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Medical treatments for cancers or other conditions can cause permanent infertility.
Infertility is an insidious disease that impacts not only the ability to have a biological child, but
also quality of life. Therefore, all patients should be educated about the effects of their medical
treatment on future fertility and about fertility preservation options. Sperm banking is a standard
fertility preservation option for adolescent and adult men. Sperm can be frozen for many years and
still maintain their fertilization competency upon thawing to produce offspring using assisted
reproductive technologies. However, sperm cryopreservation is not applicable for prepubertal
patients who are not yet producing sperm. The only fertility preservation option available to
prepubertal boys is testicular tissue cryopreservation (TTC) through an experimental protocol.
These prepubertal tissues contain spermatogonia stem cells (SSCs) that are the foundation of
spermatogenesis. Next-generation stem cell-based technologies are currently being developed to
differentiate human SSCs to fertilization-competent haploid germ cells. |1 hypothesized that
testicular tissue freezing preserves SSCs and reproductive potential of patients who are scheduled
to receive gonadotoxic therapies. | will test the impacts of previous gonadotoxic treatments and
cryopresevation on SSCs in prepubertal human testicular tissues. Autologous SSC transplantation
or testicular tissue grafting are mature technologies that may be ready for translation to the human
clinic. However, autologous transplantation may not be appropriate or safe for patients with
testicular cancer or leukemia due to the risk of re-introducing malignant cells or for patients with

gender dysphoria who will not go through puberty in the gender required to mature their gonadal



tissues. Testicular tissue organ culture (TTOC) may provide an ex vivo option to mature
prepubertal testicular tissues. Therefore, | developed a novel polydimethylsiloxane (PDMS)-roof
transwell (PRT) system to examine the effects of various growth factors and hormones on germ
cell development when culturing fresh neonatal mouse and cryopreserved prepubertal non-human
primate testicular tissues. Ultimately, these findings can enrich our knowledge of prepubertal
testicular tissues, including the effects of cryopreservation or gonadotoxic treatments. The study
will also help develop stem cell-based technologies so that patients can utilize their cryopreserved

prepubertal testicular biopsies for future fertility restoration.
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1.0 Introduction

This version is an adaptation of author’s work. The definitive version is published in

Tran K, Munyoki SK, Zielen AC, Yu RN, Orwig KE. Transplant Therapies for Male
Infertility. In: Grynberg M., Patrizio P. (eds) Female and Male Fertility Preservation. Springer,

Cham. 2022. https://doi.org/10.1007/978-3-030-47767-7_43

Tran KTD, Valli-Pulaski H, Colvin A, Orwig, KE. Male Fertility Preservation and
Restoration Strategies for Patients Undergoing Gonadotoxic Therapies. Biology of

Reproduction. https://doi.org/10.1093/biolre/ioac072.

1.1 Rodent and primate spermatogenic linage development and spermatogenesis

Testicular tissue includes hundreds of seminiferous tubules (STs) that are protected within
the tunica albuginea. Spermatogenesis occurs within the seminiferous tubules (ST) of the testis
that are connected to a common collecting reservoir in the rete testis space where sperm are
deposited before flowing to the epididymis (Figure 1). The intratubular space within the ST
includes the basal, adluminal, and lumen compartments. The germ cell compartment consists of
several germ cell generations, including undifferentiated spermatogonia, differentiated
spermatogonia, spermatocytes, spermatids, and spermatozoa [1]. Sertoli cells are the only

intratubular somatic cells that directly support germ cell development [2, 3]. Other somatic cell


https://doi.org/10.1007/978-3-030-47767-7_43
https://doi.org/10.1093/biolre/ioac072

types are located on the outside of the basement membrane, including peritubular myoid cells, or
in the interstitial space, including Leydig cells, macrophages, fibroblasts, etc. [4-6]. One of the key
interstitial somatic cells are Leydig cells that are the main source of testosterone production [6]
(Figure 1).

Spermatogonial stem cells (SSCs) are the germline stem cells in the testes that balance self-
renewing and differentiating divisions to maintain the SSC pool and support continuous sperm
production, called spermatogenesis, throughout the post-pubertal life [7-10]. Rodents and primates
share many similarities in the process of spermatogenesis, but they do have their own unique
differences in germ cell development [11-13].

In adult rodent testes, SSCs are believed to reside in the Asingle Spermatogonia population
located on the ST basement membrane. Each Asingle Spermatogonium undergoes a mitotic division
to produce Apaired SPpermatogonia that either complete cytokinesis to form two new Asingle Cells to
maintain the SSC pool or remain joined by an intracytoplasmic bridge and continue to divide to
form a chain of Aaigned Spermatogonia [14]. Together, Asingle, Apaired, and Aaligned form the
population of A-type undifferentiated spermatogonia that can be defined by unique molecular
markers, such as SALL4 [15], LIN28 [16], FOXOL1 [17], or ZBTB16 [18]. Aaligned Spermatogonia
differentiate to form Al differentiating spermatogonia that undergo many more mitotic divisions
to produce A2, A3, A4, Intermediate, and B spermatogonia [10]. Differentiated B-type
spermatogonia can be identified by molecular markers STRAS8 [19] or cKIT [20, 21]. B-type
spermatogonia then give rise to primary spermatocytes. As primary spermatocytes undergo
meiosis |, they lift off the basement membrane and produce secondary spermatocytes.
Spermatocytes can be identified by SYCP1/2/3 [22], H2AX [23], or MDC1 [23]. Secondary

spermatocytes complete meiosis 11 to produce haploid round spermatids [10]. Spermatozoa are the



result of spermiogenesis — morphological differentiation of spermatids [10]. Both spermatids and
spermatozoa are fertilization-competent and can be identified by molecular markers CREM [24],
ACROSIN [25], or TNP1 [26].

In adult non-human primate and human testes, SSCs reside in the A-type undifferentiated
spermatogonia that are made of two morphologically distinct cell types, called Adark and Apale. Both
Adark and Apale are located on the basement membrane of seminiferous tubules and are present from
the time of birth through adulthood [27, 28]. At puberty, undifferentiated Adark and Apaie
spermatogonia undergo 1-2 transit amplifying mitotic divisions before giving rise to differentiated
B-type spermatogonia. Undifferentiated spermatogonia can be identified by UTF1 [29], PLZF
[18], SSEA4 [30], or GFRal [18, 29]. Some Apale Spermatogonia express the differentiation
marker cKIT [18, 29] and give rise to differentiating type B spermatogonia that then develop into
primary spermatocytes. During meiosis I, primary spermatocytes lift off the basement membrane
and enter the adluminal compartment of the seminiferous tubules to produce secondary
spermatocytes [10, 31]. Spermatocytes can be identified by SYCP3 [32] or PIWIL1 [33].
Secondary spermatocytes complete meiosis Il to produce haploid round spermatids, which
undergo spermiogenesis to form spermatozoa [31]. Spermatids and spermatozoa can be identified
by CREM [34], ACR [35], PRM1 [36], or TNP1 [36].

