2 SWHAT-MS data analysis

A multiple regression model with ElasticNET penalty was performed using the miXOmics
R package®** (v.6.16.3) with the normalized area to obtain DEPs associated with each
experimental group. Heatmap analysis was used to visualize the hierarchical clustering

of the DEPs.

To analyze the functional implications of the affected genes on ovarian physiology,
functional proteomic analysis was carried out using the Gene Ontology (GO) database
from WGCNA package225, focusing on biological processes, cellular components, and
molecular functions enriched for each age group. For that, the DEPs obtained from the

previous analysis were employed.

9. Statistical analysis

To determine the statistical differences between groups, we performed the Kruskal-Wallis
test, followed by a Mann-Whitney U-test for two-by-two comparisons, in GraphPad Prism
v.8.12 (GraphPad Software, San Diego, CA, USA). P<0.05 was considered statistically

significant.
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D) INTRAOVARIAN ADMINISTRATION OF THE MOST BENEFICIAL PLASMA
TREATMENT IN A PHYSIOLOGICAL AGING MOUSE MODEL

1. Ethical approval

The use of human plasma samples was approved by the Institutional Review Board of the
Hospital Universitario y Politécnico La Fe (Valencia, Spain; 2014/0147). All animal
experiments were carried out according to approval by the Ethics Committee of the

University of Valencia (Valencia, Spain; A20200617081941).

The intraovarian injection procedure and the volume administered were optimized in a

previous pilot study (A20191203130113).

2. Animal housing

The experiments were carried out in the authorized animal house of the Faculty of
Medicine of the University of Valencia, in accordance with European and Spanish
legislations. During the experiment, all mice were fed a standard diet ad /ibitum and

housed in the specific pathogen-free zone in a 12:12 h light: dark cycle.

3. Experimental design

To test if plasma rich in both BMDSC- and platelet-secreted factors can recover ovarian
function in age-related infertility, we employed our aging mouse model mimicking three
stages of women'’s reproductive life: young, advanced maternal age (AMA) and old

(Figure 24).

In this phase, we compared the effect of the most beneficial treatment (aBMDSC) versus
aPRP, recently proposed as an alternative therapy in the rescue of ovarian function.
Moreover, the plasmas were administered by a single intraovarian injection, to reflect

treatment more closely in clinical practice.
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Young (8-week-old, n=12), AMA (28-week-old, n=12) and old (36-40-week-old, n=12)
NOD/SCID females were randomized to receive a single intraovarian injection (10
uL/ovary) of saline solution (control group, n=4), activated PRP from peripheral blood
(aPRP group, n=4), or activated plasma rich in BMDSC- and platelet-secreted factors
(aBMDSC group, n=4). A week after treatments, animals underwent COS and mated.
Then, animals were sacrificed by cervical dislocation 36 h after hCG injection to recover
ovulated MIl oocytes and 2-cell embryos from the oviduct. The ovaries were also
harvested to analyze follicular growth, stroma, mitochondrial function, and proteomic
profiles at different ages. One ovary was kept in PFA for immunohistology studies and
the other at -80°C for molecular analysis.

Mouse age

Young (8-week-old) Controlled ovarian stimuation
(10IlU PMSG+10IU hCG)

Control Group and mating
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T n=4

—  Quality

MIl Oocytes
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36-38 + — n=4 O
Single injection
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Figure 24. Experimental design to evaluate the intraovarian administration of plasmas in a
physiological aging mouse model. Young, advanced maternal age (AMA) and old mice were employed in
a physiological aging murine model to evaluate the effects of activated platelet-rich plasma (aPRP) and
plasma rich in stem cell- and platelet-secreted factors (aBMDSC). The plasmas were administered by a single
intraovarian administration. A week after, animals underwent ovarian stimulation, were mated, and then

sacrificed to analyze the short-term effects on fertility.

4. Plasma collection

The plasma rich in bone marrow-derived stem cells (BMDSC plasma) was directly
obtained via aphaeresis, from patients with POR who were undergoing bone marrow-

derived stem cell mobilization using a 5-day long pharmacological treatment with G-CSF,
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as previously described. Meanwhile, the standard plasma was obtained from peripheral

blood from POR women without mobilization.

The apheresis and blood samples were collected in EDTAK2 BD Vacutainer tubes (BD
Diagnostics, Madrid, Spain). Plasma fractions were isolated using centrifugation at 1600
xg for 10 min at 4°C, followed by a second centrifugation at 400 xg for 5 min at 4°C to
isolate the PRP, increasing the concentration of platelets. Finally, the BMDSC and PRP
samples were activated using 5% CaCl, at 0.1 M (Sigma-Aldrich, St.Louis, US), forming
aBMDSC and aPRP treatments, respectively.

5. Intraovarian plasma administration in the physiological aging mouse model

Thirty-six female NOD-SCID mice (Janvier-Lab, Le Genest-Saint-Isle, France) that were 8,
28, or 36-40 weeks old (n=12/age) were used to model the phenotypes of young ¢18-20
years old), AMA (-36-38 years old), and old women (>45 years old), respectively, as

previously characterized.

The young, AMA, and old mice were randomly allocated (using the virtual tool
random.org) to receive a single intraovarian injection of either saline solution (control
group, n=4), activated PRP from human peripheral blood (aPRP group, n=4), or activated
BMDSC from apheresis (aBMDSC group, n=4).

For the surgical procedure, animals were anesthetized with isoflurane (Abbott
Laboratories, Chicago, lllinois, USA; 5% for induction and 1-2% for maintenance). A small
dorsal incision of the skin and muscle was made on both sides to access the left and right
ovaries. The ovarian injection was performed using an insulin syringe of 0.5 ml BD micro-
fine plus 31G (BD Diagnostics, Madrid, Spain). The saline solution or plasmas were
administered into the center of each ovary in a single dose (Figure 25). Then, the incisions
were sutured and disinfected with a povidone-iodine solution. After surgery,
buprenorphine (0.1 mg/kg; Temgesic, Schering Plough) was administered, and the

animals were monitored daily. No leakage was observed after the procedure.
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Intraovarian injection
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Figure 25. Intraovarian injection of plasma in mouse ovaries. The plasmas were administered into the
center of each ovary in a single douse of 10 pL per ovary. Image created with biorender.com

6. Statistical analysis

Necessary sample sizes were calculated using the TrialSize package under R version 3.6.1,

based on effect sizes observed in previous studies'.

Kruskal-Wallis tests followed by Mann-Whitney U-tests for two-by-two comparisons,
were performed in GraphPad Prism v.8.12 (GraphPad Software, San Diego, CA USA). P

values <0.05 were considered statistically significant.

For proteomic analysis, a multiple regression model with ElasticNET penalty was

performed using the miXOmics R package®* (v.6.16.3).
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V. RESULTS

A) REGENERATIVE EFFECT OF DIFFERENT PLASMA SOURCES, RICH IN GROWTH
FACTORS, IN MOUSE MODELS OF OVARIAN DAMAGE INDUCED BY
CHEMOTHERAPY

First, we evaluated different plasma sources rich in factors secreted by SCs, bone marrow-
derived stem cells (BMDSC plasma), and umbilical cord stem cells (UCB plasma) to
recover the ovarian function of chemotherapy-induced DOR and POl murine models by

systemic administration.

In this phase, we also characterized the protein profile of different plasmas tested to
uncover potential mechanisms underlying the observed regenerative effects. Based on
these results, we assessed the role of plasmas in DNA repair, performing an additional in

vitro experiment with mouse ovarian tissue exposed to chemotherapy.

1. Analysis of ovarian weight

The ovarian weight at death was recorded as an indicator of the number of large follicles
responding to gonadotropin stimulation. All DOR treatment groups showed lower levels

than the wild-type group, and plasma treatments did not induce any improvement

(Figure 26).
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Figure 26. Ovarian weight after plasma administration in DOR and POl models. The ovarian weight on
the day of sacrifice normalized to total body weight was recorded after two weeks of plasma administration
(n=7 animals/group). Lowercase letters indicate statistical significance (p<0.05) with respect to wildtype (a),

ChT group (b) and activated vs. non-activated plasma (c).
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For POI mice, standard BMDSC and UCB plasma did not increase ovarian weight.
Treatment with aBMDSC plasma did increase ovarian weight relative to other treatment
groups (Figure 26; p = 0.021), but the treatment was not sufficient to restore ovarian
weight to wild-type levels. Furthermore, aBMDSC plasma increased ovarian weight in
both ovarian damage models when compared to its non-activated standard form

(aBMDSC vs. BMDSC p = 0.03 and p = 0.01 in DOR and POI models, respectively).

2. Short-term effects
2.1 Analysis of ovarian reserve and follicular development

Follicular counts were performed in H&E-stained ovarian sections to evaluate the ovarian

reserve and follicular development in all experimental conditions.

In the DOR model, ChT treatment reduced the total follicle number to 66.5% of wildtype
levels. Treatment with PB, aPB, BMDSC, or UCB did not rescue this depletion (Figure 27).
However, the use of aBMDSC and aUCB seemed to partially reduce the ChT-induced
follicular depletion, recovering follicle numbers to 94% and 81.1% of the wild-type

reference value, respectively.

This rescue appeared to be largely driven by restoration of primordial follicles in both
the aBMDSC and aUCB groups, with values like those observed in the wild-type group
(Figure 27B). Moreover, both activated plasmas increased the number of late pre-antral
follicles above wild-type levels, but only aBMDSC restored the number of early antral

follicles (Figure 27E-F).

In the POl model, ChT treatment reduced the ovarian reserve to 17.5% of wildtype levels
and this was not rescued by PB, aPB, or BMDSC treatments. Interestingly, UCB-treated
mice showed a higher number of total follicles when compared to ChT mice (p = 0.034,
Figure 27A) mainly due to the primordial population (p = 0.019) (Figure 27B), although
growing follicles, especially the late pre-antral population (p=0.032, Figure 27E), also
increased. aBMDSC and aUCB were more potent than their non-activated forms at

rescuing ChT-induced follicle loss, recovering values by increasing primordial, secondary,
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and late-pre-antral populations. In fact, late preantral population values were like or even
higher than wild-type values in both the aUCB and aBMDSC treated groups (Figure 27E).

aBMDSC was also able to increase the number of antral stage follicles (Figure 27G).

A slight increase in primordial, secondary, and late pre-antral populations was also
observed after aPB plasma treatment, although it was not as significant as that of the

aBMDSC or aUCB effects.

The parallel analysis performed to understand how follicular depletion takes place after
chemotherapy administration indicated that this process starts with an immediate first
wave of follicular death, depleting 56.3% of the ovarian reserve by two days after
exposure. Numbers then remained stable until day 7, when a second wave of death
began, and lasted until day 21, decreasing the ovarian reserve to 2.5% of the starting
value (Figure 28). These two main phases of follicular depletion indicate that plasma
treatment administered on day 7 may act on the remaining primordial population that

can benefit from the regenerative properties of the stem cell-secreted factors.

