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ABSTRACT

Ovarian tissue cryopreservation and transplantation has emerged as a promising fertility preservation technique for individuals fac-
ing premature ovarian insufficiency due to various medical conditions or treatments. Xenotransplantation, involving the transplan-
tation of ovarian tissue into animal hosts, has played a pivotal role in refining ovarian tissue cryopreservation and transplantation
techniques and addressing key challenges. This review provides a comprehensive overview of the current landscape of ovarian tis-
sue xenotransplantation research, focusing on its applications in investigating ovarian biology, optimizing ovarian tissue cryopreser-
vation and transplantation protocols, and assessing safety concerns. It also explores the utilization of xenografting of human ovarian
tissue in mouse models in the last 10 years. Key findings from preclinical studies investigating grafting site optimization, cryopreser-
vation protocol refinement, the development of strategies to mitigate chemotherapy-induced damage, follicle development, tissue
revascularization, and the risk of malignant cell reintroduction are summarized. Moreover, the review examines the ethical consid-
erations surrounding the use of animals in ovarian tissue xenotransplantation research and suggests emerging alternative models
that aim to minimize animal use while maximizing clinical relevance.
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GRAPHICAL ABSTRACT

Ovarian Tissue Xenotransplantation:
Promising Approach to Investigate

*  Ovarian function, follicle growth and development and related
signaling pathways

*  Graft revascularization and ischemia/reperfusion injury

* Risk of malignant cell reintroduction

* Novel cryopreservation and transplantation protocols
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*  Major obstacle regarding massive loss of
follicle pool

*  Major concern in reintroduction of
cancerous cells

Modeling OTCT with OTX: enhancing understanding of OTCT. OTCT, ovarian tissue cryopreservation and autotransplantation; OTX, ovarian tissue

xenotranspantation.

Introduction

To preserve female fertility and improve the quality of life for
women experiencing premature menopause, various fertility
preservation methods have been developed. Ovarian transplan-
tation methods have been widely proposed as an alternative to
restore ovarian function, complementing options like oocyte and
embryo cryopreservation for fertility preservation. One of the
main challenges is ensuring the safety and effectiveness of ovar-
ian tissue cryopreservation (Roness and Meirow, 2019; Dolmans
et al., 2021). However, since the beginning of the 21st century,
ovarian tissue transplantation has effectively restored endocrine
and reproductive capability in individuals with ovarian insuffi-
ciency (Oktay and Karlikaya, 2000; Donnez et al., 2004).

Ovarian tissue cryopreservation and autotransplantation
(OTCT) has been presented as a viable option for fertility preser-
vation; meanwhile, xenotransplantation has emerged as a criti-
cal strategy with a pivotal role in refining strategies for OTCT.
More specifically, these methods aim to restore reproductive
ability in patients subjected to gonadotoxic treatments and
exposed to alkylating agents or radiotherapy that leads to prema-
ture ovarian insufficiency (Chow et al., 2016; Lambertini
etal., 2018).

OTCT is particularly indicated for patients unable to undergo
embryo or mature oocyte cryopreservation after ovarian stimula-
tion, such as prepubertal girls or for those whose cancer treat-
ment must be initiated promptly (Dolmans et al., 2021). To date,
over 200 live births have been reported through the utilization of
OTCT (>41% pregnancy rate, 21.6-30% live birth rate) (Khattak
et al,, 2022), and nearly all transplanted patients have experi-
enced restoration of endocrine function (Diaz-Garcia et al., 2018).

Despite promising results, standardized protocols for transport,
cryopreservation, and transplantation remain unresolved; im-
proved protocols would minimize follicle loss from ischemia,
rapid follicle recruitment post-grafting, and possible malignant
cells in ovarian tissues (Dolmans et al., 2021).

Comparatively, ovarian tissue xenotransplantation (OTX) con-
sists of the implantation of tissue into a recipient of a different
species to support follicular development of frozen-thawed ovar-
ian samples. It has also delved into additional aspects that con-
tribute to the advancement of techniques in this field in
experimental trials over the past decades, specifically in research
related to the preservation of ovarian tissue and the restoration
of its functionality following thawing. Xenografting has emerged
as a crucial model for studying ovary biology, including the
effects of different drugs on the follicle population. Additionally,
this approach provides a valuable platform to assess the poten-
tial re-establishment of diseases that may be present in the
transplanted tissue (Shapira et al., 2018). Certain mouse strains
serve as bioincubators with the capacity to support the growth of
neoplastic cells (Nguyen et al., 2021). Using immunodeficient
mice helps overcome some limitations of traditional transplanta-
tion methods by avoiding immune rejection, thereby allowing
the development and survival of transplanted tissue. However,
OTX still presents important ethical issues, particularly related
to animal welfare and rights (Rollin, 2020).