For infertile male patients, there are several stem cell- and testicular tissue-based therapies
in the research pipeline that can be utilized in the future to restore spermatogenesis [37]. Those
technologies include autologous SSC transplantation [38-44], de novo testicular morphogenesis
[45, 46], autologous testicular tissue grafting or xenografting [47-53] and testicular tissue organ

culture [54-57].
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Figure 1. Hlustration of seminiferous epithelium.Adult testis is made of hundreds of seminiferous tubules (STs) that are
protected by the tunica albuginea. Spermatogenesis occurs within each ST. All STs in the testis are connected to a
common collecting reservoir in the rete testis space where sperm are deposited before flowing to the epididymis. The
intratubular space within the ST includes the basal, adluminal, and lumen compartments. Sertoli cells (yellow cells) are
the only somatic cell type that directly interact with germ cells within the tubule. Spermatogonial stem cells (SSCs)
balance self-renewing and differentiating divisions to maintain continuous spermatogenesis throughout the post-pubertal
life. Undifferentiated and differentiating spermatognoia are located on the basement membrane. A-type undifferentiated
spermatogonia (light purple cells) undergo several rounds of transit amplifying mitotic divisions to produce B-type
differentiating spermatogonia (dark purple cells). B-type spermatogonia then give rise to primary spermatocytes (light
green cells) that lift off the basement membrane during meiosis I to pass through the blood-testis-barrier (BTB) formed
between Sertoli cells. The result of meiosis | is secondary spermatocytes (dark green cells) that then undergo meiosis 11 to
produce round spermatids (magenta cells). Spermatids complete spermiogenesis (morphological differentiation) to form
elongating and elongated spermatids, and finally spermatozoa (gray cells). Spermatozoa are then released into the lumen.
Peritubular myoid cells and peritubular macrophages are located on the outside of the basement membrane. Interstitial

space is the area between seminiferous tubules where Leydig cells, blood vessels, and interstitial macrophages reside.



1.2 Fertility preservation option for adolescent and adult men

Infertility is a disease defined by the failure to achieve a pregnancy after 12 months or more
of regular unprotected sexual intercourse (WHO). It affects about 15% (~48.5 million couples) of
all reproductive-aged couples (15-49 years old) worldwide [58]. Infertility not only impairs the
ability of a patient to have biological children but also negatively affects patient’s psychological
health [59, 60], relationships [61], social stigmatization [62], finances [63], and life expectancy
[64].

Survival of spermatozoa after freezing was first observed in the 1950s [65] and was later
speculated to serve as a preservation option for future fertility of adolescent boys and adult men
who face a high risk of infertility due to their medical treatments. Frozen-thawed sperm can be
used to achieve pregnancy in the future using established assisted reproductive technologies
(ARTS), including intrauterine insemination (IUl) [66], in vitro fertilization (IVF) [67], and
intracytoplasmic sperm injection (ICSI) [68]. Szell et al. reported that sperm cryopreserved for
forty-years retained fertilization function after thawing to produce a healthy offspring [69]. Several
studies have reported increased chance of birth defects associated with ARTS, including imprinting
disorders [70, 71] or other physical health-related abnormalities [72]. These studies suggested that
prior to conception, the medical team should thoroughly educate patients on the potential health
risks of their future offspring that may be associated with ARTS.

A study showed that 76% of adolescents and young adults (14-40 years old) of childhood
cancer survivors expressed desire to have children in the future [73]. The ability to have biological
children is part of their recovery path to normalcy, health, and life fulfillment [74-77]. A 2002
study in the US reported that only 51% of young cancer patients (14-40 years) were offered sperm

cryopreservation, and only 24% of them actually froze sperm prior to initiation of their
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gonadotoxic therapies [73]. Education and outreach efforts have been effective. A 2015 study in
the US reported that 49% of all male patients took steps to preserve their fertility [78]. In a 2005
UK study, 13- to 21-year-old patients were all offered sperm banking and 67% of them
successfully banked sperm [79]. The most common reasons cited for failing to preserve sperm
were lack of time, cost, and lack of information from both patients and medical staff [73, 78, 79].
A study in China showed that more than 70% of cancer patients did not know about the existence
of sperm banks, and more than 80% of medical staff were not educated about fertility preservation
[80]. In addition, adolescent patients have lower semen volume and sperm motility compared to
adult patients [81]. These differences may or may not hinder the success of ART in future fertility
restoration. Patients and medical professionals should be educated about the impacts if medical
treatments on fertility as well as options to preserve fertility. Patients should be informed of fertility
risks and fertility preservation options at the time of diagnosis, such that an appropriate plan for
preserving the opportunity for parenthood can be clearly established, ideally before the initiation

of therapy.

1.3 Fertility preservation option prepubertal patients

Over the past few decades, childhood cancer survival rates have improved dramatically, up
to 84% as recorded in 2021 [82]. Each year in the United States, around 10,000 children between
the ages 0 to 14 develop cancers that require them to undergo gonadotoxic treatments, such as
chemotherapy and radiation [83]. Patients with non-malignant conditions (e.g. blood and immune
deficiencies and autoimmune disorders) often receive myeloablative conditioning with

chemotherapy or radiation prior to bone marrow transplantation [84]. Alkylating chemotherapeutic



agents, total body irradiation [85, 86] and gonadal radiation [87] put patients at a significant risk
of infertility [87-90]. This is an important human health concern because most children will survive
their cancer and still have their entire reproductive life in front of them [91]. Many studies show
that more than half of adult survivors of childhood cancers desire to have children [74-76, 92, 93].
For those reasons, centers around the world are actively cryopreserving gonadal tissues for patients
in anticipation that those tissues can be matured in the future to produce eggs or sperm and
offspring [94-114]. Therefore, the American Society for Clinical Oncology [115], the American
Society for Reproductive Medicine [116], and the International Society for Fertility Preservation
[117] recommend that all patients be counseled about the reproductive risks associated with
treatment of their primary disease as well as options to preserve fertility.

There are no documented live births from frozen and thawed immature testicular tissues,
and testicular tissue freezing for prepubertal patients is still considered experimental [118]. Our
Fertility Preservation Program in Pittsburgh (https://fertilitypreservationpittsburgh.org/) and its
coordinated centers have cryopreserved testicular tissues for 517 patients since 2011 [109, 119]
(STUDY19020220, STUDY19070264) with diagnoses including leukemia/lymphoma, CNS
cancers (e.g., glioblastomas), sarcomas, non-malignant diseases requiring bone marrow
transplantation (e.g., sickle cell disease, 3-thalassemia), and gender dysphoria. Immature testicular
tissues have been cryopreserved and stored for approximately 1000 patients worldwide, based on
published reports [110] (Table 7), and the actual number of cases is certainly much higher.
Therefore, the research and medical communities are obligated to responsibly developing next-
generation reproductive technologies that can be used in the future to mature those tissues and

produce fertilization competent spermatids or spermatozoa (Figure 2).
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1.4 Spermatogonial stem cell transplantation

SSC transplantation was first described over 25 years ago in mice by Brinster and
colleagues [120, 121]. Those studies demonstrated that donor SSCs could regenerate
spermatogenesis and produce donor-derived offspring after transplantation into the testes of mouse
recipients that were rendered infertile by chemotherapy treatment. SSC transplantation is a robust
technology that has now been replicated in many mammalian species with donor-derived embryos

or offspring produced in mice, rats, goats, sheep and monkeys [38, 40, 42-44, 122-128] (Table 1).

SSCs from donors of all ages, newborn to adult, are competent to regenerate spermatogenesis [40,
129] and SSCs can be cryopreserved and retain spermatogenic function upon thawing and
transplantation [44, 130, 131] (Table 1). Wu and colleagues reported that mouse SSCs were
competent to restore spermatogenesis and produce offspring after 14 years of cryostorage [132].
Thus, it appears feasible that a testicular tissue biopsy (containing SSCs) could be obtained from
a prepubertal boy prior to gonadotoxic therapy, cryopreserved, thawed at a later date, and
transplanted back into his testes to regenerate spermatogenesis.