91



Results

>
W

2500+ 400

E b,c
4 ®
= 2000 2 300 b,c
= b 2
@ =
2 1500 3
o l ac b = 200-
S 1000- ol §
e ab.c T a? 3 ab abc
g “omast 2 100- I
|2 500 aaéz@, = ? azabc
é o ab.c ‘A
0 T T T 0 I 1 = f
wildtype DOR POI wildtype DOR POI
C D
1000~ — 600+
— =
= ]
» 800 @ b
° ©
2 = 4004
= 600 aa ]
o <3 b E‘ ab
2 400- v abta a © aaw .
g aa | a -g 200+ - ababc
= é ac =] abc|
& 200- o ¢ 2 a gé{}a,b
0 a
0 T T T 0 T T T
wildtype DOR POI wildtype DOR POI
E. F
T 400+ — 200~
- =
® =
o »
< R bc
= 3004 o 150
3 =
— ab,c =]
= =
5 2004 abe < 1004
c - ab,c = 5 a ac
g bc g a T oa
et - b,c _ a
£ 100 . ) e éab > 50 ¥ a . E}
) b ’ © g 4
1‘-“4 b 4 ﬂY aa a wi ﬁ éa. 38.%J
- u 1 1 = T 0 1 1 1
wildtype DOR POI wildtype DOR POI
G. 30
—_— == ChT
=
2 0. é PB
© ab = aPB
g . aa == BMDSC
® 10- a ab == aBMDSC
= a a
= a
$ af|l { aUCB
0 T T - T
wildtype DOR POI

Figure 27. Ovarian reserve and follicle growth after plasma treatments in DOR and POl models. (A)
Total number of follicles, (B) primordial, (C) primary, (D) secondary, (E) late pre-antral, (F) early antral and (G)
antral follicles observed in DOR and POl mice after 2-weeks plasma treatment (n=7 animals/group).
Lowercase letters indicate statistical significance (p<0.05) with respect to wildtype (a), ChT group (b) and

activated vs. non-activated form (c).
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Figure 28. Dynamics of chemotherapy-induced follicular depletion. A) The number of primordial follicles
was analyzed at two, seven, fourteen, and twenty-one days after ChT or vehicle (DMSO) administration. B)
The ovarian reserve exhibited two waves of follicular depletion. Wildtype n=2 per group, POI-ChT n= 3 per

group.

2.2 Analysis of MIl oocytes and embryos

Following on from our main objective, and to further characterize the effects of plasma

treatments on fertility, MIl oocytes and embryos recovered from oviducts were evaluated.

Our experimental design and timing allowed the collection of Mll oocytes and embryos
derived from follicles at the primordial and early pre-antral stages at the time of ChT
injury and treatment exposure®®®. In the DOR model, no differences in the number of Ml

oocytes and embryos were detected between the BMDSC/UCB and ChT groups.
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However, aBMDSC and aUCB treatments significantly improved both oocyte and embryo
numbers. Specifically, aBMDSC-treated mice produced 10-fold and 7-fold more MII-
oocytes and embryos, respectively, than ChT mice (p = 0.049 and p = NS, Figure 29A-B),
and aUCB treated animals produced 11-fold and 10-fold more oocytes and embryos,

respectively (p = 0.020 and p = 0.021).

In POI mice, administration of UCB, activated UCB, and activated BMDSC had positive
effects on the number of MIl oocytes (p = 0.049, p = 0.049 and p = 0.021, compared to
ChT, respectively), and both aBMDSC and aUCB treatments increased the MIl recovery

rate to wild-type levels (Figure 29A).
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Figure 29. Oocytes and embryos recovered from DOR and POl mice after plasma injections. (A) Number
of metaphase Il (MIl) oocytes and (B) 2-cell embryos recovered from mouse oviducts 36 h after human
chorionic gonadotropin (hCG) injection in DOR- and POI-treated mice (n = 7 animals per group). Lowercase
letters indicate statistical significance (p<0.05) with respect to wildtype (a), ChT group (b) and activated vs.

non-activated form (c).

3. Evaluation of long-term reproductive potential

Breeding performance was assessed in four mice per group following our established
treatment design in DOR and POI mice with continuous mating attempts for three

months after plasma treatments.
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BMDSC and UCB plasmas enhanced the long-term breeding performance of both DOR
and POI mice. DOR females from all treatment groups achieved pregnancies and
delivered pups at rates similar to those of ChT-treated females (Figure 30A). However,
both UCB and BMDSC treatments increased litter sizes (Figure 30B; p = 0.015 and p =
0.002 compared to the ChT group, respectively). This increase was more significant when
activated forms were used, especially for the aUCB group, where the litter size was similar

to the wildtype value (10 = 1 pups, Figure 30B).
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Figure 30. Breeding performance in DOR and POl models after plasma administrations. (A) Cumulative
pregnancy rates from DOR- and POI- treated mice after 12 weeks and 3 mating attempts (n = 4 animals per
group). (B) Number of healthy pups recorded after spontaneous pregnancies in each experimental group.
Lowercase letters indicate statistical significance (p<0.05) with respect to wild-type (a), ChT group (b), and

activated vs. non-activated form (c).

In the POl model, all animals in the ChT and PB plasma groups failed to achieve
pregnancy after several mating attempts. Meanwhile, 40% of the BMDSC and UCB-
treated mice obtained pregnancy and delivered healthy pups with average litter sizes of
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7+1 and 6+3 pups, respectively (Figure 30A-B). Use of the activated forms (aBMDSC and
aUCB) increased pregnancy rates to 80% and 67% respectively, with an average litter size

of 8 £ 1 pups in both cases.

aPB plasma also restored pregnancies and the birth of healthy pups, although this

improvement was much less than that observed for aBMDSC and aUCB.

4. Ovarian stroma status

The ovarian environment is important for promoting and maintaining follicle growth and
maturation; thus, cell proliferation and ovarian local vascularization were examined by

immunostaining in the ovarian samples harvested 21 days after injury and treatment.
4.1 Analysis of cell proliferation

BMDSC and UCB plasmas dramatically increased cell proliferation in ovarian tissue in
both models of ovarian damage (DOR: BMDSC p = 0.0004, UCB p = 0.0024; POI: BMDSC
p = NS, UCB p = 0.004, compared to the ChT group; Figure 31A-B), with the proliferative

cells mainly identified as granulosa cells.

Activated BMDSC and UCB plasmas had more potent effects on proliferation than the
non-activated forms in the DOR (aBMDSC vs. BMDSC p = 0.036; aUCB vs. UCB p = NS)
and the POI (aBMDSC vs. BMDSC p = 0.006; aUCB vs. UCB p = 0.02) models. Interestingly,
aPB plasma also increased cell proliferation in both models, but less dramatically than
the aBMDSC and aUCB plasmas. In the activated plasma groups, both granulosa cells and

ovarian stroma exhibited enhanced proliferation (Figure 31A).

4.2 Analysis of microvessel density

Compared to saline treatment, all plasma treatments stimulated a comparable increase
in local MVD in DOR mice. However, in the POI condition, this increase ranged from a
slight ~2-fold increase in the case of PB and aPB plasma to the almost 8 to 10-fold
increases seen with the BMDSC, aBMDSC, UCB, and aUCB plasmas, which restored

vasculature to wild-type levels (Figure 31C-D).
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Figure 31. Analysis of cell proliferation and microvessel density in DOR and POI ovaries after 2-weeks
of plasma treatments. (A) Ki-67 immunostained sections showing proliferative cells (purple) after plasma
treatments in DOR and POI mice. Black scale bar = 200 um. (B) Cell proliferation (n = 4 animals per group)
measured as the Ki-67 positive area by total analyzed ovarian tissue area. (D) Ovarian vascularization imaged
by immunostaining after plasma treatments in DOR and POI mice. Isolectin B4 (IB4) is in green, a-smooth

muscle actin (a-SMA) in red, and nuclei stained with diamidino-2-phenylindole (DAPI) in blue. White scale
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bar = 200 um. (E) Microvessel density (n = 4 animals per group), measured as the lectin-positive area by total
analyzed ovarian tissue area. Lowercase letters indicate statistical significance (p<0.05) with respect to

wildtype (a), ChT group (b), and activated vs. non-activated form (c).

4.3 Apoptosis

Apoptosis, the main effect of chemotherapy on ovaries, was also assessed by

immunoblotting.

In DOR mice, BMDSC plasma was the only treatment that decreased cleaved caspase 3
protein levels (Figure 32, p = 0.02). In the POl model, the relative amount of cleaved
caspase 3 in the BMDSC, aBMDSC, UCB and aUCB groups was reduced, although this
difference was only statistically significant for the aBMDSC (p = 0.034) and UCB (p =
0.018) plasmas. In these four groups, the levels of this apoptotic effector did not differ
from those observed in wild-type mice. In contrast, the PB-based treatments did not

suppress the apoptosis induced by chemotherapy.
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Figure 32. Cleaved caspase-3 levels in ovaries from control and plasma-treated DOR and POI mice.
Immunoblotting analysis of the levels of the apoptotic marker cleaved caspase-3 after plasma treatments in
DOR and POI models. N = 4 animals per group. Two-by-two comparisons were performed by the Mann-
Whitney U-test. Lowercase letters indicate statistical significance (p<0.05) with respect to wildtype (a), ChT

group (b), and activated vs. non-activated form (c).
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5. Study of the proteomic profile of plasmas

To further elucidate possible mechanisms and effectors of the observed ovarian rescue,
the proteome of all assayed plasma sources was established by SWATH-MS. A total of
293 proteins (FDR < 1%) were quantified in the six plasma samples to identify up- and
down-regulated proteins associated with plasma type and/or activation status (Figure

33A-B).
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Figure 33. DEPs of the proposed human plasma therapies obtained by SWATH-MS. (A) Table showing
a global view of the differentially expressed proteins (DEPs) in non-activated and activated fractions. BMDSC
and UCB samples were compared to the PB plasma, and aBMDSC and aUCB compared to the aPB. (B) Table

showing a global view of the DEPs in activated compared to non-activated cognate fractions.

Comparison of BMDSC and UCB samples to PB plasma yielded DEPs, with the BMDSC
sample exhibiting a higher percentage involved in the cell cycle, gene expression,
developmental biology, DNA repair, chromatin organization, and metabolism than the

UCB sample. The upregulated proteins in the UCB serum were mainly related to
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metabolism, hemostasis, vesicle-mediated transport, and extracellular matrix
organization (Figure 34). When signal transduction pathways were examined, the BMDSC
DEPs were enriched in pathways related to RhoGTPases, death receptors, HIPPO, and
nuclear receptors, while the UCB DEPs mostly affected signaling by GPCRs, integrins, and
the MAPK family.

Activated fractions were then compared to PBa and the aBMDSC fraction showed a
higher percentage of upregulated proteins acting in gene expression, DNA repair, and
chromatin organization pathways. Surprisingly, proteins in the aUCB fraction were
involved in the same processes enriched in the non-activated fraction (Figure 34A-B),
indicating that activation has much less effect on this specific type of plasma. An in-depth
analysis of the signal transduction pathways revealed that the aBMDSC DEPs were
associated with signaling by RhoGTPases, nuclear receptors, NOTCH, PDGF, and WNT,
while aUCB-upregulated DEPs were highly involved in MAPK signaling cascades.
Remarkably, both fractions presented upregulated proteins implicated in AKT signaling
activated by PIP3, VEGF, and HIPPO. Changes in proteins involved in DNA repair were
also detected (Figure 34A-B). The BMDSC fraction DEPs were involved in DNA double-
strand break repair (greater in aBMDSC than BMDSC), and DEPs in both the BMDSC and
UCB (activated and non-activated) plasmas were associated with nucleotide excision

repair.

Finally, activated plasmas were compared to their related non-activated plasmas. The
UCB and aUCB samples shared several pathways, unlike the BMDSC samples, where

activation resulted in the greatest number of changes (Figure 34B).
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Figure 34. Functional analysis of DEPs from human plasmas. (A) The percentage of upregulated DEPs
from BMDSC, UCB, aBMDSC, and aUCB fractions involved in different reactome pathways and DEPs
specifically involved in signal transduction and DNA repair processes. (B) Diagrams showing the number of

up- and down-regulated reactome pathways in each plasma fraction following activation.