This review discusses OTX as a pivotal tool for studying and
optimizing OTCT methods, serving as a promising model to pre-
dict and advance fertility restoration. We describe and analyze
the significant milestones and breakthroughs achieved in this do-
main. Additionally, we examine the potential applications and
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future directions of OTX, providing insights into its evolving role
in the realm of reproductive medicine.

Mouse models for OTX

In practice, human OTX is usually undertaken in mouse strain
models. The primary challenge in OTX is overcoming graft rejec-
tion by the recipient animal’s immune system. To address this,
immunodeficient mouse models have become the pillar of OTX
research: namely, the immunodeficient mouse model (nude); se-
vere combined immunodeficient (SCID) mice; non-obese diabetic
(NOD) mice; and the crossbred NOD-SCID mice (see Table 1). The
NOD-SCID mouse model has been considered to have a more se-
vere degree of immune deficiency than previously mentioned
mouse models (Shultz et al., 1995) (Fig. 1).

While nude mice are commonly preferred for short-term xen-
ografting experiments (Dath et al., 2010; Amorim et al,, 2012),
SCID mice are typically favored for long-term xenografting stud-
ies (Amorim et al,, 2011; David et al., 2012). Nevertheless, re-
search on OTX has shown that NOD and SCID mice yield superior
outcomes in terms of antral follicle formation and maintenance
of ovarian tissue morphology (Terada et al., 2008).

Studies on OTX and murine models have a focus on the effi-
cacy of different mouse strains in enhancing follicular viability
and detecting malignant cells or assessing pathological condi-
tions within transplanted ovarian tissue. Recently, y-irradiated
NMRI mice have been used for OXT, yielding significant findings
related to follicular apoptosis after vitrification, effects of ische-
mia during grafting procedures, and alterations in the expression
of genes associated with follicular activity (Jafarabadi et al., 2015;
Mofarahe et al., 2020). Furthermore, other mouse strains, such as
NOD SCID gamma mice (Sanchez et al., 2009), hold potential for
further research, particularly in studying neoplastic cell dissemi-
nation and evaluating residual disease within ovarian tissue.

Although immunodeficient mice offer a valuable model for OTX,
they are not a perfect human replica. Comparing follicle populations
before and after OXT, significant changes in gene expression and
epigenetic patterns were described, likely due to xenograft microen-
vironment differences, with potential implications for medical re-
search (Man et al., 2020). Several key differences can influence
human follicle growth in mice, including the hormonal milieu of the
recipient, the transplantation site within the recipient, and even
species-specific differences in growth factors and signaling path-
ways crucial for healthy folliculogenesis. According to Man et al.
(2023), these xenograft-related alterations impact directly on follicu-
lar parameters, such as growth, mobilization, and volume, and even
influence the development of neighborhood and in growing follicles.

Researchers are actively investigating the ideal grafting site.
Numerous transplantation sites have been explored, including
intraperitoneal, inside the ovarian bursa, under the kidney cap-
sule, intramuscular, and subcutaneous (Van Eyck et al., 2009;
Cacciottola et al., 2018; Manavella et al., 2018a,b; Shapira et al,,
2018; Lunding et al., 2020; Lee et al., 2021) (Fig. 2). While the
studies have considered several key elements, including the ex-
ponential growth of human follicles, oxygen tension, and vascu-
larization (Dath et al.,, 2010), the optimal site remains under
debate (Dath et al., 2010; Ruan et al., 2019) (Table 1).

Preclinical studies and experimental findings

Research on OTX has produced over 40 original studies in the last
decade. These studies focus on six main areas: (i) ovarian

function and physiology, (ii) effects of exogenous factors on folli-
cle growth, (iii) revascularization of cryopreserved and trans-
planted tissues, (iv) risk of malignant cell reintroduction,
(v) development of improved cryopreservation and transplanta-
tion protocols, and (vi) the impact of chemotherapeutic agents
on ovarian follicles.

Ovarian function and physiology

A significant challenge in OTCT is the considerable loss of fol-
licles during cryopreservation and subsequent transplantation.
This loss is primarily attributed to damage from freezing and is-
chemia/reperfusion during the initial stages after transplanta-
tion (Baird et al., 1999; Roness and Meirow, 2019). Researchers
are working to understand the molecular pathways governing
ovarian function and follicle development to develop strategies
that improve blood flow and reduce tissue damage. Studies have
highlighted the importance of the oxygen environment in OTX,
as hypoxia can negatively impact follicular development and
vascularization (Van Eyck et al., 2009).