In mice, the efficiency of SSC engraftment and regeneration of spermatogenesis are better
in 5-8 day old mouse pups than in adult recipients [40]. Mice do not have a prolonged prepubertal
period like humans. The spermatogonial stem cells or prospermatogonia migrate the basement
membrane of seminiferous tubules within a few days after birth and initiate spermatogenesis [133-
135]. Therefore, testis development of a boy entering puberty may be similar to a 5-8 day old
mouse pup where the testis is growing under the influence of gonadotropic hormones, and there is
a burst of Sertoli cell proliferation [136, 137], which is likely accompanied by an expansion in the

number of SSC niches.



Radford and colleagues reported the first autologous testicular cell transplantation in
human patients in 1999 [138] and in 2003 [139]. Briefly, testicular cell suspensions were
cryopreserved for a total of 12 patients with Hodgkin’s disease. Seven of those patients returned
to have their frozen and thawed testis cells transplanted back into their testes. The outcomes of
those transplants were not reported, but the study provides insights into the motivation of men who
were willing to undergo an early-stage experimental procedure for the possibility of having a
biologically related child. Homologous species SSC transplantation had only been performed in
mice and rats when Radford and colleagues reported the first autologous human testicular cell
transplantations in 1999. The technique has now been replicated in numerous mammalian species,
demonstrating safety and feasibility that may provide stronger support for translation to the human
clinic (Table 1). Human studies must proceed with caution and be performed with regulatory
approval in experimental human trials.

There are also practical considerations for translating SSC transplantation to the clinic for
patients who cryopreserved immature testicular tissues when they were young. Based on our
experiences in Pittsburgh and coordinated centers and other published reports [101, 109, 140], the
amount of tissue obtained by biopsy from prepubertal patients is small (30mg — 400mg) and may
contain a limited number of SSCs. Therefore, in vitro SSC expansion may be needed prior to
transplantation to achieve robust engraftment and regeneration of spermatogenesis.

Methods to maintain and expand mouse SSCs in culture were initially described in 2003
and 2004 [141, 142] rat SSC cultures were first described in 2005 [143]. In rodents, SSCs can be
maintained in long-term culture with significant expansion in number, and these SSCs retain their
potential to restore spermatogenesis and fertility upon transplantation [141, 143-147]. More than

20 studies on human SSC culture methods have been published [94, 148-167], including three with
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fetal or prepubertal testicular cells [95, 149, 150]. Some of those studies reported significant
expansion of hSSC numbers in culture [94, 95, 168], while others reported a rapid decline in hSSC

numbers using the same conditions [159, 161, 163, 166]. These disparate outcomes may be

explained by differences in starting cell populations, culture conditions and approaches that were
employed to identify and quantify hSSCs in culture (ranging from counting total cells in culture to
quantifying xenotransplantation colonizing events). Therefore, there is no consensus “best
method” for culturing hSSCs that has been independently replicated in different laboratories and
no consensus on best methods to identify and quantify bona fide hSSCs in culture. More work is

needed in this area.
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Table 1. Summary of spermatogonal stem cell transplantation studies.

Species Study Method Result

Mouse Brinster et al. 1994 [169] Autologous transplantation [121, 170] e Spermatozoa [39, 169, 171]
Brinster et al. 1994 [121] Allogenic transplantation [38, 40,121, e Offspring [38, 40, 121, 170, 172]
Ogawa et al. 1999 [39] 169,171, 172]
Shinohara et al. 2001 [40] Xenotransplantation [39]
Brinster et al. 2003 [38]
Kanatsu-Shinohara et al. 2020 [170]
Azizi et al. 2021 [171]
Morimoto et al. 2021 [172]

Rat Clouthier et al. 1996 [173] Allogenic transplantation [39, 41] e Colonization [39]
Ogawa et al. 1999 [39] Xenotransplantation [173] e Spermatozoa [173]
Hamra et al. 2005 [41] e Offspring [41]

Hamster Ogawa et al. 1999 [174] Xenotransplantation [174] e Normal round spermatids, abnormal

spermatozoa [174]

Cat Kim et al. 2006 [175] Xenotransplantation [175] e Colonization [175]

Rabbit Dobrinski et al. 1999 [130] Xenotransplantation [130] e Colonization and SSC proliferation [130°

Dog Dobrinski et al. 1999 [130] Allogenic transplantation [125] e Colonization and SSC proliferation [130
Kim et al. 2008 [125] Xenotransplantation [130] e Spermatozoa [125]

Pig Dobrinski et al. 2000 [122] Allogenic transplantation [124, 176] e Colonization and SSC proliferation [122,
Honaramooz et al. 2002 [176] Xenotransplantation [122] 176]
Mikkola et al. 2006 [124] e Spermatozoa [124]

Goat Honaramooz et al. 2003 [177] Autologous transplantation [177] e Spermatogenesis initiation [177]
Honaramooz et al. 2003 [42] Allogenic transplantation [42, 177] e Offspring [42]

Bull Dobrinski et al. 2000 [122] Autologous transplantation [126] e Colonization and SSC proliferation [122,
Oatley et al. 2002 [178] Xenotransplantation [122, 178] 178]
Izadyar et al. 2003 [126] e Spermatozoa [126]

Sheep Herrid et al. 2009 [43] Allogenic transplantation [43] e Offspring [43]

Horse Dobrinski et al. 2000 [122] Xenotransplantation [122] e Colonization and SSC proliferation [122
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Table 1 (continued)

Monkey Nagano et al. 2001 [179] Autologous transplantation [44, 127, 128, e Colonization and SSC proliferation [179
Schlatt et al. 2002 [127] 180] e Elongated spermatids [127]
Jahnukainen et al. 2011 [128] Allogenic transplantation [44, 128, 181] e Spermatozoa [128, 180]
Hermann et al. 2012 [44] Xenotransplantation [179] e Embryos [44, 181]
Shetty et al. 2013 [180]
Shetty et al. 2020 [181]
Human Radford et al. 1999 [138] Autologous transplantation [138, 139, e Colonization and SSC proliferation [183

Radford et al. 2003 [139]
Brook et al. 2001 [182]
Nagano et al. 2002 [183]

182]
Xenotransplantation [183]

e No reported results [138, 139, 182]
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Another mature autologous transplantation technology that may be ready for translation to
the human clinic is testicular tissue grafting. In testicular tissue grafting, SSCs are maintained
within intact pieces of tissue, preserving the original architecture of the seminiferous tubules,
extracellular matrix, and testicular somatic cells with associated paracrine signaling. Tissue
grafting is performed by implanting testicular tissue pieces at an orthotopic (e.g. scrotum) or
ectopic (e.g. skin) site in the recipient animals with or without exogenous matrices or hormones.
The recipients are usually castrated to stimulate the gonadotropic hormone secretion to promote

maturation of the grafted tissues [47-53, 184-217], although the requirement for castration has not

been clearly demonstrated. Treatment with exogenous gonadotropic hormones would likely be
sufficient. The overall goal is not to restore fertility since grafted testicular tissues are not
connected to the excurrent duct system. The goal is to mature the grafted tissue to produce sperm
that can be used to fertilize eggs by intracytoplasmic sperm injection (ICSI) and produce offspring.
Honaramooz and colleagues reported that immature testicular tissues from mice could be
transplanted under the back skin of recipient mice and matured to produce sperm [176]. Two
groups later reported that sperm from fresh [47] or cryopreserved [49] immature mouse testicular
tissue grafts were competent to fertilize mouse eggs and produce offspring. Similar to mouse, our
lab previously showed that frozen and thawed immature rhesus macaque testicular tissues could
be grafted back under the back skin or scrotal skin of the same animal and matured to produce

sperm and a healthy offspring [52].
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1.5 Testicular tissue xenografting as an alternative approach to restore spermatogenesis

Autologous cell/tissue transplantation carries a risk of reintroducing malignant cells back
into cancer-free patients with history of leukemia or testicular cancer. This approach also may not
be appropriate for transgender patients who may not want to go through puberty in the gender
required to mature their gonadal tissues. Alternatively, xenografting of testicular tissues into
mouse recipients has successfully restore spermatogenesis with spermatozoa production in several
mammalian species.