6. Analysis of plasma effects on DNA damage and repair

Based on the proteomic data, an additional /n vitro experiment with mouse tissue

damaged by ChT was performed to establish the role of plasma treatments on DNA

damage and repair.
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The expression of both DNA damage recognition (Afm and p53) and repair (Rad57,
AlbkhZ2, and Apex7) genes were increased by BMDSC plasma and less dramatically by
UCB treatment at 12 h after exposure (Figure 35A). The activation of these signaling
pathways correlated with a decrease in the pro-apoptotic BAX/Bc/2 ratio (Figure 35B),
and by 24 h, both the BMDSC and UCB groups exhibited reduced expression of the DNA
damage marker H2AX, the pro-apoptotic BAX/Bcl2 ratio, and cleaved caspase-3 (Figure
35Q).
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Figure 35. /n vitro study to analyze DNA damage and repair after plasma treatments. (A) Relative
expression of DNA damage recognition and repair genes, assessed by quantitative PCR, 12 h after
chemotherapy and PB, BMDSC, or UCB /n vitro treatments (n=3 mouse ovaries/group). (B) Immunoblotting
analysis for the apoptotic regulators Bax and Bcl2 at 12 h (left panel). Quantitation of relative protein amounts
at 12 h (n=3 mouse ovaries/group, pooled), showing a reduction in the pro-apoptotic Bax/Bcl2 ratio in G-
CSF and UCB treated groups (right panel). (C) Immunoblotting analysis for the DNA damage marker H2AX
and the apoptotic regulators Bax, Bcl2, and Cleaved caspase-3 at 24 h (left panel). Quantitation of relative

protein amounts at 24 h (n=3/ group, pooled; right panel).
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Similarly, at 24 h, the expression of DNA damage recognition and repair genes was lower
in the BMDSC and UCB-treated groups than in the ChT group (Table 6). Interestingly, PB
plasma also seemed to have a slight positive effect on the expression of DNA repair
factors, although this did not correspond to alterations in H2AX or caspase-3 gene

expression.

Table 6. Relative expression of DNA damage recognition and repair genes in ovaries 24 h after ChT
and plasma treatments /in vitro.

Gene/protein ChT PB BMDSC UCB
plasma plasma plasma
1.0 0.2 0.2

Relative ATM 7x10-3
gene p53 1.0 7x10-3 2x10-3 5x10-3
expression Rad57 1.0 7x10-3 2x10-3 4x10-3
(fold Alkbh2 1.0 8x10-3 2x10-3 3x10-3
change) ApexT 1.0 9x10-3 3x10-3 4x10-3
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B) EFFECT OF THE MOST BENEFICIAL PLASMA TREATMENT ON HUMAN OVARIAN
TISSUE

Based on the promising results obtained in our preclinical mouse model, the aBMDSC
plasma was the most effective, and therefore most promising treatment, which we sought

to validate in human ovarian tissue.

1. Analysis of ovarian reserve and follicular development

When follicular density and total follicle counts were compared, differences were not
detected (Figure 36A), highlighting the homogeneity of the samples included in both
groups. Nevertheless, a decrease in primordial (Figure 36B), together with an increase in
primary (p=0.036; Figure 36C) and secondary populations (Figure 36D), was observed in
aBMDSC treated grafts, indicating a promotion of follicular growth. Indeed, secondary
follicles were only detected in human xenografts receiving aBMDSC plasma, where the

percentage of growing follicles increased to 50.5%, compared to 19.9% in controls.
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Figure 36. Human follicle development after aBMDSC treatment. (A) Total, (B) primordial, (C) primary
and (D) secondary follicular densities in control (n=4) and aBMDSC treated (n=6) xenografts from poor

ovarian response patients. p < 0.05 (*) was considered statistically significant.

104



Results

2. Analysis of the human ovarian stroma

aBMDSC treatment induced a 4.6-fold improvement in stromal cell proliferation (p =
0.011; Figure 37A-B) and a 4-fold increase in microvessel density when compared to
controls (p=ns; Figure 37C-D). Taken together, these findings confirm the regenerative
properties of aBMDSC in human ovarian tissue, by promoting follicular growth, local

vascularization, and cell proliferation.
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Figure 37. Human ovarian stroma status after aBMDSC injections. (A) Representative images and (B)
quantification of the Ki-67 immunostaining (brown nuclei) after saline (control) and aBMDSC treatment in
xenografts from poor ovarian response patients. Scale bar=50 pm. (C) Representative images of
immunohistochemistry performed against the endothelial marker CD31 (brown). Scale bar = 100 um. (D)
Microvessel density measured as the CD31 positive area by total analyzed tissue area. p < 0.05 (*) was

considered statistically significant.
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3. Proteomic analysis of human ovarian tissue after plasma treatment.

To further establish an in-depth analysis of the beneficial effects of aBMDSC plasma in
human ovarian tissue, the proteomic profiles of both control and aBMDSC-treated

xenografts were established by SWATH.

A total of 1,224 proteins were quantified (FDR <1 %) in the xenografts, with 17 of these
differentially expressed in the aBMDSC group, compared to controls. A brief functional
description of these proteins (based on NCBI database information) and their specific

role in the ovary are included in Table 7.

Thirty-five percent of these DEPs were involved in protein synthesis and processing in
the endoplasmic reticulum, 24% in autophagy and 18% in angiogenesis. Moreover,
several of the most upregulated proteins were linked to a specific function in the ovary,
such as ANXA3, PGBM and RPS7, which have a key role in folliculogenesis, and ACSL1
and CATS, which are involved in follicular atresia. Additionally, three of the DEPs (PGKT,
ANXA3 and PGBM) have been described as markers of oocyte quality (Table 7).
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Table 7. SWATH-MS xenograft results: DEPs in aBMDSC human samples compared to controls. Protein description, fold regulation values and protein involvement in

different biological processes, with a focus on those occurring in ovarian tissue, are included. Biological analysis was based on NCBI database information.

Specific role in ovarian tissue

Protein ID Protein Name FOId-. Functional description
regulation

P33121

P00558

P43307

P12429

P38646

Q9BPWS

Q02818

060256

P23918

P62081

Long-chain-fatty-acid--CoA
ligase 1 (ACSL1)
Phosphoglycerate kinase 1
(PGK1)

Translocon-associated protein
subunit alpha (SSR1)

Annexin 3 (ANXA3)
Stress-70 protein,
mitochondrial (GRP75)
Protein NipSnap homolog 1
(NIPSNAP1)
Nucleobindin-1
60S ribosomal protein L5
(RPL5)

Thymidylate kinase

40S ribosomal protein (RPS7)

8.76

8.16

5.02

3.94

3.80

3.71

3.52

3.31

3.30

3.05

Isozyme involved in lipid biosynthesis and fatty acid
degradation.

Glycolytic enzyme with a role in angiogenesis.

Glycoylated endoplasmic reticulum membrane
receptor associated with protein processing in this
organelle.

Calcium-dependent phospholipid-binding protein
with a role in the regulation of cellular growth and
signal transduction pathways.
Mitochondrial protein with a role in cell proliferation,
stress response and maintenance of the
mitochondria.

Protein involved in vesicular transport and
mitophagy events.

Component of calcium-binding EF-hand protein
family, which has a key role in Golgi calcium
homeostasis and Ca?*-regulated signal transduction
events.

Ribosome subunit involved in protein synthesis.

Kinase involved in cell cycle progression and cell
growth stages.

Ribosome subunit involved in protein synthesis.
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P98160

Q99627

P51149

P51149

P25774

043852

Basement membrane-specific
heparan sulfate proteoglycan
core protein (PGBM)

COP9 signalosome complex
subunit 8 (CSN8)

Calnexin (CALX)

Ras-related protein Rab-7A
(RAB7A)

Cathepsin S (CATS)

Calumenin (CALU)

2.53

2.22

1.91

1.86

-2.78

-5.88

Proteoglycan that binds and cross-links many
extracellular matrix components, regulating
endothelial growth and re-generation.

Component of a protein complex, involved in the
ubiquitin-proteasome pathway and, consequently, in
autophagy and DNA repair mechanisms.
Chaperone associated with protein processing in
endoplasmic reticulum.

RAS-related GTP-binding protein involved in endo-
lysosomal trafficking, endoplasmic reticulum
processes and autophagy.

Thiol protease involved in antigen presentation, ECM
degradation and autophagy.

Calcium-binding protein associated with protein
processing in endoplasmic reticulum.
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C) DEVELOPMENT AND VALIDATION OF A MOUSE MODEL OF PHYSIOLOGICAL
REPRODUCTIVE AGING

In this section, we aimed to validate a feasible animal model mimicking human ovarian
physiological aging, to understand and test new strategies to delay or reverse ovarian

aging effects.

1. Fertility outcomes
1.1 Ovarian reserve and follicle growth

To characterize how this depletion takes place in mice, follicular counts were performed

at different ages.

Our model mimicked depletion of the ovarian reserve with advanced age. We observed
significant reductions in the number of primordial and primary follicles in old mice
compared to young and AMA groups (p < 0.05, Figure 38A). The activation of primordial
follicles by FOXO3 extraction was also reduced in AMA and old mice compared to young
mice (young: 53 + 5%; AMA: 43 + 3%, old: 22 + 7%; young vs. AMA p = 0.049, young vs.
old p = 0.003; Figure 38B). We also observed a reduced number of growing follicles at
different developmental stages (secondary, late pre-antral and early antral follicles) in old

mice compared to young and AMA mice (p < 0.05, Figure 38A).

The decrease in the follicle subpopulations was mirrored in the total number of follicles
(young vs. old p = 0.0078; AMA vs. old p = 0.03; Figure 38C). Accordingly, the number of
corpora lutea was lower in the ovaries of old mice (young vs. old p = 0.013; AMA vs. old

p = 0.044; Figure 38D).
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Figure 38. Ovarian reserve and follicle development in a physiological aging model. (A) The number of
primordial, primary, secondary, late pre-antral, early antral, and antral follicles in young, AMA, and old mice.
(B) The percentage of primordial follicles with FOXO3 located in cytoplasm (activated follicles) and nucleus
(non-activated) in young, advanced maternal age (AMA), and old mice. (C) The total number of follicles, and
(D) the corpora lutea in the physiological aging model *p < 0.05 AMA and old vs. young, #p < 0.05 Old vs.
AMA.

1.2 Number and quality of MIl oocytes

Because the quantity and quality of oocytes decrease with age, these parameters were

studied in animals of different ages.

Following COS, less MIl oocytes were recovered from the AMA mice than young mice

(young: 24 £ 9, AMA: 13 £ 5; p = NS). Notably, this trend was significantly enhanced with
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the old mice (young: 24 + 9, old: 5 + 5; p = 0.014, Figure 39A), who had 67.5% of oocytes

with fragmented intracellular contents as a consequence of reduced quality (Figure 39B).
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Figure 39. Oocyte number in a physiological aging mouse model. The number of metaphase-Il (MlI)
oocytes (A) and percentage of fragmented oocytes (B) recovered from young, advanced maternal age (AMA),
and old mice, following controlled ovarian stimulation (COS). *p < 0.05 AMA and Old vs. Young; #p < 0.05
Old vs. AMA.