Effects of exogenous factors on follicle growth

Exploring signaling pathways that influence follicle activation
and growth is an emerging area of research. Pathways such as
the Hippo and PTEN/PI3K/Akt cascades play a role in regulating
early follicle activation within the ovary (Lunding et al., 2020).
Fragmentation of ovarian tissues has been shown to disrupt the
Hippo pathway via yes-associated protein, which prompts early
follicle activation and stimulates the PTEN/PI3K/Akt signaling
pathway (Grosbois et al., 2020). However, studies indicate that
xenotransplantation of fragmented human ovarian tissue into
mice does not improve follicle survival, suggesting that fragmen-
tation may not be an effective approach for preserving ovarian
function or enhancing follicle viability in transplantation settings
(Lunding et al., 2020) (Table 1).

Revascularization of cryopreserved and
transplanted tissues

Revascularization is critical for the survival and function of
grafted ovarian tissue. Mechanical methods, such as puncturing
samples or using an yttrium aluminum garnet laser to remove
the ovarian surface epithelium, have not effectively improved re-
vascularization or follicle survival (Mamsen et al., 2021; Olesen
et al., 2023). In contrast, chemical approaches have shown more
promise. Studies indicate that treatments with antioxidants, glu-
tathione, ulinastatin, and vitamin E can reduce follicle loss and
mitigate ischemia, oxidative stress, and inflammation in post-
human OTX mice (Li et al., 2021). Additional investigations have
demonstrated the benefits of anti-apoptotic agents like Z-Val-
Ala-Asp-fluoromethylketone and sphingosine-1-phosphate (S1P),
which improve follicle survival and vascularization in OTX mod-
els (Henry et al.,, 2016; Lee et al., 2021). Co-transplantation of
mesenchymal stem cells with ovarian tissue has also yielded
promising results, enhancing angiogenesis, follicle viability, and
potentially prolonging the longevity of transplanted tissue
(Manavella et al., 2018a,b; Cacciottola et al., 2020) (Table 1).

Risk of malignant cell reintroduction

The potential reintroduction of malignant cells is a critical con-
cern in OTCT, particularly for patients with a history of cancer.
OTX has emerged as a valuable model to investigate the behavior
of potentially cancerous cells and to detect malignancy within
the tissue (Table 1). For example, a study by Bastings et al. (2013)
analyzed the risks of cancer recurrence in ovarian tissue

Gz0z Alenuer ¢| Uo Jasn seuas) seull\ 8 [eiepa- apepisiaAiun Aq 2Z61 6./ 6Z8eap/daiwny/ce0 L 0L /10p/elole-aoueape/daiwny/wod dnoolwapese//:sdyy Woll papeojumo(



Thuwanut et al.

4

Downloaded from https://academic.oup.com/humrep/advance-article/doi/10.1093/humrep/deae291/7941927 by Universidade Federal De Minas Gerias user on 13 January 2025

(penunuod)