Immature testicular tissue xenografting is a robust technology that has been replicated in

rabbits [49], dogs [192], cats [189-191], horses [195, 203], pigs [48, 50, 193, 194, 196, 197], bulls

[193, 198-202], goats [48], sheep [193, 204], and monkeys [51, 53, 195, 205-207] with production
of spermatids or spermatozoa. Function of xenograft-derived sperm has been tested by fertilization
with production of embryos of offspring in rabbits [49], pigs [50], goats [48], and rhesus macaques
[51-53]. Only immature (fetal, neonatal, pre-pubertal) testicular tissues were able to survive and
undergo complete spermatogenesis; whereas adult tissues gradually lost differentiated germ cells

and degenerated [185, 188, 190-192, 195, 202, 203, 214]. Live birth outcomes from autologous,

allogeneic, or xenograft experiments suggest that these approaches may have application for
maturing prepubertal testicular tissues that were frozen for patients prior to gonadotoxic therapies.
Furthermore, xenografting of human tissues to mice or other animal hosts may circumvent the risk
of re-introducing malignant cells to patient survivors. A few studies have reported the initiation of
spermatogenesis up to early spermatocytes from fresh or cryopreserved immature human

orthotopic or ectopic xenografts [212, 213, 215, 217]. However, complete spermatogenesis from

xenografting human testicular tissues into mice has not yet been achieved [185, 186, 208-217].

Recipient choice may be a factor that should be tested in future studies, by xenografting into
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porcine or nonhuman primate hosts. The xenotransplantation approach may raise concerns about
transmission of xenobiotics to human patients [218, 219]. However, many animal products are
currently used in human medicine, including recent reports of transplantation of porcine organs

into human patients [220]
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Table 2. Summary of testicular tissue xenograting studies.

Species Study Method Result
Hamster Schlatt et al. 2002 [184] Neonatal tissues e Spermatozoa: [184]
Fresh — dorsal skin [184]
Cryopreserved — dorsal skin [184]
Cat Snedaker et al. 2004 [189] Fetal tissues e Degenerated: > 8-month-old tissues [190],
Kim et al. 2007 [190] Cryopreserved — dorsal skin [191] cryopresereved perinatal grafts [191]
Arregui et al. 2014 [191] e Spermatogonia: fresh adult grafts [191]
Neonatal tissues e Elongating spermatids: 7-month-old grafts [190
Cryopreserved — dorsal skin [191] e Spermatozoa: pre-pubertal grafts [189]; 8-to-16
. week-old grafts [190]
Pre-pubertal tissues
Fresh — dorsal skin [189, 190]
Adult tissues
Fresh — dorsal skin [190, 191]
Rabbit Shinohara et al. 2002 [49] Pre-pubertal tissues e Offspring: [49]
Fresh — scrotum [49]
Cryopreserved — scrotum [49]
Dog Abrishami et al. 2010 [192] Pre-pubertal tissues e Degenerated: adult grafts [192]

Fresh — dorsal skin [192]

Pubertal tissues
Fresh — dorsal skin [192]

Adult tissues
Fresh — dorsal skin [192]

e Elongated spermatids: pubertal grafts [192]
e Spermatozoa: pre-pubertal grafts [192]
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Table 2 (continued)

Pig Honaramooz et al. 2002 [48] Fetal tissues e Degenerated: [195]
Zeng et al. 2006 [193] Cryopreserved — dorsal skin [197] e Elongated spermatids: [193]
Kaneko et al. 2008 [194] e Spermatozoa: [194, 196]
Arregui et al. 2008 [195] Neonatal tissues e Embryos: [48, 197]
Nakai et al. 2010 [50] Fresh — dorsal skin [50, 193, 194, 196] e Offspring: [50]
Abbasi et al. 2010 [196] .
Kancko et al. 2017 [197] Pre-pubertal tlssqes
Fresh — dorsal skin [48]
Cryopreserved — dorsal skin [48]
Adult tissues
Fresh — dorsal skin [195]
Goat Honaramooz et al. 2002 [48] Pre-pubertal tissues e Degenerated: [195]
Arregui et al. 2008 [195] Fresh — dorsal skin [48] e Embryos: [48]
Cryopreserved — dorsal skin [48]
Adult tissues
Fresh — dorsal skin [195]
Deer Arregui et al. 2014 [191] Fetal tissues e Spermatocytes: fetal grafts [191]

Fresh — dorsal skin
Cryopreserved — dorsal skin [191]

Adult tissues
Fresh — dorsal skin [191]
Cryopreserved — dorsal skin [191]

e Round spermatids: adult grafts [191]
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Table 2 (continued)

Bull Oatley et al. 2004 [198] Neonatal tissues e Degenerated: 28-to-32-week-old grafts [201]
Oatley et al. 2005 [199] Fresh — dorsal skin [193, 199] e Sertoli cell only: [195]
Rathi et al. 2005 [200] e Round spermatids: 12-to-20-week-old grafts
Zeng et al. 2006 [193] Prepubertal tissues [201]
Huang et al. 2008 [201] Fresh — dorsal skin [198, 200-202] e Elongated spermatids: [193, 198-200, 202]
Arregui et al. 2008 [195] Adult tissues
Reddy etal. 2012 [202] Fresh — dorsal skin [195, 202]
Donkey Arregui et al. 2008 [195] Adult tissues e Sperm: [195]
Fresh — dorsal skin [195]
Horse Rathi et al. 2006 [203] Neonatal tissues e Spermatogonia: 2-week-old-to-5-month-old gra:
Arregui et al. 2008 [195] Fresh — dorsal skin [203] [203]
e Spermatocytes: 5-month-old, 12-month-old, anc
Adult tissues 4-year-old grafts [203]
Fresh — dorsal skin [195, 203] e Elongated spermatids: all conditions [195]; 10-
month-old grafts [203]
Sheep Zeng et al. 2006 [193] Neonatal tissues e Elongated spermatids: [193, 204]
Arregui et al. 2008 [204] Fresh — dorsal skin [193, 204]
Monkey Schlatt et al. 2002 [184] Neonatal tissues: e Sertoli cell only: adult grafts [195]

Honaramooz et al. 2004 [51]
Rathi et al. 2008 [205]
Arregui et al. 2008 [195]

Lu et al. 2016 [53]

Ehmcke et al. 2011 [206]
Ntemou et al. 2019 [207]

Fresh — dorsal skin [205]

Prepubertal tissues:

207]; scrotum [207]

Pubertal tissues:
Fresh — dorsal skin [195]