In-depth immunofluorescence-based assessment of oocyte quality (Figure 40A) showed
significantly decreased spindle area (Figure 40B) and abnormal spindle assembly (Figure
40B) in both the oocytes of AMA and old mice compared to the young group (p<0.05).
Accordingly, we found a higher proportion of MIl oocytes with chromosomal
misalignments in AMA and old groups compared to young mice (79% and 100% vs. 40%,

respectively; Figure 40D).
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Figure 40. Oocyte quality assessment in a physiological aging mouse model. (A) Representative
immunofluorescence images of spindle oocytes of young, AMA and old oocytes, showing alpha-tubulin
(green) and Hoechst (blue). White scale bar = 10 um. (B) Spindle area measurement of metaphase (Mll)
oocytes from young, advanced maternal age (AMA), and old experimental groups. C) Percentage of MiIl
oocytes with normal or abnormal spindle assembly, and (D) percentage of oocytes with aligned/misaligned

chromosomes from young, AMA, and old oocytes. *p < 0.05 AMA and Old vs. Young; #p < 0.05 Old vs. AMA.

1.3 Number of 2-cell embryos and further in vitro culture

At the time of collection, the 2-cell embryos were recovered to analyze the effects of age

on the number and further embryo development to the blastocyst stage.

In a similar manner, the number of harvested 2-cell embryos was lower in AMA mice
compared to young mice (young: 9 + 5, AMA: 5 + 3; p = NS, Figure 41A), and subsequent
in vitro embryo culture revealed impaired blastocyst formation rates from 86% in young

mice to 67% in AMA (Figure 41B). Age also affected the percentage of hatching
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blastocysts (Young: 69%; AMA: 47%). Notably, no viable embryos were recovered from

old mice, substantiating the significant implications of age on reproductive function.
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Figure 41. Number of 2-cell embryos from a physiological aging mouse model and subsequent in vitro
culture. (A) The number of 2-cell embryos after COS from young, advanced maternal age (AMA), and old
mice. (B) Blastocyst formation and hatching rates after embryo in vitro culture evaluated at day 5 and 6 of

embryo development. *p < 0.05 AMA and Old vs. Young; #p < 0.05 Old vs. AMA.

2. Ovarian stroma status: cell proliferation and vascularization

As previously mentioned, the ovarian stroma is essential for follicular growth and
development and is affected by age in humans. Therefore, the proliferation status and

MVD were studied in the ovaries of AMA and old mice, compared with young animals.

Age-related deficiencies were also observed in ovarian stroma, with cell proliferation
significantly decreased in AMA (p < 0.01) and old ovaries (p < 0.01), compared to young
mice (Figure 42A-B). Particularly, the percentage of proliferative primary (young: 47%,
AMA: 25%, old: 28%) and secondary follicles (young: 80%, AMA: 71%, old: 37%) gradually

decreased with age, was lower in the AMA and old groups, corresponding with the trend
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for reduced microvessel density in older mice, although this did not reach statistical

significance (p = NS, Figure 42A-C).
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Figure 42. Analysis of ovarian stroma in a physiological aging mouse model. (A) Immuno-stained
sections from ovarian stroma analysis in young, advanced maternal age (AMA) and old mice. Ki67-positive
proliferative cells in purple (top row), isolectin-B4-positive endothelial cells in green and a-smooth muscle
actin in red (bottom row). Black and white scale bars = 100 pm. (B) Quantification of total proliferation and
percentage of proliferative primary and secondary follicles. Total cell proliferation was measured by dividing
the Ki-67 positive area by total analyzed ovarian tissue area. (C) Quantification of vascularization. The
microvessel density was measured by dividing the lectin-positive area by total analyzed ovarian tissue area.

*p < 0.05 AMA and old vs. young, #p < 0.05 old vs. AMA.
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3. Mitochondrial function and oxidative damage

Due to the association between ovarian aging, mitochondrial dysfunction, and oxidative
damage, we evaluated the impact of these mechanisms on the fertility outcomes

observed in ovarian aging.

First, the mtDNA copy number was employed as a marker of mitochondrial dysfunction.
We noticed a decreasing mtDNA copy number in AMA and old ovaries compared to the
young group (Figure 43) when mitochondrial genes, belonging to the stable part of
mtDNA, were analyzed. The ND1 and COX3 mtDNA/nDNA ratio decreased in the AMA

and old groups (p < 0.05).
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Figure 43. Analysis of mitochondrial DNA copy number in a physiological aging mouse model. (A)
Relative mitochondrial/nuclear DNA (mtDNA/nDNA) ratio in the ovarian tissue of young, advanced maternal
age (AMA), and old mice based on the RT-qPCR amplification of ND7, COX3 and 765RNA mitochondrial
genes (belonging to the stable part of mtDNA) normalized to the nuclear 785 gene. *p < 0.05 AMA and old
vs. young, #p < 0.05 old vs. AMA.

The reduced mitochondrial copies were associated with an increased level of 4-HNE, a
marker of lipid peroxidation and oxidative damage, in AMA and old ovaries, compared

to young (young vs. AMA p=0.012; young vs. old p =0.001; Figure 44A-B).

Corroborating this, TUNEL analysis showed a higher number of apoptotic cells (p = 0.028,
Figure 44A-C) in the older mice, suggesting increased cell death in aged ovaries.
Moreover, the analysis of apoptotic follicles revealed an increase in AMA and old mice,

compared to the young group (young: 23%, AMA:52%, old: 64%; Figure 44D).
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Figure 44. Analysis of lipid peroxidation and cell death in a physiological aging mouse model. (A)
Photomicrograph of ovarian sections showing the oxidative damage-related peroxidative lipid product 4-
hydroxynonenal (4-HNE; brown, top row), and cell death assessed by TUNEL (red, bottom row) in young,
advanced maternal age (AMA) and old ovaries. (B) Corresponding quantification of the damaged tissue,
estimated by dividing 4-HNE-positive area by the total area of ovarian tissue. (C) Quantification of apoptotic
cells and percentage of apoptotic follicles at different ages. Black and white scale bars = 100 pm. *p < 0.05

AMA and old vs. young, #p < 0.05 old vs. AMA.
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4. Proteomic profile of ovarian tissue at different ages

To corroborate the observed effects on reproductive potential and ovarian stroma, a
SWATCH analysis was carried out to study age-related modifications at the proteomic

level.

A total of 1,834 proteins were quantified among the ovaries of young, AMA, and old
mice. ElastiNET regression analysis identified 30 DEPs that were analyzed using a
heatmap. Hierarchical clustering divided these DEPs into two main categories: one
consisting of the old group, and the other including both the young and AMA groups,

which in turn were classified into two distinct sub-clusters (Figure 45A).
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Figure 45. Proteomic characterization of a physiological aging mouse model by SWATCH-MS
technique. (A) Hierarchical clustering based on the expression of the top 30 significantly differentially
expressed proteins (DEPs) between young, advanced maternal age (AMA) and old mice identified by
ElastiNET regression analysis. The table beneath the heatmap shows an overview of the DEPs from the AMA

and old mice, with respect to the young mice.
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Remarkably, we observed a global downregulation of proteins in the old and AMA mice,

with respect to the young mice, 57% and 27%, respectively (Figure 45B).

Then, the pathways regulated by the DEPs were studied by performing a GO analysis to
understand more about the underlying biological processes, molecular function, and

cellular components.

The GO enrichment revealed biological processes related to the regulation of metabolic
processes, gene expression, lipid transport, and angiogenesis, in addition to pathways
involved in mitochondrial activity, such as response to stress, ATP metabolic processes,
or respiratory electron transport chain. Cellular components of the reticulum,
mitochondrial matrix, intercellular transport, polymerase complexes, and DNA binding
proteins were also enriched. Regarding molecular functions, the enrichment analysis
highlighted the tumor necrosis factor receptor superfamily, chromatin DNA and death

receptor, and complement component C1qg complex (Figure 46A)

Finally, GOchord plot analysis highlighted genes such as Casp3, C7q, Thbs1, and Gapdh,

among the top ten enriched biological processes (Figure 46B).
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Figure 46. Functional analysis of DEPs from a physiological aging mouse model.

Results

(A) Significantly

enriched Gene Ontology (GO) biological processes (BPs), cellular components (CCs), and molecular functions

(MFs) (FDR < 0.05) associated with the DEPs identified in advanced maternal age (AMA) and old mice. (B)

GOChord plot graph of the top ten BPs for each group young, showing the relationship between pathways

and the most relevant genes between them.

119



Results

D) INTRAOVARIAN ADMINISTRATION OF THE MOST BENEFICIAL PLASMA
TREATMENT IN A PHYSIOLOGICAL AGING MOUSE MODEL

After characterizing the physiological aging model, we aimed to evaluate whether
combining bone marrow-derived stem cell-secreted and platelet-enclosed factors
(aBMDSC) could improve fertility through a single intraovarian injection, improving the

effects of standard activated platelet-rich plasma (aPRP).

1. Effects on fertility outcomes
1.1 Follicle growth activation and dynamics

A single intraovarian injection of aBMDSC activated dormant follicles in all age groups,
as indicated by the increased percentage of primordial follicles with FOXO3 nuclear

extrusion, compared to control and aPRP treatment groups (Figure 47).
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Figure 47. Follicular activation after intraovarian plasma administration in a physiological aging
mouse model. Percentage of primordial follicles with FOXO3 nuclear extrusion in young, AMA, and old mice
after a single intraovarian injection of saline solution, aPRP, or aBBMDSC. Lowercase letters indicate statistical

significance (p<0.05) with respect to control (a) or aPRP treatments (b).

Follicular activation was also confirmed by a significant reduction of primordial follicles
in both the young and AMA mice (Figure 48A). These changes in follicular dynamics were

associated with increased numbers of growing populations (statistically significant for
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primary and antral follicles) in the young, AMA, and to a lesser extent, in the old mice
(Figure 48B-F-H). Notably, only primary follicles were significantly increased in old mice

that received aBMDSC (p=0.0006).

Moreover, the aBMDSC protected against global follicular depletion by 40% in the AMA
and old mice compared to control-treated mice, however, statistically significant

differences were not detected between any of the experimental groups (Figure 48G).

We also observed more corpora lutea in AMA mice, compared to control group (Figure
48H). These results, together with the previously noted effects of aBMDSC plasma on
primordial follicles, could suggest the end of a follicular-growth wave and the initiation

of a new one occurs even in aging ovaries.

Finally, aPRP treatment also produced positive effects on primordial activation and

primary follicle numbers in both the AMA and old mice (Figure 48A-B).
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Figure 48. Follicle growth activation and dynamics after intraovarian plasma injections in a

physiological aging mouse model. The number of (A) primordial, (B) primary, (C) secondary, (D) late pre-

antral, (E) early antral, (F) antral, (G) total follicles, and (H) corpora lutea observed in young, AMA, and old

mice after a single intraovarian injection of saline solution, aPRP or aBMDSC (n=4 animals per group).

Lowercase letters indicate statistical significance (p<0.05) with respect to control (a) or aPRP treatments (b).
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1.2 Number and quality of Mll oocytes

Following COS, we recovered significantly more MIl oocytes from the young mice treated
with aBMDSC rather than control (Figure 49A). We observed no differences in the
percentage of fragmented MIl oocytes (Figure 49B), suggesting aBMDSC injection did

not cause any deleterious effects on oocytes when injected into healthy ovaries.
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Figure 49. Oocytes recovered after intraovarian plasma injections in a physiological aging mouse
model. The number of metaphase Il (MIl) oocytes (A), and percentage of fragmented oocytes (B) recovered
from young, AMA and old treated mice 36 h after human chorionic gonadotropin (hCG) administration (n =
4 animals per group). Lowercase letters indicate statistical significance (p<0.05) with respect to control (a) or

aPRP treatments (b).