[eAIAINS 3]D1[[0] 2a01dWII J0U

(8107) ‘Te 12 opIe[[ED SyPam ¢ [esuojuadenuy 201w DS p1p ainjeradurs) SUIPass 19M0] PUE UOTIBIIUSOUOD 1ue109101doL1d 1931
UonedYLIIA 0} paredwod
(6107) TB 30291 SyeaMm § IB[NOSNUIBIIU] DM JIDS  YMNO0IS PUE [BAIAINS S[DI][0F JO SULID] UI SINSS1 19139q PIPISIA SUIZaI] MOTS
adueleq onoydode-nue ue spiemol saua3d Xyq pue 104
(0zo7) TR12 90TWI [N jo uonduosueny ay)} Sunenpous Aq 3uswdo[aAsp puE [BAIAINS TBINDI[[O]
IPRWWEYON SyeaMm 7 Ie[NOSNUIBIIU] payerpelir-A PaDUBYUS WINIPAW 9IN}[ND SNSSI} UBLIEAC UBWUNY 0} uonejuswarddns vd1
(0zo2) TR 12 201U TIAIN S1S9Ua30[NOT[[0] 01 pale[a1 SaUS3 Jo uolssaid
SUBIBJON Syeam ¢ SNOaUBINONS parerpelit-A -X9 PUE Y3013 3[D1][0] UO 109]J3 [NJULIRY OU P2MOYS POYISW UOTIBIYLIIIA
2INIONIISEIIN S[DI[[0] UO $103]J3 SNOLISIS[SP
(0z02) Te 12 AessoH skep 1z Teauojuadenus 201w IDS INOYIIM PIMEYI-D1 PUE USZOIJ-21 3q P[NOD SNSST [BONI0D UBLIEAO UBWINH sjoo0j01d
3u1zaa1j 9}e1 MOTS PI[[013U0D 03 9[qeIeduiod SINSST Pajeid ul uonearasaid
(1207) ‘TR 12 UBWLISIT SyPaMm 9 PUE § [esuojuadenuy SOIW SPNN Y3013 S[DI[[0] UTEIUTRUL P[NOD ISUTBIUOD [BIDISUIWOD SUIZ331] MO[S SAISSEJ -0£15 JO JUSUISSISSY
(¥102) B2 uonejue[dsueI]} aNSST UBLIBAO UBWINY-}sod sisauadoidue pue
1ouUopusduRT UBA [eauociuadeniu] skep / pue ¢ DTW 9pNN  SULINIONIISSI 9NSST Ul s1ake[d £33 9q 03 pUNOJ 9I9Mm S9US3 UMOUS PUB MIN
SNSST) UBLIBAO UI UOTY
(81T07) Te 12 BjRURL SyeaMm 9 SNOSUBININS 201w IDS -BZLIB[NOSEAOSU PIONPUL IHJ] 3SBI2I-PIUTEISTS JO UOT}BIISIUTWIPE [BD0]
pourad 3unjerd-ysod
(98107) T8 19 £11e3 23 Ul PaAISSQO a1aMm ‘S2)Bl [BAIAINS S[DI[[0] PISEIDUL 3m Suole
e[[oARUBIN skep / Teauojuadenur 201w IDS ‘9NSST} UBLIBAO JO UOT}BZUIB[NOSEA PUE UOI}BUSZAXO JO S9)B1 PIsealdu]
eare
(eg107) T8 19 [9SS2A UBWINY UT S9SBIDUL JUBRDYIUSIS 0] P SUOIBIIUSOU0D Y3IY 1B SOSY
BI[PABUBIN skep $1 [eauojuadenu] 0TW dIDS UBWINY ‘XUIBW ULQY B UM Wnauoiiad asnow ojul pajue[dsuer} Uusaym
UOTIBATIOR I1B]
(8107) T2 MI2A skep / Ie[nosnuwenu] 201w 9NN -n[2 pue sisojdode paonpal UONEBISIUTWPE HINY JUBUIGUIOIY
(6107) TR 12 9NSST} UBLIBAO UBWINY 31M paiue[dsueil-od
B[[PARUBIN skep / [esuojuadenuy DWW J[DS  USYM UOTISIISS JDHTA S1B[NWINS PUE S[9SSIA UBWINY 0JUT 9}BIIUSISJIP SOSY
sisojdode [eqo[3 paonpal pue sa1o1]
(61T07) 'Te 12 19[0SUBIT Syeam ¢ 10 SAep € IB[NOSNUIBIIU] 201 IDS -103 Arewiuid Jo uonyearasaid ay3 parorduwll JNI-AVA-Z JO UOTFBNSIUIWPY
(0zoz) ‘1B 30 uedsaj1] anssn ueteao 3utduorord Ajrenusiod ‘syjeid ur uonnqul
B[0}301008D syuouw 9 Teauojuadenur 201w IDS -STp S21[[0] paroxdull pue saO1[[0] [erpiowitid pasealdul X0 210J2q SOSV
[BAIAINS STDI[[OF
(1202) T 12 Uas9IO skep 6z pue g SNOaUBINIANS 201w 9pNN pasealdul pue AIn(ur uotsnjradai-eruaydst padnpal UOLeNSIUIWPE DYN
UOT}BZUIB[NOSEAI 1JeI3 UBLIBAO dr01d
(1207) 'Te 32 USSWIBN syoam g pue sAep g snoaueINdqns S0TW SpNN -WII JOU PIP JUSUWI}BI} I9SB] HY A SUIST SISOUSZOIZUR PIdNPUI-TEITUBYISN
skep 68 SSO[ 92
(Tz02) TRI9TT PUB 9S'8C' VT LE'T SNoauUBINOgNS 901W IDS -1[0J S9ONPaI UNBISBUIN pUE SUOIY}EIN[S JO UOTIBIISIUTWPE SNOUIABIIU]
ssa001d stsauadoidue Y} pue SI[O1]
(Tzoz) TRI2 991 syeam Te[nosnuwenu] 201w IDS -103 terpiowitid pastasaid JNI-AVA-Z JO UOTIBIISIUTWIPE [eauolLIadenu]
(T1z02) 1B uonempouws Aemiyied 31y/J€1d BlA 9DUDSIMND I193 SUTUIRBIUTEW PUB
13 B[0]101D0BD skep QT pue g [esuojuadenuy 901w 9pnN sa1217[0] [eIpiowiLid Sutprendajes AQ SAI9SSI URLIBAO 103}J€ A[9AniIsod sOSY
(zzoz) ‘B30 SISYIBUION] SISOUS30I3UE UO BIBP JUSIDIJIP A[3ued
USSUSISLEY Syeam g pue sAep g SNOaUBINOGNS 201w 9PN -JTudts ou ypam pajue[dsuen) 9q pnod sdins [BdII0D UBLIBAO JO SIPIS 30g
sisoydode paseard
-9p pUE 3}BI [BAIAINS S(DI[[0] 19YSTY & SUIP[S1A S1JBIS UBLIBAO JO
a[nsded Lsu UOT}BZLIB[NOSEA PIDUBYUS SNSST} UBLIBAO YILM S[[9D WIS}S [EWAYDUSSIUL S9WO02INO
(zzoz) ‘1B 32 8UuayD skep / pue ¢ -pIy 9y} I9pun 30TW SpNN pI0D [eDTIqUIN UBWINY pauonipuodaid-exodAy jo uonejue[dsuen-oo uonejueidsueny
UOTIBZLIB[NOSEASI 113 UBLIBAOC 9DUBYUS J0U pIp uonejued ONSST} UBLIBAO
(£202) 'TB 12 USSaIO skep 0T pue ‘9 ‘g snoaueINIqnNs S0TW SpNN -suen} 03 1oud sainjound a[pasau SUISn SISSUSZ0IZUE PIdNPUI-[BITUBYIDN ano1durt 0} satds1ens
ERLEIEIEN uoneinp Sunjeidousax a11s Sunyein [9poWl [eWIUY awodIno Iofey yoeoxdde Apnis
[esturpaid