Adult tissues:
Fresh — dorsal skin [195]

e Spermatocytes: [184]; pubertal grafts [195];
grafts under dorsal skin [207]

e Elongated spermatids: [205]; pre-pubertal grafts
[195]

e Spermatozoa: all conditions [206]; grafts in
scrotum [207]

e Embryos: [51]

e Offspring: [53]
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Table 2 (continued)

Human

Skakkebaek et al. 1974 [208]
Geens et al. 2006 [185]
Schlatt et al. 2006 [209]
Yu et al. 2006 [186]

Wyns et al. 2007 [210]
Goossens et al. 2008 [211]
Wyns et al. 2008 [212]
Sato et al. 2010 [213]

Van Saen et al. 2011 [214]
Poels et al. 2013 [215]
Poels et al. 2014 [216]
Ntemou et al. 2019 [217]

Fetal tissues:
Fresh — dorsal skin [186, 208]

Infant tissues:
Fresh tissues — dorsal skin [213]

Prepubertal tissues:

Fresh tissues — dorsal skin [211, 217],
scrotum [214, 215, 217];

Cryopreserved tissues — scrotum [210,

212, 214-216]

Adult tissues:

Fresh tissues — dorsal skin [185, 209],
scrotum [214]

Cryopreserved tissues — scrotum [214]

e Degenerated tubules: [209]

e Prospermatogonia: [208]

e Spermatogonia: [185, 211]; prepubertal grafts
[214]; [60][210, 216]

e Spermatocytes: adult grafts [214]; prepubertal
grafts [212, 213, 215, 217]
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1.6 Testicular tissue organ culture as an ex vivo therapy to mature testicular tissues

In the clinical setting, patients may raise concerns about possible xenobiotic transmission.
Testicular tissue organ culture (TTOC) is an ex vivo approach to mature pre-pubertal tissue in a
host-free environment to circumvent the risk of malignant contamination associated with
autologous cell/tissue transplantation and xenobiotic transmission in xenogeneic transplantation.
TTOC is an ex vivo system that utilizes small-sized testicular tissue fragments in culture initiation
to preserve the original 3D organization of germ cells and somatic cells. TTOC aims to induce in
vitro maturation of germ cell and somatic cell compartments. Several TTOC systems were
invented in the past two decades to achieve in vitro spermatogenesis when culturing immature
testicular tissues of mice, rats, monkeys, and humans (Figure 2, Table 3). In 2006, Livera and
colleagues cultured fetal mouse or rat testes on floating filter papers, but could not achieve in vitro
maturation of prospermatogonia [221]. Since 2010, several studies have reported spermatid or
spermatozoa production from cultures of fresh and/or cryopreserved neonatal mouse testicular
tissues in either the gas-liquid interphase systems [55, 56, 222-231] or microfluidic systems [54,
229, 232] (Figure 2, Table 3). In the conventional gas-liquid interphase system, 0.75 — 3mm? pieces
of tissue are cultured on an agarose gel island (0.25%-1.5% w/v) half submerged in medium.
Neonatal mouse tissues yielded higher in vitro spermatogenesis efficiency compared to adult testes
[224]. When starting with immature mouse testicular tissues, the in vitro spermatogenesis timeline
was very approximal to in vivo timeline. Round spermatids emerged by day 21 and spermatozoa

were observed by day 35 [54-56, 222-232]. Spermatids or spermatozoa isolated from dissociated

cultured tissues were used for fertilization via ICSI from which healthy offspring were reported

[54-56]. Reda and colleagues reported round spermatids but no spermatozoa in cultures of neonatal
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rat testicular tissue using the agarose gel system, and the fertilization potential of the round
spermatids was not tested [233].

The testicular tissues cultured on agarose gel tend to mound up after a few days leading to
necrosis in the central part of the tissue mound, and spermatogenesis as well as tissue integrity
declined after 35 days in culture [34]. Komeya and colleagues invented several microfluidic
systems that confine tissues to a small space to prevent mounding of tubules and ensure that all
tubules have direct access to the air interface on one side and the medium interface on the other
side for exchange of nutrients and waste with medium that flows past the tissue at controlled rates
[54, 229, 232]. The pump-driven microfluidic device could maintain continuous spermatogenesis
to produce functional spermatozoa for up to six months in culture with more than 90% of tubules
containing haploid cells. Healthy offspring were produced from both round spermatid injection
(ROSI) and ICSI from spermatozoa [54]. Similarly, pumpless microfluidic devices maintained
tubules with spermatogenesis up to the round spermatid stage for at least four months [229, 232].
Function of in vitro-derived spermatids was not tested. Spermatozoa were not observed with the
pumpless microfluidics devices, so some optimization of media flow rates or other conditions may
be needed.

There are only a few studies describing human testicular tissue organ culture. Jorgensen
and colleges were able to preserve the architecture of human fetal gonads and adult testis tissues
for up to 2 weeks using a hanging-drop culture system [234, 235]. They reported that fetal germ
cells proliferated for at least 2 weeks in culture, and apoptosis was not increased during this time
[235]. Differentiated germ cells in adult testicular tissues did not survive past 7-10 days in culture,
and germ cell proliferation was also significantly reduced [234]. Yuan et al. cultured fresh human

gonadal tissue pieces, obtained from 12-19-week-old male fetuses, on agarose gel islands; they
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reported the presence of round spermatids in 1-month cultures [57]. These in-vitro-derived round
spermatids were extracted and used to fertilize human oocytes via ROSI, from which they obtained
human blastocysts with normal karyotype and maternal-paternal genetic materials [S7]. Moreover,
de Michele and colleagues cultured frozen-and-thawed pre-pubertal human testicular tissue pieces
in a transwell system and observed round spermatids (1-2 haploid cells per seminiferous tubule
cross-section) from 16 to 139 days in culture [236].

Some of the key medium supplements, including retinoic acid (RA) and follicle stimulating
hormone (FSH), were analyzed more in depth in a few studies. Retinoic acid plays a crucial role
in initiating spermatogenesis, but its effects may be age dependent. Retinoic acid supplement
enhanced in vitro spermatogenesis in neonatal mouse testis tissues [225, 227] but was found to be
detrimental to fetal human [57, 237] or mouse [225, 238] testicular tissues in culture. FSH and LH
play important roles in maturation of Sertoli cells and Leydig cells, respectively, which are
required for germ cell development. Medrano and colleagues reported that FSH promoted Sertoli
cell differentiation (AR expression) in prepubertal human testicular tissue cultures [239]. Indeed,
FSH and LH promoted in vitro germ cell survival and differentiation in both mouse [225] and
human testis tissues [239]. Medrano et al. also reported that replacing fetal bovine serum with
knockout serum replacement (KSR) improved Sertoli and Leydig cell differentiation as well as the
number of UTF1+ undifferentiated spermatogonia and SYCP3+ premeiotic spermatogonia [239].
Furthermore, Medrano et al. found that SOX9+ Sertoli and UTF1+ undifferentiated spermatogonia
numbers were higher in cultures maintained a 34°C (approximating the temperature in the scrotum)
than cultures maintained at 37°C [239]. In a mouse TTOC study, 34°C cultures yielded higher
spermatogenesis efficiency than 32°C or 37°C cultures (40.9% at 32°C, 82.6% at 34°C, and 0% at

37°C) [222]. In 2017, de Michele and colleagues reported that when cryopreserved pre-pubertal
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human testicular tissues were cultured for 139 days in medium supplemented with 50 IU/L FSH,
somatic cell maturation, including Sertoli cells and Leydig cells, was observed [240].
Spermatogonia were still present but significantly declined in number after two weeks in culture,
and spermatogonia differentiation was not observed in their study [240]. In 2018, the same group
reported that a lower concentration of FSH (5 IU/L) supported Sertoli cell and Leydig cell
maturation as well as germ cell differentiation to round spermatids [236]. The number of round
spermatids was quite low, (1 spermatid/tubule), which precluded further genetic/epigenetic or
functional characterization. Nonetheless, this was the most advanced germ cell stage obtained from
cultures of frozen-and-thawed pre-pubertal human testicular tissues. Because de Michelle and
colleagues still encountered a significant decrease of spermatogonia as soon as 2 weeks after
culture initiation [236], further investigations are needed to identify methods that enhance the

survival and self-renewal of spermatogonia to avoid stem cell exhaustion to differentiation.
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Table 3. Summary of testicular tissue organ culture studies.