In the AMA group, aBMDSC significantly augmented the quantity of MIl oocytes
(p=0.017, Figure 49A) and reduced the percentage of fragmented oocytes (p=0.018,
Figure 49B) to a level comparable to young mice. Evaluating the oocyte quality of AMA
mice, we observed that aBMDSC increased spindle area (p=0.027), improved spindle
assembly (p=0.04), and reduced chromosomal misalignment (p=NS) (Figure 50 and
Figure 51A-B). Despite old mice exhibiting the worst baseline outcomes, the benefits of
aBMDSC treatment were evidenced with an increased yield of Mll oocytes (p=NS, Figure
49A), significantly reduced oocyte fragmentation (p=0.05, Figure 49B), and improved

chromosomal alignment (p=NS) (Figure 51B).

The benefits of standard aPRP treatment were also evident in the AMA model, with the
improvement in quantity and quality of MIl oocytes, though to a lesser extent than the

improvements in old mice (Figure 49-51).
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Figure 50. Inmunofluorescence to analyze oocyte quality after intraovarian plasma injections in a
physiological aging mouse model. Representative confocal immunofluorescent images of the meiotic
spindles from each group used to analyze oocyte quality. Alpha-tubulin (microtubules) stained green, and

chromosomes stained with Hoescht in blue. Scale bars are set to 10 um.
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Figure 51. Assessment of oocyte quality after intraovarian plasma injections in a physiological aging

mouse model. (A) Measurement of spindle area of oocytes from young, AMA and old mice after a single

intraovarian injection of saline solution, aPRP or aBMDSC, using immunofluorescent images. (B) Proportions

of normal/abnormal spindle assembly and chromosomal alignments in young, AMA, and old oocytes (n=12-

30 oocytes per group). Lowercase letters indicate statistical significance (p<0.05) with respect to control (a)

or aPRP treatments (b).

1.3 Number of 2-cell embryos and further /n vitro culture

At sacrifice, a greater number of 2-cell embryos were harvested from young, AMA, and

old mice treated with aBMDSC than control treatment (p=0.040, p=0.046, and p=NS,

respectively; Figure 52A). Indeed, mice who received the control treatment were not able

to generate embryos.
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Figure 52. 2-cell embryos recovered after intraovarian plasma injections in a physiological aging
mouse model and further Jin vitro culture. (A) Number of 2-cell embryos collected from mouse oviducts
36 h after hCG administration in young, AMA, and old mice (n=4 per group). Blastocyst formation (B) and
hatching rates (C) achieved after /n vitro culture of the collected 2-cell embryos. Lowercase letters indicate

statistical significance (p<0.05) with respect to control (a) or aPRP treatments (b).

Subsequent /n vitro embryo culture revealed that aBMDSC treatment supported
blastocyst formation (Figure 52B) and the ability to reach hatching (Figure 52C), especially
in the AMA and old mice.

aPRP also improved the blastocyst formation rate in the AMA condition (p=0.011) and
enabled the generation of embryos in the old mice. However, this treatment did not
significantly improve embryo cleavage or blastocyst hatching rates in any of the age

groups.
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2. Ovarian stroma status
2.1 Analysis of cell proliferation

aBMDSC treatment increased cell proliferation compared to controls in the young, AMA
and old conditions, while there was no effect in the old mice with aPRP only (Figure 53A-

B). Proliferative cells were identified in both the stroma and follicles (Figure 53A).

Indeed, the analysis of follicles at each specific stage showed an increase in the number
of primordial, primary, and secondary follicles in a proliferative state following plasma
treatments (Figure 54A-B-C). This effect was especially relevant after aBMDSC injection
in the AMA and old groups, particularly in the secondary follicles, where 90% of follicles

were proliferating (Figure 54C).

2.2 Analysis of microvessel density

When ovarian vascularization was assessed, no differences were noticed in the young
model depending on the plasma treatment. However, we found that MVD was improved
after aBMDSC injection in the AMA and old conditions compared to controls, reaching
levels similar to those observed in young mice (Figure 55A-B), especially in the AMA

condition.

After aPRP treatment, MVD was only increased from control levels within the old group,

whilst aPRP did not increase MVD in young or AMA mice.
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Figure 53. Analysis of cell proliferation after intraovarian plasma injections in a physiological aging
mouse model. (A) Ki-67 immunostained sections showing proliferative cells (purple) after a single
intraovarian injection of saline solution, aPRP or aBMDSC treatments in young, AMA and old mice. Scale bars
are set to 100 um. (B) Cell proliferation (n = 4 animals per group) was measured by dividing the Ki-67 positive
area by the total area of ovarian tissue in the section. Lowercase letters indicate statistical significance

(p<0.05) with respect to control (a) or aPRP (b).
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Figure 54. Analysis of proliferative follicles after intraovarian plasma injections in a physiological
aging mouse model. Proportions of proliferative (A) primordial, (B) primary, and (C) secondary follicles after
a single intraovarian injection of saline solution, aPRP or aBMDSC treatments in young, AMA and old mice

(n = 4 animals per group). Lowercase letters indicate statistical significance (p<0.05) with respect to control

(a) or aPRP (b).
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Figure 55. Microvessel density analysis after intraovarian plasma injections in a physiological aging
mouse model. (A) Immunofluorescent images of ovarian vascularization after a single intraovarian injection
of saline solution, aPRP or aBMDSC treatments in young, AMA and old mice. Isolectin B4 (IB4) is green, a-
smooth muscle actin (a-SMA) is stained red, and nuclei are stained blue with diamidino-2-phenylindole
(DAPI). Scale bars are set to 100 uym. (B) Microvessel density (n = 4 animals per group) was calculated by
dividing the lectin-positive area by the total area of ovarian tissue in the section. Lowercase letters indicate

statistical significance (p<0.05) with respect to control (a) or aPRP (b).
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3. Mitochondrial function and oxidative damage

The mtDNA copy numbers were analyzed after plasma treatments as a marker of
mitochondrial function. The treatments made no difference in the young mice (Figure
56). However, aBMDSC increased mtDNA copies in the AMA and old groups, as
highlighted by the increased ratio of mitochondrial to nuclear DNA with respect to
control-treated mice. This finding was especially evident in the old mice, where the
mtDNA copies were augmented by up to 75% by aBMDSC treatment. This effect could
be observed when analyzing the three mitochondrial genes, ND7, COX3, and 765 rRNA,

which belong to stable regions of the mitochondrial genome (Figure 56).

aPRP produced a positive effect only in old mice, which are affected by age, by increasing

mtDNA copies by 41% relative to control-treated old mice.
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Figure 56. Analysis of mitochondrial DNA copy number after intraovarian plasma injections in a
physiological aging mouse model. Relative mitochondrial DNA (mtDNA) levels in young, AMA, and old
mice after a single intraovarian injection of saline solution, aPRP or aBMDSC. mtDNA copies were assessed
via quantitative PCR analysis of ND7, COX3 and 765 rRNA gene expression (belonging to the stable part of
mtDNA), normalized to 18S nuclear gene (nDNA) (n = 4 animals per group). Lowercase letters indicate

statistical significance (p<0.05) with respect to control (a) or aPRP (b).

Overall, our treatments reduced the levels of oxidative damage, as detected by the lipid
peroxidation product 4-HNE, with statistically significant differences in the aBMDSC-
treated old mice when compared to their respective control and aPRP groups (Figure

57A-B).
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Figure 57. Analysis of lipid peroxidation after intraovarian plasma injections in a physiological aging
mouse model. Representative photomicrographs of oxidative damage (brown) visualized with staining of
the peroxidative lipid product 4-hydroxynonenal (4-HNE) in young, AMA and old mice after a single
intraovarian injection of saline solution, aPRP or aBMDSC treatments. (B) The quantification of peroxidation
was estimated by dividing 4-HNE+ area by the total tissue area (n= 4 animals per group). Scale bars are set

to 100 um. Lowercase letters indicate statistical significance (p<0.05) with respect to control (a) or aPRP (b).

aBMDSC additionally reduced the proportion of apoptotic stromal and follicular cells
(Figure 58A-B) in the older mice. When we specifically studied the percentage of
apoptotic follicles (Figure 58C), we observed a decrease in AMA mice after treatment with
aBMDSC (control: 52%; aBMDSC: 39%), and an even more significant decrease in the case

of old mice (control: 64%; aBMDSC: 19%).
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Interestingly, aPRP also reduced apoptosis in the old mice compared to their control,

resulting in a lower percentage of apoptotic follicles.
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Figure 58. Analysis of cell death by TUNEL after intraovarian plasma injections in a physiological aging
mouse model. (A) Representative immunofluorescent images of cell death (red signal) in young, AMA and
old mice after a single intraovarian injection of saline solution, aPRP or aBMDSC treatments, labeled with a
TUNEL kit. (B) The quantification of apoptotic cells was estimated by dividing red signal by total tissue area
(n=4 animals per group). Scale bars are set to 100 um. (C) Comparison of apoptotic follicles after plasma-
based treatment in young, AMA, and old mice. Lowercase letters indicate statistical significance (p<0.05) with

respect to control (a) or aPRP (b).
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4. Proteomic profile of ovarian tissue after plasma treatment

The ElastiNET regression analysis identified a total of 1834 proteins. In the ovaries of
young mice there were 26 differentially expressed proteins (DEPs), which were then
represented using a heatmap (Figure 60A). Hierarchical clustering divided these DEPs
into two main categories: one comprised of the control group, and the other included
both the aPRP and aBMDSC groups. aPRP and aBMDSC samples had 77% and 65% of
their DEPs, respectively, upregulated with respect to the control group (Figure 59A).

We similarly identified 30 DEPs in AMA mice, and 27 DEPs in old mice (Figure 59B-C).
However, these DEPs exhibited remarkably different proteomic profiles in older mice. In
these cases, the hierarchical clustering classified and distinguished the aBMDSC-treated

samples from a cluster composed of both the PRP and control groups.

Additionally, we found that 90% and 63% of the DEPs were downregulated in the
aBMDSC-treated AMA and old groups, respectively, compared to their corresponding
control groups (Figure 59B-C).
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Figure 59. Proteomic characterization of ovarian tissue after plasma treatments by SWATCH-MS
technique. (A-C) Heatmap analysis and hierarchical clustering of significantly differentially expressed
proteins (DEPs) between control, aPRP and aBMDSC samples in young, AMA, and old mice after ElastiNET
regression analysis. The tables beneath the heatmaps present an overview of the DEPs in aPRP and aBMDSC

treatment groups with respect to control.
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We next studied the pathways regulated by the DEPs, by performing a GO analysis, which
revealed the biological processes, cellular components, and molecular functions enriched

for each age group following treatments.

In young mice, the DEPs were mainly associated with enriched mitochondrial-related
pathways, including mitochondrion organization, protein localization to the
mitochondrion, and oxidative phosphorylation. Accordingly, the enriched DEP functions
were located in the spliccosomes and mitochondrial membrane and affected molecular
functions including electron transfer and oxygen carrier activities (Figure 60A). Finally,
GOchord plot analysis identified the mitochondrial genes COX7aZ2, TomZ20, and MtchZ2

among the top ten enriched biological process-related genes (Figure 60B).