‘s1eak 0T 3SB[ 9U3 Ul paysijqnd 9d1u Ut (X.1,0) uonejue[dsueijousx anss UBLIBAO UO SIJIHIE [RUISLIO T 9[qe.L



5

Ovarian tissue xenotransplantation

Downloaded from https://academic.oup.com/humrep/advance-article/doi/10.1093/humrep/deae291/7941927 by Universidade Federal De Minas Gerias user on 13 January 2025

(a¥v107) TR 32 2307

(e%107) T8 12 2107
(9102) TR 3R

uepuendiy

(£107) T2 3° [333d

(£107) TR 19 ONT
(6107) 1B 12 UBNY

(1z0z) B3R
peddryd

(sT02) TR 12
03 UaYDES]

(¥107) T8 32 SUBN

(zzo?) TR 1 otuLINN

(6102) ‘1B 1° surwoQ
(0z07) 1B 18 s10d
(0z0?) e 13 Burpunt

(8107) ‘1€ 12 e1dRyS
(8107) 1B 32
o123UBIdSEIN

(0zoz) B
12 SUARAR[PND

(T207) '8 1° usAnsN

€20C "Te 12 UBN
(9107) 1B 12 Suey
(sT07) TR 32
peqeIeje(
(9107) 1B 12
O3 UaYDES]

(q/102) 1B 12 ORIX

ERIVEIEIC) |

‘au01a [Ayaworon|j-dsy-ery-TeA-[AuoqIedfxo[Azuaq ‘YNI-QVA-Z ‘urR101d pa1ernosse-sak ‘dy A {10108] Y1mMoi3 [BI[BUI0PUS 1e[NDSeA ‘IHTA 1eydsoyd-T-sursoduryds ‘d1S JUSIDYapoun
PAUIQUIOD 2I9A3S ‘(IDS ‘INITISU] Y1B3sY [BIIPSN [BABN ‘TYIN 2UI=1sA0[£1908-N :DVN ‘proe drpneydsoydosA] V4T 1010 U3moIs 1se[qoIqy JIseq 1D ] ‘S[[2D WIS PIALISP-aNssT 9s0dIpe ‘SDSY (SUOULIOY UBLIS[NIN-TIUE ‘HINY

syeaM $Z I0 &
skep ¢zt

Syoam 7T Pue ¥

skep 651

S¥99m 0T PUBR g ¥ T

SUIUOW §'Z PUB §'T

syjuour §

sep 57

Syeam 7

SyPaM 7T
SyPam ¥
Syo2M 9
S399M 9

syjuouwr 9

syjuour §

SyeaMm G pUE ¢

Syoam Z¢

sY98m 7G-T
skep /

skep 0g
skep 5%

skep Tz pue ‘¥1/ ‘¢

uoneinp Sunjeidousx

Jenosnuieriug
Iemnosnueniul

SNO2UBINOQNS
IR[NOSNUIRIIU]
snosurINOqNG
SNO3UBINIQNS 10
BSINg UBLIEAO 3PISU]
[esuoiutadenuy

snosueINdgNS

snosueinogns

snoaueINdqns
[eauojuadenu]
snoaueNdqns
snosuBINOQNS

[esuoiutadenuy

Tesuojuadeniu]

snosueinogns

resuojuradeniug

Iemnosnuieriul
snoaueinogns

Iemnosnuieriuy
snosueINdgNS

snoaueinogns

911s Sunyein

DI JIDS
201 dIDS

201 dIDS
DI JIDS

Q01w
dId>s-doON

201w 9PN

9T dIDS

201 dIDS

201w 9PN

22T dIDS
Q0T dIOS
20TW apnN
30TW apnN
SO dIDS
=2 dIDS
ERjtes
daros-doN
0T AIDS
9O DSN
0T AIDS
SOTW YN
paleIpeLI-4