Species

Study

Method

Result

Mouse

Livera et al. 2006 [221]
Trautmann et al. 2008 [238]
Gohbara et al. 2010 [222]
Sato et al. 2011 [55]

Sato et al. 2013 [223]

Y okonishi et al. 2014 [56]
Sato et al. 2015 [224]
Arkoun et al. 2015 [225]
Komeya et al. 2016 [54]
Dumont et al. 2015 [226]
Dumont et al. 2016 [227]
Komeya et al. 2017 [229]
Reda et al. 2017 [228]
Yamanaka et al. 2018 [232]
Pence etal., 2019 [230]
Komeya et al. 2019 [231]
Baert et al. 2019 [241]

Fetal tissues:
Fresh tissues — floating filter [221, 238]

Neonatal tissues:

Fresh tissues — agarose gel stand [55, 56, 222, 223,
225-231]; microfluidic device [54, 229, 232]
Cryopreserved tissues — agarose gel stand [55, 56,
223,226, 227]

Adult tissues:
Fresh tissues — agarose gel [224]

¢ Spermatogonia [221]

e Spermatocytes [238]

e Round spermatids [222, 228]

e Elongating spermatids [224, 229,
231, 232]

e Elongated spermatids [241]

e Spermatozoa [223, 225-227, 230]
e Offspring [54-56]

Rat

Livera et al. 2006 [221]
Reda et al. 2016 [233]

Fetal tissues:
Fresh tissues — floating filter [221]

Neonatal tissues:
Fresh tissues — agarose gel stand [233]

e Spermatogonia [221]
e Round spermatids [233]

Goat

Patra et al. 2021 [242]

Prepubertal tissues:
Fresh tissues — agarose gel stand and hanging drop

system [242]

Cryopreserved tissues — agarose gel stand and hanging

drop system [242]

e Spermatozoa [242]

Monkey

Heckmann et al. 2020 [243]
Sharma et al. 2021 [244]

Prepubertal tissues
Fresh — agarose gel stand [243]
Fresh — transwell [244]

e Spermatocytes [243]
e Spermatocytes [244]
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Table 3 (continued)

Human

Lambrot et al. 2006 [237]
Jorgensen et al. 2014 [234]
Jorgensen et al., 2015 [235]
de Michele et al. 2017 [240]
de Michele et al. 2018 [236]
Medrano et al., 2018 [239]
Yaun et al. 2020 [57]

Fetal tissues
Fresh — floating membrane [237]; hanging-drop
system [235]; agarose gel stand [57]

Prepubertal tissues
Cryopreserved — agarose gel stand [239]; transwell
[236, 240]

Adult tissues
Fresh — hanging-drop system [234]

e Degenerated tubules [237]
e Prospermatogonia [235]

e Spermatogonia [234, 240]
e Spermatocytes [239]

¢ Round spermatids [236]

e Embryos (ROSI) [57]
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2.0 Hypothesis and Specific Aims

Overarching hypothesis: Testicular tissue freezing preserves spermatogonial stem cells (SSCs)

and reproductive potential of patients who are scheduled to receive gonadotoxic therapies.

Aim |: Evaluating germ cell quantity and quality in prepubertal patient testicular tissue upon long-
term cryogenic storage and exposure to medical treatments.

Al.1. Effects of long-term cryogenic storage on germ cells.

Hypothesis: Functional spermatogonia can be recovered from long-term cryopreserved

prepubertal testicular tissues.

Al.2. Effects of alkylating chemotherapy on germ cells.

Hypothesis: Functional spermatogonia can be recovered from cryopreserved prepubertal

testicular tissues of patients who were previously exposed to a low dose of alkylating

chemotherapy.

Al.3. Effects of gender affirming hormone therapy on germ cells.

Hypothesis: Functional spermatogonia can be recovered from cryopreserved prepubertal

testicular tissues of patients who have already started gender affirming hormone therapy.
Aim 11: Testicular tissue organ culture (TTOC) as an ex vivo approach to induce in vitro
spermatogenesis in cultures of immature testicular tissues.

A2.1. Comparing efficiency of two TTOC systems in inducing in vitro spermatogenesis in

mouse testes.
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Hypothesis: The PDMS-roof transwell system (PRT) system provides ease of use
advantages over the pumpless microfluidic (PL) device without compromising in vitro
spermatogenesis in mouse TTOC.

A2.2. Inducing in vitro spermatogenesis in cultures of cryopreserved pre-pubertal non-
human primate testicular tissues.

Hypothesis: The PDMS-roof transwell (PRT) system supports germ cell survival and

development in cryopreserved prepubertal non-human primate testicular tissues.
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3.1 Chapter Summary

Testicular tissue cryopreservation (TTC) is the only fertility preservation option for
prepubertal boys who are at risk of infertility due to a side effect of their medical treatment. The
Fertility Preservation Program at the University of Pittsburgh Medical Center (UPMC) and its
coordinated centers have cryopreserved testicular tissues for over 500 patients since 2011. In this
Institutional Review Board (IRB) approved research protocol, each patient donates 25% of their
tissue to research. We utilized those tissues to examine the impacts of 1) long-term cryogenic
storage, 2) previous alkylating chemotherapy and 3) gender affirming hormone therapy (GAHT)
on VASA+ germ cells, UTF1+ undifferentiated spermatogonia, and transplantable spermatogonia.
Presence of VASA+ germ cells and UTF1+ spermatogonia were observed after long-term
cryostorage and the number of transplantable spermatogonia was maintained for at least ten years.
Previous exposure to alkylating chemotherapy reduced the number of VASA+ and UTF1+ germ
cells and the number of transplantable spermatogonia (human to nude mouse xenotransplantation).
However, some germ cells/transplantable spermatogonia were recovered from all samples,
indicating that it may still be reasonable to preserve testicular tissues for patients who are in the
early stages of their treatment. In contrast, GAHT did not reduce the number of germ cells or
transplantable spermatogonia. Therefore, it is not necessary for those patients to delay or interrupt
GAHT for testicular tissue cryopreservation. All analyses were performed on post-thaw tissues.
We did observe a significant ~20% reduction in the number of germ cells in all post-thaw samples
compared to pre-freeze samples, indicating the potential for improvement of the cryopreservation
protocol. Patients and/or guardians are willing to pursue an experimental fertility preservation for
their children when no alternatives are available. Our descriptive and functional studies will help

us to accurately counsel patients and their families at different stages of their journey.
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3.2 Introduction