Alternatively, in AMA mice, we identified enriched pathways related to the regulation,
organization, and proliferation of actin, in addition to reactive oxygen species (ROS)
metabolic processes, positive regulation of growth, and regulation of angiogenesis
(Figure 60C). Enriched molecular functions were associated with electron transfer,
oxidoreductase, and antioxidant, and the GOchord plot analysis highlighted Cf77, Tpom7,
Rhoa, and PrdxZ2 genes, among others (Figure 60D).

Lastly, in the old group, functional analysis identified enriched biological processes
related to oxidation, metabolism, and lipid modification (Figure 60E), however, we also
note that mitochondrial electron transport and regulation of spindle assembly were
significantly affected. The DEPs from this group had enriched functions localized in the
mitochondria and spindle structure, and affected molecular functions included acetyl-
CoA binding and oxidoreductase activity. GOchord plot analysis distinguished genes
including Acaadvll, Scp2, Ptges3, Numal, and NdufvT (Figure 60F).
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Figure 60. Functional analysis of DEPs after intraovarian plasma injections in a physiological aging

mouse model. Significantly enriched Gene Ontology (GO) biological processes (BPs), cellular components
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(CCs), and molecular functions (MFs) (FDR<0.05) associated with the DEPs identified in young (A), AMA (B)
and old (C) mice. The top ten results of each analysis are presented. GOChord plots of the top ten BPs for
young (B), AMA (D) and old (F) mice, depicting the relationships between the pathways (illustrated by the
different coloured chords) and the most relevant genes they have in common (labeled on the outside of the

plots).
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VI. DISCUSSION

Regenerative effect of different plasma sources, rich in growth factors, in mouse

models of ovarian damage induced by chemotherapy

We assessed the systemic administration of different sources of human plasma enriched
in stem cell-soluble factors (plasma rich in BMDSC-secreted factors and UCB plasma) to
rescue fertility in DOR and POl models. We also assessed their activated forms. Moreover,
to elucidate possible mechanisms and effectors of the observed ovarian rescue, we
examined the proteomes of the plasmas and validated proteome-predicted pathways
affected by the proposed therapies, using an /n vitro system. We showed that BMDSC
and UCB treatments, and especially their activated forms, increased vascularization and
cell proliferation, and inhibited apoptosis, ultimately improving pregnancy rates and

increasing litter sizes in mouse models of ovarian damage.

We found that the activated aBMDSC and aUCB fractions preserved primordial and
growing follicles in both DOR and POl models. aBMDSC had the strongest effects,
yielding follicle numbers similar to those observed in wild-type reference ovaries and
restoring ovarian weight in ovaries 21 days after ovarian damage. This period
corresponds to that required for primordial follicles to reach the preovulatory stage in
mice °*%, and allowed us to evaluate the effects of treatments on the primordial and early
growing follicles at the time of exposure. Some of the positive effects induced by the
activated fractions were also observed in the non-activated forms. The superior activity
of the activated plasmas demonstrates that the activation procedure, which releases
platelet-derived and associated growth factors, likely increases the expression of soluble

factors better able to stimulate ovarian repair®®.

Because the follicular reserve is limited and non-renewable'’, we hypothesized that the
plasma treatment rescues damaged primordial follicles before they undergo atresia.
Indeed, one week after chemotherapy, some partially damaged primordial follicles

remain®*

, Which are susceptible to be repair and rescue by plasma-secreted soluble
factors. Considering that the cyclophosphamide and busulfan act to induce DNA-
damage, plasma treatment may rescue primordial follicles, in part, by promoting DNA
repair machinery. Indeed, we detected DEPs involved in DNA repair in both BMDSC and
UCB plasmas (whether activated or inactivated) and determined that both increased the
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expression of DNA repair markers in cultured ovarian fragments. A DNA repair response
was particularly notable after BMDSC treatment, with increased expression of molecules
such as Rad51, which has a specific key role in repair of double-strand breaks, the most
common DNA damage induced by both aging and cancer treatment with alkylating

agents®”’

in ovarian tissue. These findings could be part of the mechanism behind the
observed protection, especially induced by aBMDSC, of the primordial population, which

might otherwise be cleared in a secondary wave of apoptosis®*.

Both aUCB and aBMDSC treatment also increased the number of growing follicles. In our
proteomic analysis, we noted DEPs associated with signaling processes, including
RhoGTPases, known to affect primordial follicle activation by regulating PI3K-Akt
signaling®“. These factors were upregulated in BMDSC, UCB, aUCB, and, most
dramatically, in aBMDSC plasma. Proteomic characterization highlighted a possible role

for HIPPO and PIP3 pathways in follicle activation and growth'?%223

, providing a
mechanism by which aBMDSC and aUCB could, in a later phase, induce the promotion
of late pre-antral and antral follicles, and ultimately allow for ovulation of competent MlI
oocytes. Moreover, these plasmas provided molecules related to relevant processes such
as cell cycle, apoptosis, gene expression, protein metabolism, cell-to-cell communication,
signal transduction, and cell response to stress. These findings may be relevant to age-
induced ovarian damage in addition to acute ChT insult, since a link between reduced

oxidative stress response, cell communication, metabolism of proteins, and ovarian aging

was recently described™.

Regarding the long-term effects on fertility, and despite the known low pregnancy rate
of the NOD/SCID strain®®, activated and non-activated BMDSC and UCB treatments had
a positive effect on the number of pregnancies and average litter sizes. In the DOR model,
pregnancies and live births were recorded in all experimental groups, including the ChT
and PB control groups, but litter sizes were larger in the BMDSC and UCB groups. In the
POI model, as seen for infertile patients with POI, ChT mice failed to achieve pregnancies
despite successive matting attempts, but aBMDSC and aUCB had a dramatic effect,
increasing pregnancy rates to 70-80%. This aspect represents one of the most clinically

relevant findings of our study and opens new avenues of research for developing
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treatment for women with POI, who have a spontaneous pregnancy rate lower than

5%2*®, and for whom oocyte donation is the only current clinical option.

One factor that may be important for longer-term regeneration is the ovarian stroma,
which supports follicular growth and development®’ and is seriously impaired in women
with ovarian aging, DOR, and POI patients®®®, and in our mouse models of ovarian
damage®®. Thus, we examined the regenerative properties of plasma treatments on the
stromal microenvironment. We found that animals treated with BMDSC and UCB
activated and non-activated plasmas showed increased microvascular density, in both
DOR and POI models, with the density in the POl model restored to wild-type values.
Treatment with PB plasma, particularly the activated form, also caused a limited but
noticeable improvement in vascularization which could be explained by platelet-secreted
factors present in regular peripheral blood. This finding demonstrates that the proposed
therapies promote the formation of new vessels, which are essential for maintaining
follicular growth®® and ovulation, contributing to enhanced future breeding
performance. In fact, proteomic analysis showed that BMDSC and UCB plasmas and their
activated forms contained several factors/proteins, such as THBS1 and others, involved
in regulating the formation of new vessels through VEGF and PDGF signaling pathways,
and with crucial roles in neoangiogenesis®®*'. Notably, the levels of THBS1, a BMDSC-
secreted paracrine factor, were positively correlated with ovarian reserve biomarkers after
ASCOT in women with POR™. Plasma-derived treatments also improved the viability and
function of ovarian stroma by reducing apoptosis, the main effect of chemotherapy on

rapidly dividing ovarian support cells****>?

, and increasing cell proliferation, primarily of
granulosa cells, as previously observed with mesenchymal BMDSC-secreted factors®>*.
Further, activated plasmas had the greatest positive effects on the ovarian stroma. This
indicates that the granulosa cell layers were in a growth and expansion phase, which
correlates with the observed increase of growing follicles. Further, the greatest effects of
activated plasmas in ovarian stroma might be due to additional platelet-released factors
controlling proliferation and migration of specific cells essential for tissue repair®®, which

also explains some of the beneficial but limited effects of aPB plasma. This is relevant as

ovarian injection of PRP is being offered to women worldwide but without proper
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evaluation of ovarian effects relative to controls and, to date, with limited supporting

experimental studies.

Our findings, together with previous studies demonstrating the safety of blood plasma

administration in patients'®"""

, suggest that non-cellular components of SCs and
platelet-derived growth factor approaches could be an effective treatment for DOR and
POl patients. In fact, the combined but not sequential use of SCs with platelet-rich plasma
had an additive and accelerated restorative effect on ovarian function in a
cyclophosphamide-induced POI rat model®®. Thus, rather than use single treatments
with positive but limited effects, we propose to combine the benefits of both stem cell

treatment and platelet-secreted growth factors to design effective therapies for women

with impaired ovarian function able to use their own oocytes.

To this end, it is encouraging that activated BMDSC plasma appears more effective than
UCB and aUCB, as this allows for harvesting an autologous source using safe and well-
established mobilization protocols, which will facilitate worldwide application without

requiring specialized facilities.

Evaluation of the most beneficial plasma treatment in human ovarian tissue

After testing different plasma sources in animal models of ovarian damage, highlighting
the promising benefits of stem cell-secreted factors in the ovaries of DOR and POI mice,
we decided to evaluate the most effective treatment, aBBMDSC plasma, in human ovarian

tissue. This study was required to confirm our findings prior to clinical implementation.

In this part of the thesis, we evaluated the effect of plasma aBMDSC to promote follicular
development and regenerate ovarian stroma. In addition, a proteomic study was carried

out to elucidate possible underlying mechanisms of aBBMDSC plasma in humans.

First, we analyzed the follicle populations and observed that aBMDSC increased the
number of primary and secondary follicles, promoting human follicular development, as
previously described in DOR and POI animal models. Moreover, we also observed a

regeneration of ovarian stroma, increasing vascularization and promoting cell
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proliferation. A relationship could therefore be established between the enhancement of

ovarian stroma in human tissue and the promotion of follicular development.

Indeed, the proteomic analysis of human treated samples revealed an upregulation of
specific proteins related to the regulation of both follicular development and
angiogenesis, such as PGK1, ANXA3, RPS7, and PGBM??8230234236 Thys, this over
expression could contribute to follicular growth and ovarian niche regeneration induced
by aBMDSC. Additionally, the analysis of human samples showed that relevant biological
processes related to ovarian function, such as protein processing in endoplasmic
reticulum and autophagy, were regulated by these factors. Recent reports suggest an
involvement of endoplasmic reticulum stress and unfolded protein response in
physiological follicle development®” and the maintenance of GC proliferation®®, Besides,
autophagy also plays a key role in follicular development and atresia, given that its
regulated genes and proteins are downregulated in GCs during gonadotropin-

dependent follicular growth®>®,

The results obtained in the xenograft model were reassuring to confirm the feasibility of
aBMDSC plasma for ovarian rescue by promoting human follicle development and
ovarian niche regeneration. Moreover, this validation step in human ovarian tissue brings

the use of aBMDSC plasma closer to clinical application.

Development and validation of a mouse model of physiological reproductive aging

After employing animal models of ovarian damage induced solely by ChT in previous
studies, we decided to characterize an animal model of physiological ovarian aging due
to the need to understand the process of ovarian aging and find therapies to slow or
reverse the effects of aging. In our study, we employed animals of different ages to mimic
the ovarian phenotypes of young, AMA, and old women, allowing us to assess the
histological and proteomic changes associated with physiological ovarian aging, and
begin to reveal the underlying mechanisms. Furthermore, by using immunodeficient
mice, our model has the potential to become a valuable tool to test human-origin anti-

146,242,260,261

aging treatments, such as SCs or plasmas , which may be used to treat the

growing number of patients with age-related ovarian infertility.
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This study characterized the reproductive outcomes of young, AMA and old mice
modeling the physiological ovarian aging of humans. Older mice presented with reduced
ovarian reserves, follicular activation, and growth, deteriorated ovarian stroma, and
decreased quantity and quality of harvested oocytes and embryos following COS. Based
on histological analyses, we established associations between progressive ovarian aging
and a reduced number of mitochondrial copies, oxidative damage, and apoptosis, and

these age-related changes were corroborated at the proteomic level.