201 dIDS

9T dIDS

[9powt [eWITUY

UOTIB[NWIT}S SUOULIOY,
INOYM 10 Y31 S33£000 [[IA] O3 paINjew 8q Ued Sa21[[0f [eipiouwitid uewny
PaINIBUI 04310 Ul 9] UBD NSST} UBLIBAO Pa3JRIS0USX WO PIII[[0D $31£000

£y1ao3uor yea8 aredunt Keur sa(o1770] [eTpiowtd JO UOTIBATIOY
XLO 193J€ uone|
-NWNS SUOULIOY INOYIIM PIASIYDE 3G UBD SI[DAD [BASLIRI 14000 aannaday

dnoi3 ao1uI ST W PapuUNOM
Aqreondase ayy ut sa1o17103 Sutmois jo uoniodoid 19ydry Appuedyrusis

S1[NS21159Q U3 POP[SIA BSING UBLIBAO 3} 9PISUL

SI[2I[[0F €}
-1aqndaid Ul suBIqUSUI JUSWISSE] 913 JO UOTIBINIBW S2ONPUL SUnjeID

suuasiApneydsoyd jo uonedosueI} paseardap Y ¢ I0J D,S 3. 3uIjooD

uonedrdde
sprweydsoydoroAd 193e sisoydode spo1qoj [etpiowitid pajusasid 415

SMNSST} UBLIBAO UO $129}J3 [NJULIRY PaMOUS S1Ua3e Sune[Ay[y
yoeoidde uon
-BATIO® 04310 Ul PUE SUNIND SNSST) UBLIBAO JO S309]J3 9ATISOd ON
0010 Ul Y3M0I3 10 UOTIBATIDE 3[21[[0] Sunowoid Ul paaddns 10U pIp 1S
M08 04310 Ul 91BATIOR JOU PIP UOT}BIUSUWISEI] UBLIBAC AQ PRONPUI-dV A
sjusnied BIWSNS] PIO[PAUI 9INDE UWIOIJ SINSSI} UBLIEAO
Jo uonejueldsuenousx-1sod paAIasqo sem 20UssaId [[9 BIUISNS] ON
sjuanied J0WN) UBLIBAO SUIISPIOq
JO %6 WIOIJ NSST) UBLIBAO P21JRISOUSX Ul PIAISSQO 219M SUOISI] IB[NPUERTD
SNSST} UBLIBAO UBWINY PaAIasa1doAId Jo
£197eS pUB LI[IEIA 93 91BN[EAD 0} UOT}BIUR[dSUBIIOUSX O} SOAT EUIS}[.
Tenuaiod se sstwoid pioy senbruydal 1e[nds[ow pue [BI30103STY I9MIN
sdLn}s (211100 UBLIBAO Pa}jeid 10 pajjeld
-UOU WOJ1J I9U31S Pa10a3ap A[oA13ES0U 21am (BUIOISBIQO[[NPAW 10 B0}
-se[qon3 ‘ewowApuads ‘ew01AD0IISE) SIOUWIN} WIISAS SNOAIDU [BI}UID
(s39m Zz-%1) WI3-3Uo] 03 patedwod JuawdoaAap J[D1[[0F 10] [BIIUY
-od pue £171qe1A [ETIIUT 193399 11oddns (SxPam F-T) S1FBIS0USX UWIs1-110YS
aNssn) UBLIBAOC UBWINY JO AJ17enb ay3 pasoxdwir 1951q

[2A3] VN W a3 1k s1sordode o217]05 uo 1oedWl Uk SBY UOT}EDTLIIIA
9NSST UBLIBAO UBWINY PaAlasaidoA1d jo Juswdo

-1oA9p MmEBY3I-3sod a3 seouBUS S9091d UBLIBAO Ul B[[NPIW JO 90uasald oy, L,
aNssn ueLleAO UBWINY 3Uta1asaIdoA1d

10 ISLLIED B Sk 3stwold pamoys Wa)sAS UOTIBOYLI}IA PISO]D PISEQ-IDA[IS

awod]no I1ofeN

3unjeidousx 19)je
juswdoraAap 1[04
anssn uer
-TBAO UBWINY UO
1s0Y 3JeI13 Jo 10933
3SNOUI Ul 9118
3unjei8ouax 1s9g
QUBIqUISW 1USUI
-9SEQ 9[21[[0]
37} JO JUSWISSISSY
1020301d
uonelrodsuer],
s3nup
Aderaypowayd
1surese Uonds101d
S9[D1]]0] UO
hlec veny:EYal
I9DUBD JO 10939

y3moi3 a[d
-1[10F Jo uoneAnOV

UOONPOIIULSI [[3D
JURUSI[EW JO JSTY

yoeoidde Apmis
[eo1uIaid

panuUnuo) ‘T el



6 | Thuwanutetal.