In a sub-population of patients who have received medical treatments for cancers [245-
2471, bone marrow transplantation for benign diseases [248-250], or gender affirming treatments
for gender dysphoria [251] experience infertility. The standard of care fertility preservation option
for adolescents and adults with testes is sperm cryopreservation prior to initiation of their medical
treatment [80, 252]. However, this option is not applicable to prepubertal patients or patients on
gender affirming treatments who are not producing sperm. According to 2021 Cancer Statistics,
the 5-year survival rate for childhood (0-14 years old) cancers has improved to 84% [82], meaning
that most kids will survive their cancers and still have their entire reproductive life ahead of them.
Eighty percent of young adult cancer survivors desire to become parents in the future [253]. The
ability to have biological children is an important part of the recovery path to normalcy, health,
and life fulfillment of childhood cancer survivors [74-77]. Similarly, about a quarter of transgender
patients, who already started their gender affirming treatments, desire to have children, but
significantly higher in trans women than in trans men [254]. However, a 2015 study reported that
only 49% of male patients who are at risk of infertility actually took step in preserving their fertility
[78]. Similarly, transgender individuals desire to have children in the future. Most have considered
fertility preservation, but few actually pursue fertility preservation. Barriers to fertility preservation
include cost, lack of information, invasiveness of the procedure and desire not to delay medical
transition [255, 256]. The American Society for Reproductive Medicine [118, 257], the Endocrine
Society [258], the American Society of Clinical Oncology [259] and the World Professional
Association of Transgender Health [260] recommend that fertility risks and fertility preservation

options should be discussed with all patients prior to the initiation of treatment.
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Academic and medical centers around the world offer testicular tissue cryopreservation
under experimental protocols for patients who cannot utilize sperm freezing [95, 97, 98, 101, 104,

108, 109, 214, 261-267] (Table 7). Prepubertal testicular tissues contain spermatogonial stem cells

(SSCs), which have potential to regenerate complete spermatogenesis using cell or tissue-based
methods [44, 52, 268]. Therefore, it may be possible to cryopreserve immature testicular tissues
prior to gonadotoxic treatment and mature those tissues or cells in the future to produce sperm.
The Fertility Preservation Program of the University of Pittsburgh Medical Center was established
in 2011 and has cryopreserved testicular tissues for over 500 patients. Patients have traveled from
all over the world to access experimental fertility preservation options in Pittsburgh, but that travel
can constitute a barrier in access to care. To reduce that barrier, we established a coordinated
network of 31 centers in the US and 2 collaborating centers in Israel. This mechanism allows
patients at collaborating US sites to have surgery at the institution where they are being treated for
their primary disease. Tissues are then shipped to Pittsburgh for centralized processing and
cryopreservation [1L09]. Most patients contribute a portion of their tissue to research to optimize
cryopreservation procedures and develop next generation reproductive technologies (Approved by
the University of Pittsburgh Institutional Review Board: STUDY 19020220, STUDY 19110083,
STUDY19070264).

Sperm frozen for 40 years [69] and embryos frozen for 27 years still maintained their
function and resulted in healthy babies. However, to our knowledge, there are no reports on germ
cell survival and function in long-term cryopreserved human testicular cells/tissues. While patients
are encouraged to cryopreserve their reproductive cells or tissues prior to the initiation of
treatment, our experience is that ~40% of patients have already initiated treatment prior to fertility

preservation [109]. While germ cells have been observed in tissues from patients who have already
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initiated treatment, the transplant potential of those germ cells has not been tested. Similarly, about
70% of our patients with gender dysphoria diagnosis already started their GAHT prior to fertility
preservation. The impact of those treatments on testicular germ cell number or function has not
been examined.

In this study, we examined the impact of the duration of cryogenic storage and previous
medical treatments on the number and function of testicular germ cells. This study tested the
hypothesis that functional spermatogonia can be recovered 1) from long-term cryopreserved
prepubertal testicular tissues, 2) from cryopreserved prepubertal testicular tissues of patients who
were previously exposed to a low dose of alkylating chemotherapy, or 3) from cryopreserved

prepubertal testicular tissues of patients who are on GAHT.

3.3 Methods and Materials

3.3.1 Study approval

Testicular biopsy samples were obtained from patients through the Fertility Preservation
Program of the University of Pittsburgh Medical Center and 32 coordinated recruitment sites
(Table 4). This human subjects research was reviewed and approved by the University of
Pittsburgh Institutional Review Board (STUDY 19020220, STUDY 19110083, STUDY19070264)
and registered with clinicaltrials.gov (NCT0297280 I). Each coordinated center was also approved

by their local Institutional Review Board.
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Table 4. Names of coordinated centers offering testicular tissue cryopreservation service.

Number Name of center Investigators

1 University of Pittsburgh Medical Center Kyle Orwig, PhD

2 Children’s Hospital of Orange County Lisa Klimpel, NP

3 Cincinnati Children’s Hospital Medical Center | Pramod Reddy, MD

4 Lurie Children’s Hospital of Chicago Erin Rowell, MD

5 Children’s National Medical Center Michael Hsieh, MD, PhD

6 Medical College of Wisconsin Jay Sandlow, MD

7 Nationwide Children’s Hospital Nicholas Yeager, MD

8 Connecticut Children’s Medical Center Natasha Frederick, MD, MPH, MST

9 University of Miami Emad Ibrahim, MD, HCLD

10 Nemours Children’s Hospital E. Anders Kolb, MD

11 Cook Children’s Medical Center Blake Palmer, MD

12 Children’s Hospital Colorado Leslie Appiah, MD

13 University of Colorado Hospital Anschultz Leslie Appiah, MD
Medical Campus

14 Hackensack University Medical Center Burton Appel, MD

15 Phoenix Children’s Hospital Alexandra Walsh, MD

16 Oregon Health & Science University Casey Seideman, MD

17 Washington University in St. Louis Holly Hoefgen, MD

18 Riley Hospital for Children Amanda Saraf, DO

19 Rush University Medical Hospital Summer Dewdney, MD

20 Helen DeVos Children’s Hospital Allison Close, MD

21 Texas Children’s Hospital Brian Friend, MD, MS

22 . , . Tyler Keterl, MD, MS & Margarett
Seattle Children’s Hospital Shnorhavorian, MD, MPH

23 University of Mississippi Anderson Collier, MD

24 Norton Healthcare Maggie Dwiggins, MD

26 University of Texas Southwestern Medical Ksenya Dwiggins, PhD
Center

27 Children's Minnesota Damon Olson, MD

28 St. Barnabas Medical Center N/A

29 University of Washington Medical Center Ginny Ryan, MD, MA

30 Dell Children’s Medical Center Sarah Felderhoff, MSN, APRN

31 Madigan Army Medical Center N/A

32 Ben-Gurion University of the Negev Mahmoud Huleihel, PhD

33 Hadassah Hebrew University Medical Center | Benjamin Reubinoff, MD

3.3.2 Patient recruitment and eligibility

Most families were counseled on fertility preservation options when going through cancer

treatments and informed about the study by their hematology/oncology team. However, some
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families informed themselves on the study via online sources and contacted the center directly to
inquire about the study. Most centers have a dedicated fertility preservation navigator, who
counsels the families about the procedure. At other centers the urologist who is performing the
biopsy does the counseling. Each participating institution is responsible for counseling and
consenting at their center. Some centers cover costs from philanthropic/ departmental/institutional
funds, while others pass costs to patients or insurance. The decision to participate was made
exclusively by patients and/ or their guardians. For patients under the age of 18, both parents/
guardians were required to sign the consent form (when reasonably available) and it was the
guardians' decision whether the under 18-year-old patient signed an assent form. All families were
counseled about the risk and benefits of the study, including potential for surgical complications.
Written informed consent was obtained from all participants prior to inclusion in the study. All
adverse events were reported to the coordinating center in Pittsburgh.