To our knowledge, our mouse model is the first to recapitulate processes of physiological
and progressive ovarian aging, compared to models currently in use, which are
established by chemotherapeutic agents or gene deletion to damage the ovarian reserve,

and represent aging in genetic conditions without a natural progression 2002627268,

Comparing the ovarian reserve across the three groups, we found a significantly reduced
number of primordial and primary follicles in old mice. Moreover, the analysis of activated
and growing follicular populations revealed an impairment of folliculogenesis in aged
ones, respectively corresponding with the decline in ovarian reserve and reduced

269

efficiency of COS reported for older women=>. Accordingly, the age-related effects were

also evident in the ovarian stroma of AMA and old mice, with reduced proliferation and

270271 cellular senescence increases

vascularization. As established in previous studies
with biological age, limiting cellular proliferation. Moreover, ovaries from older
individuals have fewer blood vessels, hindering the delivery of oxygen and nutrients to
growing follicles 2?73, Altogether, these results establish a link between the age-
associated deficiencies of the ovarian stroma, follicular development, and, ultimately,

ovarian function.

Following COS, we recovered fewer oocytes, of poorer quality, from older mice. This poor
oocyte quality was also reflected by the reduced number, or absence, of 2-cell embryos
recovered in the AMA and old groups, respectively. As observed in patients over the age
of 35 who experience age-related fertility problems, the limited quantity and

274
t

compromised quality of oocytes is significant™®, and leads to a marked reduction in

fertilization and pregnancy rates®*%*"°

. Accordingly, we found embryo development to
the blastocyst stage was impaired in the AMA and old groups compared with young

embryos. Poor oocyte quality in aged women?”® occurs due to oocyte spindle dysfunction
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276,277

and meiotic errors , and has been described as one of the reasons for depressed

blastocyst development.

278,279

Mitochondrial dysfunction is a principal contributor to the aging process , and result

in increased levels of ROS that damage the ovarian tissue. The mtDNA copy number is a
promising biomarker, correlated in different studies with a lower oocyte quality®®>2%,
Notably, lipid peroxidation and the electrophilic product 4-HNE are responsible for the

oxidative damage affecting folliculogenesis and oocyte meiosis®®+2%>

, contributing to the
accumulation of spindle assembly defects and chromosome misalignments %, Our study
showed lower mtDNA copy numbers in the AMA and old ovaries compared to young
ones. In addition, higher lipid peroxidation and apoptosis were detected in older mice,
supporting previous reports of age-related decreases of mtDNA levels, increased ROS,

oxidative damage, and apoptosis, that altogether have adverse effects on oocyte quality

285,287

Remarkably, our histological findings were all supported at the proteomic level, showing
distinct expression profiles for the ovaries of young, AMA, and old mice. Functional
analysis of the DEPs revealed ovarian aging was associated with the stress response,
respiratory electron transport chain, death receptor binding, complement component 1q
binding, and chromatin DNA binding, supporting the above-mentioned age-related
effects. In addition, older mice overexpressed pro-apoptotic and age-related cell death
genes, such as Casp3, and repressed genes associated with damage prevention,

vascularization, and cell survival such as C7gbp?®®, Thbs72%°, and Gapdh®®, respectively.

Our study confirms that immunodeficient NOD/SCID mice of established ages can be
employed to model the physiological aging of human ovaries. Indeed, our murine model
mimicked the ovarian phenotypes of young, AMA, and old women, highlighting the
histological and proteomic characteristics of each stage. As such, we put forth this
commonly used laboratory mouse strain as a preclinical model that may feasibly be
employed to further decipher the complexities of ovarian aging, or test novel and

alternative anti-aging treatments to prolong women'’s fertility.
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Intraovarian administration of the most beneficial plasma treatment in a

physiological aging mouse model

In the first part of this doctoral thesis, we found that aBMDSC plasma had the strongest
effects, increasing the number of Mll-mature oocytes and embryos, by regenerating the
ovarian stroma and restoring long-term fertility in mouse models of ovarian damage.
Then, these positive effects were also validated in human ovarian tissue from poor
responders, where aBMDSC promoted human follicle development and regenerated the

ovarian stroma.

Nevertheless, these experiments were conducted using animal models of ChT-induced
DOR and POI, where the ovarian function is severely impaired by alkylating agents, the
ovarian reserve is depleted, and the oocyte quality is compromised. However, due to the
increasing number of patients affected by age-related fertility, there also exists an urgent
clinical need to analyze the effect of plasma treatments in models of physiological aging.
Moreover, previously the plasma treatments were tested by systemic administration
through the animal's tail vein for two weeks, a treatment regimen which would be
challenging to apply in a future clinical setting. Therefore, in the last part of this thesis,
we aimed to evaluate if a single intraovarian injection of plasma combining bone marrow
stem-cell secreted and platelet-enclosed growth factors (aBMDSC) could improve
ovarian function in a mouse model of physiological human aging, which we previously
characterized mimicking the three stages of women’s reproductive lifespan: young, AMA,

and old.

In this phase of the thesis, we determined that a single intraovarian injection of aBMDSC,
which combines the paracrine actions of stem cell- and platelet-secreted factors,
improves reproductive outcomes following COS, by increasing the quantity and quality
of MII oocytes, promoting early embryo development, and providing substrates for a
long-lasting ovarian reactivation that supports follicle development in a mouse model of
physiological human aging. We further report a positive association between
reproductive outcomes and mitochondrial function after aBMDSC treatment, with

increased mitochondrial mass, along with reduced oxidative damage and cell death.
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This study showcased that aBBMDSC promotes the activation and complete development
of dormant follicles in young, AMA, and old mice. This phenomenon could be explained
by the presence in aBMDSC of proteins involved in follicular activation and growth
processes, particularly those associated with the HIPPO and PI3K/PTEN/AKT signaling
pathways, as revealed by the previous characterization of plasma treatments. Consistent
with previous studies describing that PRP contains growth factors necessary for

F 291

folliculogenesis, such as FGF and HG , standard aPRP also facilitated some positive

improvements, though it activated follicles less efficiently than aBMDSC.

Further, aBMDSC rescues fertility and restores response to COS, enhancing the quantity
and quality of ovulated MIl oocytes, which are compromised by aging in old women and
in our physiological aging mouse model. This result is consistent with recent reports of
PRP-based therapy efficiently improving oocyte quality in POR patients'”?. Nevertheless,
in this study, the effects on oocyte yield and quality were higher after aBBMDSC treatment,
showing the supplemental benefits of the soluble stem cell factors. This result also
supported our previous findings that stem cell-secreted factors increased the expression
of proteins that regulate oocyte quality, and systemically act to promote maturation in

human ovarian tissue.

Based on the premise that the accumulation of meiotic errors during aging compromises
embryo development®®?’®, we assessed embryo development to the blastocyst stage, and
further confirmed that the morphological improvements observed in oocytes following
aBMDSC treatment were mirrored in improved embryo quality, with increased blastocyst

formation and hatching blastocyst rates in AMA mice.

Of the multiple and complex mechanisms underlying aging, mitochondrial

dysfunction®*?"**2and production of ROS®"?%? are crucial in ovarian tissue. Reductions in

76,294

mtDNA copies is associated with aging™~*, and considered a negative predictor of

oocyte quality and embryo viability”>®-2%>283

. Alternatively, ROS increase with age,
inducing apoptosis, associated with follicular atresia and a decline in oocyte quality®.
Moreover, as we described above, the lipid peroxidation, and its electrophilic product 4-
HNE, are also among the factors responsible for the oxidative damage affecting

88,284

folliculogenesis and oocyte meiosis®“**, contributing to the accumulation of spindle

assembly defects, chromosome misalignments, and aneuploidy®. Our physiological
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aging model demonstrates that aging is associated with less mtDNA copies and
increased oxidative damage, apoptosis, and lower oocyte quality. However, aBMDSC
treatment mitigated these impairments in aged mice, by increasing mtDNA while
reducing 4-HNE and cell death, suggesting aBMDSC mediates the improvements in
oocyte quality and developmental competence through mitochondrial action and anti-

oxidative factors.

The ovarian niche is essential for follicle growth and oocyte quality>’%?”®. In POl models,
stem cell factors and PRP treatment modulated angiogenesis and regenerated the

145186 \vhereas in our mouse model of DOR and POI, and in the ovarian cortex of

ovary
POR patients, treatment with a combination of stem cell-secreted and platelet-enclosed
factors promoted stromal vascularization and folliculogenesis. In agreement with these
results, a single intraovarian injection of aBMDSC improved local vascularization in AMA
and old mice, and this effect is likely mediated by the angiogenesis-related soluble
factors from SCs and platelets, such as FGF-2 and THSP-1'*#2422%_Moreover, our mouse
model recapitulated phenotypical hallmarks of aging, evidenced by reduced ovarian cell
proliferation with age®”". Treatment with aBMDSC reversed this phenomenon, by tripling

actively dividing cells in the ovarian stroma and follicles in old mice (90% vs 30-40%

proliferative secondary follicles in control).

All the above-mentioned ovarian regenerative effects of aBMDSC were reflected by
changes in the proteomic profile of treated ovarian tissue. Functional analysis of the DEPs
identified in aBMDSC-treated ovaries showed enrichment in pathways related to spindle
reorganization, regulation of stromal proliferation and vascularization, and mitochondrial
function. In addition, we detected upregulation of Cox7a2, Mtch2 (which plays an
important role in mitochondrial function?**?®"), and Ptges3 proteins (involved in human
ovulation and oocyte maturation®®), along with a downregulation of Prdx2 (a
peroxiredoxin family member involved in ROS reduction®®) and Numa1 (involved in

spindle reorganization and DNA repair by homologous recombination®®3%") proteins.

aBMDSC induced follicular rescue in aged ovaries with a single intraovarian injection,
which has a safe and well-established application in human clinical trials evaluating

plasma-based treatments and avoids repeated systemic administration. Moreover, the
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absence of deleterious effects in the ovaries of young healthy mice supports the safety

of this novel approach.

In this study, we have presented a treatment based on the combination of stem cell-
secreted- and platelet-enclosed growth factors that reverses the effects of ovarian aging
in a mouse model of physiological human aging. We focused on fertility outcomes after
COS, ovarian stromal regeneration, and underlying aging mechanisms, particularly
mitochondrial function. Further analysis of the long-term effects on breeding
performance and detailed molecular studies of the mitochondria of isolated oocytes
should be considered. Moreover, further preclinical studies with human samples are

required to confirm our findings prior to clinical implementation.

Clinical implications

This doctoral thesis showed the regenerative properties of different sources of plasmas
enriched in stem cell-secreted factors in mouse models of DOR and POl induced by ChT.
Thus, it raises the possibility of a paracrine signaling-based alternative to overcome
impaired ovarian reserve, a key issue in reproductive medicine, and offers new

alternatives for those patients seeking to use their own oocytes.