e

~

7

\

Nude mice NOD mice SCID mice NOP/SCID mice
* PR Samm e o €r
S e )
Foxn1nit N Innate immune deficiency and Prkdcse®
Innate immune deficiency Prikdcseid

g i WA o [
‘@ s A Lo ) \
ol " - N No murine No murin \aglf
No murine Defective DefectiveNK.  Rediiced Nomurine ~ Nomurine ol FS Reduced Reduced cell- Reduced
T cell macrophage cell maturation  complement Tealls Beells g . o i
cells phag T cells B cells phagocytic activity ~ killing activity of ~ complement

NK cells

@uration and  andfunction activity/ K of macrophages activy
function \ /

Figure 1. Characteristics of different immunodeficient mice. Nude mice lack T cells due to Foxn1 mutation. SCID mice lack T and B cells due to Prkdc
mutation. NOD mice combined with SCID mice produce NOD/SCID mice, which lack T and B cells and have reduced phagocytic activity of
macrophages, reduced cell-killing activity of NK cells, and reduced complement activity. Reprinted and adapted from Cheng et al. (2022) with
permission from the Creative Commons (Www.creativecommons.org). Created by BioRender.com. SCID, severe combined immunodeficient; NOD, non-
obese diabetic; NK, natural killer.
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Figure 2. Advantages and disadvantages of the different sites for human OTX. From top to bottom: intraperitoneal, inside the ovarian bursa, under
the kidney capsule, intramuscular, and subcutaneous. Created by premast.com and BioRender.com. OTX, ovarian tissue xenotransplantation.
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transplanted in cancer survivors, identifying leukemia as a major
concern. OTX from acute myeloid leukemia patients into SCID
mice for 6 months did not show malignant cells in histological
analysis, though longer follow-up may be required to assess full
recurrence risk (Shapira et al., 2018). Additional studies using
OTX have explored risks related to other cancers, such as border-
line ovarian tumors, central nervous system tumors, and breast
cancer, with some findings confirming the importance of thor-
ough preimplantation screening (Masciangelo et al, 2018;
Nguyen et al., 2021) (Table 1).

Development of improved cryopreservation and
transplantation protocols

Improving cryopreservation protocols is essential for maintaining
high-quality post-thawed and transplanted ovarian tissue.
Research has shown that slow freezing can better preserve folli-
cle survival and growth compared to vitrification, although both
methods continue to be explored (Ting et al., 2011; Xiao et al.,
2017; Lee et al., 2019; Mofarahe et al., 2020). Cost-effective pas-
sive slow-freezing techniques have shown effectiveness similar
to programmable cooling rate devices in promoting follicle
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growth in immunodeficient mice (Lierman et al., 2021). Direct
freezing methods are also being considered to minimize mechan-
ical injuries and challenges associated with crystallization and
cooling adjustments, with promising results (Maffei et al., 2013;
Arav and Patrizio, 2019). Efforts to optimize cryoprotectant proto-
cols have led to testing additives such as lysophosphatidic acid
and basic fibroblast growth factor, both of which show promise
in enhancing follicle survival by creating an anti-apoptotic envi-
ronment (Kang et al., 2016; Mohammadi et al., 2020).

Impact of chemotherapeutic agents on
ovarian follicles

Protecting ovarian tissue from the harmful effects of chemother-
apy, especially from alkylating agents, is crucial for fertility pres-
ervation. S1P has shown potential in preventing follicle death
induced by chemotherapy, highlighting it as a promising thera-
peutic molecule (Li et al., 2014; Meng et al., 2014). Additionally,
studies on xenografting have demonstrated that chemotherapy
drugs can have significant adverse effects on ovarian tissue. For
instance, Nurmio et al. (2022) confirmed the negative impact of
chemotherapy agents on ovarian tissue after xenografting, em-
phasizing the need for protective strategies like S1P to support
follicle survival and function under chemotherapy expo-
sure (Table 1).

Challenges and future perspectives
OTX for research purposes

While OTX has emerged as a valuable tool in refining OTCT tech-
niques, it faces several hurdles that need to be addressed for its
continued development and potential future application in hu-
man fertility restoration.

Regarding immune rejection, OTX relies heavily on immuno-
deficient mice, particularly SCID strains (Table 1), to overcome
graft rejection by the recipient's immune system. These mice
lack functional T and B lymphocytes, allowing for human tissue
survival and follicle development. However, even immunodefi-
cient mice retain some residual immune activity. This can nega-
tively impact long-term graft survival and potentially bias the
results in terms of follicle growth and function. The immune mi-
croenvironment influences folliculogenesis by crosstalk between
immune cells, cytokines, growth factors, and follicle formation
(reviewed by Dai et al., 2023). Ideally, a perfect model would
closely mimic the human immune system to provide the most
accurate assessment of OTCT outcomes. However, achieving this
balance remains a challenge.

We must also consider the species-specific differences be-
tween humans and mice. The hormonal environment within the
recipient mouse can influence human follicle development dif-
ferently compared to the human body. Additionally, species-
specific factors, such as growth factors and signaling pathways,
can play a role in follicle health. Research should address this
challenge by carefully considering the limitations of the model
system and designing experiments that account for these biologi-
cal discrepancies. Additionally, focusing on fundamental pro-
cesses related to follicle growth and survival may offer more
broadly applicable knowledge (Man et al., 2020).

OTX offers a valuable platform to assess the risk of reintro-
ducing malignant cells with OTCT, particularly for patients with
a history of cancer. By transplanting ovarian tissue from these
patients into mice, researchers can evaluate the presence of mi-
croscopic tumors or pre-cancerous lesions that might not be de-
tectable through standard histological examination. This helps
determine if OTCT is a safe option for these patients without

risking their health by reintroducing cancer cells. However,
newer techniques, such as advanced histological, molecular, and
omics approaches (e.g., transcriptomics, proteomics, and metab-
olomics), are emerging that may offer a more ethical and poten-
tially more efficient approach to patient safety evaluation.

OTX for clinical application

Researchers have successfully retrieved human ovarian follicles
at various developmental stages (antral, germinal vesicle, and
metaphase II (MII) oocytes) following OTX (Amorim et al., 2011;
Lotz et al., 2014a; Raffel et al., 2017). Notably, these MII oocytes
displayed normal size and morphology, suggesting their potential
for maturation (Dittrich et al., 2015). However, human embryos
from MII oocytes inseminated by IVF cannot be established due to
safety and ethical concerns (Dittrich et al., 2015). The primary
concern lies in the potential transmission of zoonotic pathogens,
particularly prions and endogenous retroviruses, from the animal
host to humans (Dittrich et al., 2015). Furthermore, ethical frame-
works and legal regulations of using oocytes derived from xeno-
transplanted tissue for ART remain largely unexplored. However,
the specific ethical considerations surrounding in vitro maturation
and IVF using oocytes retrieved from xenotransplanted ovarian
tissue have not been comprehensively addressed.

Ethical concerns regarding the use of animals

It is important to consider ethical concerns regarding animal wel-
fare and rights that arise by the use of animals in OTX research.
The public closely monitors the development of novel therapeutic
treatments and medical products, and the use of animals in the
testing process can raise questions about the ethics and necessity
of such research. Therefore, it is crucial to actively explore alter-
native models, such as using microfluidic chip platforms and 3D
culture systems (Xiao et al., 2017; Thuwanut et al., 2021, 2022;
Dadashzadeh et al., 2023).

Conclusion

OTCT has witnessed significant advancements in recent years,
offering hope for individuals facing infertility due to various med-
ical conditions or treatments. Despite the remarkable progress
achieved in restoring reproductive function and hormonal bal-
ance through ovarian tissue transplantation, several challenges
persist, necessitating further research and innovation.

The utilization of xenotransplantation as a tool for investigat-
ing ovarian tissue transplantation techniques and optimizing
protocols has been instrumental in overcoming obstacles such as
follicle loss and the potential reintroduction of malignant cells.
Through experimentation in immunodeficient mouse models,
researchers have gained valuable insights into follicle develop-
ment, tissue revascularization, and the effects of chemotherapy
on ovarian function. These findings have not only enhanced our
understanding of ovarian biology but also paved the way for the
development of novel preservation and treatment strategies.
However, translating research findings from animal models to
clinical applications presents its own set of challenges, including
species-specific differences and ethical considerations. While xe-
notransplantation offers a valuable platform for assessing the
safety and efficacy of ovarian tissue transplantation, alternative
methods that minimize animal use while maximizing clinical rel-
evance are actively being explored.

As we continue to unravel the complexities of ovarian tissue
transplantation and strive to address ethical concerns surround-
ing animal welfare, collaboration between researchers, clini-
cians, ethicists, and policymakers becomes increasingly vital. By
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leveraging innovative technologies and ethical frameworks, we
can advance the field of reproductive medicine and offer hope to
individuals seeking to preserve their fertility and overcome infer-
tility challenges.
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