Moreover, our findings, together with previous studies demonstrating the safety of blood
plasma administration in patients, suggest that to combine the benefits of both non-
cellular components of SCs and platelet-derived growth factor approaches could be a
more effective treatment for patients than using either individually. Specifically, the most
beneficial treatment was the combination of factors secreted by marrow stem cells and
factors released from platelets. To that end, we also evaluated the regenerative effects of
this plasma on human ovarian tissue from POR women, bringing the treatment more
closely towards clinical practice. Moreover, due to the increasing number of patients
affected by age-related fertility, we decided to characterize a physiological aging mouse
model and test this effective treatment for patients with age-related infertility. We also
decided to test the local effect through intraovarian plasma administration, improving its

clinical application and avoiding repeated systemic administration.
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Due to the autologous nature of the non-cellular components of BMDSCs collected by
non-invasive mobilization protocols and PRP, along with the synergistic benefits
provided by the combination of their soluble factors, we propose this treatment as a
promising autologous treatment to improve the reproductive potential of aged, DOR
and POl patients.  Nevertheless, human studies and well-designed controlled

randomized clinical trials in patients are required prior to clinical application.
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Conclusion

VII. CONCLUSIONS

The following conclusions can be drawn from this thesis:

1. Systemic administration of human plasma enriched in stem cell-secreted factors
(BMDSC and UCB plasmas) rescue follicular development and fertility, inducing
microvessel formation and cell proliferation, and reducing apoptosis in mouse models of

DOR and POI.

2. Plasma activation for both BMDSC and UCB plasmas enhanced the positive effects on

fertility in chemotherapy-induced mouse models of ovarian damage.

3. Proteomic and /n vitro analyses indicate that plasma effects may be mediated by
soluble factors related to cell cycle/apoptosis, gene expression, signal transduction, cell

communication, response to stress, and DNA repair.

4. The most effective treatment, aBMDSC plasma, promoted human follicle development
and regenerated the ovarian stroma in human ovarian tissue in POR women, supporting

the effects observed in the DOR and POI models.

5. BMDSC and UCB plasmas could be effective treatments to increase reproductive
outcomes in women with impaired ovarian function due to several causes. However,
combining the benefits of both stem cell-secreted and platelet-enclosed growth factors
could improve and accelerate the regenerative effects on ovaries. Thus, activated BMDSC

plasma is the most promising treatment due to its potent restorative effects.

6. We established a feasible mouse model of physiological aging, representing different
women's fertility profiles, such as advanced maternal and old age. This model represents
a tool to decipher the process of ovarian aging and to test future potential treatments to

slow down or reverse the effects of aging on fertility.

7. A single intraovarian injection combining bone marrow-derived stem cell- and
platelet-secreted factors (aBMDSC) improves reproductive outcomes in a mouse model
of human physiological aging, promoting follicle activation and development, and

regenerating the ovarian stroma.
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8. The positive effects of aBMDSC on fertility outcomes were positively associated with
mitochondrial function, with treatment increasing mitochondrial DNA copy numbers and

reducing oxidative damage and apoptosis.

9. The improvement in reproductive potential after aBBMDSC injection was accompanied
by changes at the proteomic level, with proteins involved in mechanisms of oocyte
spindle reorganization, regulation of proliferation and apoptosis, and mitochondrial

functions.

10. A single intraovarian injection of aBMDSC appears to be a promising treatment with
the potential to improve the reproductive outcomes of women with age-related

infertility.
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ANNEXES

IX. ANNEXES
ANNEXE I

Proteome composition of the assayed plasmas established by SWATH-MS. For each
plasma, the normalized area of each quantified protein is shown. There are also included
all the specific Log2(FC) values obtained after performing different comparison
approaches (BMDSC and UCB groups vs. PB; aBMDSC, and aUCB groups vs. aPB; each
activated sample to its respective non-activated fraction); keratins were not considered
for these comparisons. In each of the comparison approaches, those proteins that
revealed as up- (Log2(FC)>1.5) or down- regulated (Log2(FC)<-1.5) are marked in

colored cells.

Available at: Annexe [ .x/sx

ANNEXE Il

Proteomic composition of the human ovarian tissue samples after control or
aBMDSC plasma treatments. For each sample, the normalized area of each quantified
protein is shown. There are also included the FC and Log2(FC) values calculated using
the normalized protein area values of the aBMDSC samples, relative to those of the
control group. Moreover, a Welch t-test was performed and the proteins presenting a p-

value <0.05 were considered as statistically significant for the functional analysis.

Available at: Annexe Il x/sx

ANNEXE Il

Proteomic composition of the ovarian samples from young, AMA and old mice,
established by SWATH-MS. For each sample, the normalized area of each quantified

protein is shown. There are included the ElastiNEC and GO analysis for each group age,
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ANNEXES

showing the DEPs after plasma treatments and the GO information (ID, GOterm,

subgroup, Enrichment score, FDR, gene count and gene name).

Available at: Annexe Il xlsx

ANNEXE Il

Proteomic characterization of aPRP- and aBMDSC-treated ovarian samples by
SWATH-MS. The normalized area of each quantified protein is presented for each
sample. There are included the ElastiNEC and GO analysis for each group age, showing
the DEPs after plasma treatments and the GO information (ID, GOterm, subgroup,

Enrichment score, FDR, gene count and gene name).

Available at: Annexe V. xlsx

ANNEXE V. SCIENTIFIC PRODUCTION
1. International scientific publications

-Buigues A*, Marchante M* Herraiz S, Pellicer A. Diminished Ovarian Reserve
Chemotherapy-Induced Mouse Model: A Tool for the Preclinical Assessment of New
Therapies for Ovarian Damage. Reprod 5c¢i (2019) doi:10.1177/1933719119831784. *Co-

author-ship.

-Buigues A*, Marchante M*, de Miguel-Gémez L, Martinez J, Cervello |, Pellicer A, Herraiz
S. Stem cell-secreted factor therapy regenerates ovarian niche and rescues follicles. Am

J Obstet Gynecol 2021,225:65.e1-65.e14. *Co-author-ship.

-Marchante M, Ramirez-Martin N, Buigues A, Martinez J, Pellicer N, Pellicer A, Herraiz S.
Physiological reproductive aging: a mouse model to represent different human clinical
fertility phenotypes. Submitted to BJOG: an International Journal of Obstetrics &
Gynaecology.
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-Marchante M, Buigues A, Ramirez-Martin N, Martinez J, Pellicer N, Pellicer A, Herraiz S.
Single intraovarian dose of stem cell- and platelet-secreted factors mitigates age-related
ovarian infertility in a murine model. Submitted to American Journal of Obstetrics &

Gynecology.

2. Works submitted to international conferences directly related with the present

Ph.D. thesis
2.1 Oral communications

-G-CSF mobilized plasma regenerate ovarian stroma and restore ovarian function.
Buigues A*, Marchante M*, Herraiz S, Pellicer A. 67th Annual Meeting of the Society for

Reproductive Investigation. Vancouver, (Canada), 2020. *Co-author-ship.

-Plasma Enriched in Stem Cell Secreted Factors Improves Ovarian Function in a Mouse
Model of Advanced Maternal Aged. Marchante M, Buigues A, Martinez J, Pellicer A,
Herraiz S. 68th Annual Meeting of the Society for Reproductive Investigation. Boston,

Massachusetts (USA), 2021.

-Plenary session. Combination of Stem Cell Secreted and Platelet Enclosed Growth
Factors Restores Ovarian Function in an Aging Mouse Model. Marchante M, Martinez J,
Pellicer A, Herraiz S. 69th Annual Meeting of the Society for Reproductive Investigation.

Denver, Colorado (USA), 2022.

2.2 Poster presentation

-Stem Cell Secreted Factors-Enriched Plasma Promotes DNA Repair and Protects Against
Chemotherapy-Induced Cell Death in Ovarian Tissue. Marchante M*, Buigues A*, Pellicer
A, Herraiz S. 67th Annual Meeting of the Society for Reproductive Investigation.

Vancouver (Canada), 2020. *Co-author-ship.

-Reproductive Aging Mouse Model: A Physiological Tool for the Preclinical Assessment
of Ovarian Therapies. Marchante M, Ramirez N, Pellicer A, Herraiz S. 69th Annual

Meeting of the Society for Reproductive Investigation. Denver, Colorado (USA), 2022
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-Mitochondrial function and oocyte quality improved in an aging model by intraovarian
administration of a combination of stem cell-secreted- and platelet-enclosed growth
factors. Marchante M, Martinez J, Buigues A, Ramirez N, Pellicer A and Herraiz S.

American Society for Reproductive Medicine. Anaheim, California (USA), 2022.

3. Works submitted to international conferences not related with the present Ph.D.

thesis.
3.1 Oral communications

-Fertility Rescue by Bone Marrow Derived Stem Cell Infusion. Buigues A, Herraiz S,
Marchante M, Hsueh J, Pellicer A. 65th Annual Meeting of the Society for Reproductive
Investigation. San Diego, California (USA), 2018.

3.2 Poster presentations

-LH /n vitro treatment promotes DNA repair of mouse apoptotic follicles damaged by
alkylating agents. Castillo LM, Buigues A, Marchante M, Rossi V, Martinez J, Klinger FG,
Herraiz S, Pellicer A. 35th Annual Meeting of the European Society of Human

Reproduction and Embryology. Viena, Austria, 2019

-Potential Molecules and Pathways Involved in Ovarian Rescue by Bone Marrow Derived
Stem Cells in Human Ovarian Tissue. Buiges A, Marchante M, Diaz-Gimeno P, Martinez
J, Pellicer A, Herraiz S. 68th Annual Meeting of the Society for Reproductive Investigation.

Boston (USA), 2021.

-Contribution of the D19S884 allele 8 of the FBN3 gene and the Hippo signaling to the
reproductive and metabolic phenotype of PCOS patients. Ramirez N, Romeu M, Martinez
J, Peinado |, Buigues A, Marchante M, Pellicer A, Herraiz S. 38th Annual Meeting of the

European Society of Human Reproduction and Embryology, Milan, (Italy), 2022.

-Thrombospondin-1 depletion suppressed follicular growth induced by stem cell

secreted factors-enriched plasma on chemotherapy-damaged mouse ovaries. Buigues A,
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Ramirez N, Martinez J, Marchante M, Pellicer A, Herraiz S. American Society for

Reproductive Medicine. Anaheim, California (USA), 2022.

-Nicotinamide mononucleotide (NMN) in vitro supplementation improves deficiencies in
nuclear and cytoplasmic competence of germinal vesicle oocytes. Galbete A, Marchante
M, Mifsud A, Pellicer A, Herraiz S, Escriba MJ. American Society for Reproductive
Medicine. Anaheim, California (USA), 2022.

4. Awards

-Pfizer Award SRI 2018 "Fertility Rescue by Bone Marrow Derived Stem Cell Infusion”
awarded by the Society for Reproductive Investigation (SRI) in 2018 as one of the 25 best

papers submitted.

-Pfizer Award SRI 2020 "G-CSF mobilized plasma regenerate ovarian stroma and restore
ovarian function" awarded by the Society for Reproductive Investigation (SRI) in 2020 as

one of the 25 best papers submitted.

-President's Plenary Awards SRI 2022 “"Combination of Stem Cell Secreted and Platelet
Enclosed Growth Factors Restores Ovarian Function in an Aging Mouse Model”.
Recognizes the four highest ranked abstracts chosen for presentation at the President’s
New Investigator Plenary. These awards are supported by the Society for Reproductive

Investigation Past Presidents’ Fund in 2022.
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