Eligibility criteria are described in Table 5. All centers have the same eligibility criteria.
All patients and/ or guardians were informed of the eligibility criteria and how they qualify. The
information about drug and dose was either provided by the treating physician or retrieved from
patient's medical record. Alkylating chemotherapy exposure was calculated using

cyclophosphamide equivalent dose (CED) calculator [89].
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Table 5. Inclusion and exclusion criteria for testicular tissue cryopreservation.

Inclusion criteria

Exclusion criteria

Patients of any age

Scheduled to undergo surgery, chemotherapy. drug
treatment, and/or radiation with significant risk of
causing infertility. Significant risk:
Cyclophosphamide equivalent dose >4 g/m2

Total body irradiation (TBI)

Testicular radiation >2 5 Gy

Cranial radiation >40 Gy

Cisplatin 500 mg/m2

Have a medical condition or malignancy that requires
removal of all or part of one or both testicles.

Have two testicles if undergoing elective removal of
all or part of a testicle for fertility preservation only.

Diagnosis of gender dysphoria, at least 9 years of age,
and scheduled or already started gender affirming
hormone therapy.

Diagnosed with psychological, psychiatric. or
other conditions which prevent giving fully
informed consent.

Diagnosed with an underlying medical
condition that significantly increases their risk
of complications from anesthesia and surgery.

3.3.3 Tissue removal, transportation, and cryopreservation

The method of tissue removal was either a unilateral orchiectomy (available only to

patients with two testes) or a wedge biopsy of one testis. Most patients or families opted for

testicular tissue biopsies; eight patients had an orchiectomy. In seven of those eight cases,

orchiectomy was medically indicated; one case was elective, and the decision was made by the

parents. Seventy five percent of the tissue was frozen for patient's future use and 25% was de-

identified and designated for research. For patients who underwent biopsy, unilateral open

testicular biopsy was performed and about 20% of the volume of one testis was removed. Patient

tissues were processed and frozen at three centers-University of Pittsburgh (USA), Mayo Clinic

(USA), and Ben Gurion University (Israel). The other recruitment sites sent their tissue to

Pittsburgh for processing. The tissue was transported in Quinn's Advantage Blastocyst Medium
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(Cat# ART-1029, Copper Surgical) or Ringers lactate at refrigerator temperature to the andrology
and fertility preservation laboratory of the UPMC/Magee Center for Reproduction and
Transplantation (https://www.upmc.com/locations/hospitals/magee/services/center-for-
reproduction-transplantation). Coordinated centers sent tissues to Pittsburgh using a next flight out
courier service. The average transport time to Pittsburgh is 18 hours.

Patients' samples were either frozen as cell suspension or intact tissue pieces using a slow
freezing (SF) protocol. Freezing intact pieces of testicular tissue is the preferred approach of our
centers because it preserves the option for cell- or tissue-based therapies in the future. Cell
suspensions were made using a two-step enzymatic digestion that was described previously [269].
SF of intact pieces of testicular tissues were performed using controlled slow rat method that was
previously described [101]. All centers used the same freezing protocol. Briefly, six to ten testis
tissue pieces were transferred into 2.0 ml cryovials which was followed immediately by the
addition of 1.5ml of cryoprotectant media (EmbryoMax human tubal fluid (HTF) medium
containing 5% serum substitute supplement (SSS) and 5% dimethyl sulfoxide (DMSO). Cryovials
containing tissue were placed at 4°C to equilibrate for 30 mins. Samples were then placed in the
freezing machine to be cooled from 4°C to 0°C at the rate of -1°C/minute and held at 0°C for 5
mins. The next cooling rate was -0.5°C/ min until -8°C when the cryovials were manually seeded.
Next, they were cooled to -40°C at a rate of -0.5°C/minute and held at this temperature for 10 min,
then cooled to -80°C at the rate of -1.5°C/min. Tissues were then plunged into liquid nitrogen at

the end of the cycle.
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3.3.4 Hematoxylin and eosin (H&E) staining of testicular tissues

Human testicular tissue pieces were fixed with 4% paraformalde-hyde (PFA) (Cat#
100503-020, Electron Microscopy Sciences) at 4°C overnight. The fixed tissues were wash three
times with 1X Dulbecco’s phosphate buffer saline (DPBS, Cat# 14200-075, Life technologies).
Fixed tissues were then paraffin-embedded and sectioned at 4um thickness. For hematoxylin and
eosin staining, sections were then deparaffinized and rehydrated by exposing sections to a graded
ethanol series of decreasing ethanol concentrations with the final hydration in water. Sections were
then stained in hematoxylin 560 (Cat# 3801575, Leica Biosystems Inc.) and Eosin (Cat# 3801606,
Leica Biosystems Inc.). These histology processes were performed by the Histology and Imaging

Core at Magee-Womens Research Institute.

3.3.5 Immunohistochemistry

Paraffin sections were melted at 65.5°C for 30 min and deparaffinized in xylene (10 mins
x 2 times) and rehydrated in graded ethanol series (2x100% for 10 min each, 95% for 5 mins, 80%
for 5 mins, 70% for 5 mins, 50% for 5 mins, 25% for 5 mins) and washed in 1X DPBS for 3 mins.
Sections were then incubated in sodium citrate (10 mM Sodium Citrate, 0.05% Tween-20, pH 6.0)
at 97.5°C for 30 min. Sections on slides were cooled and washed twice in DBPS-T (0.1% Tween-
20 in 1X DPBS) for 2 min each. sections were stained for overnight at 4°C with primary antibodies
(mouse anti-UTF1 1:200, Cat# MAB4337, Millipore) and goat anti-DDX4/VASA 1:200 (Cat#
ab13840, Abcam). Mouse IgG (Cat# BDB557273, BD Bioscience) and goat 1gG (Cat# AB-108-
C, R&D) at similar concentrations as primary antibodies were used as isotype negative controls.

After washing (3 x 5 min in 1X DPBS), secondary antibodies (donkey-anti-mouse
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AlexaFluoro488 (Cat# A32766, Abcam) and donkey-anti-goat AlexaFluoro568 (Cat# A11057,
Abcam)) were added to tissue sections and incubated for 45 min at room temperature. After rinsing
three times with DPBS-T for 5 min each, then once with DPBS for 5 min, tissue sections were
mounted with DAPI-containing mounting medium (Cat# H-1200, Vector Laboratories). Sections
were observed with a Nikon Eclipse 90i fluorescence microscope and images captured with NIS-
Elements software (Nikon, Tokyo, Japan).

Intratubular area of each seminiferous tubule was measured by the area measurement tool
in the NIS-Element Analysis software. The number of undifferentiated spermatogonia per cross
section or per intratubular unit area (10,000 um?) was determined by UTF1+/VVASA+ co-stained
cells. The total number of total germ cells was quantified by VASA+ cells. At least 30 seminiferous
tubule cross sections were counted, except in a few cases where insufficient tissue was available.

In those cases, less than 30 cross sections were counted.

3.3.6 Human-to-nude-mouse testicular cell transplantation.

Cryovials containing testicular tissue pieces were retrieved and transferred to a water bath
maintained at 37°C until completely thawed. Samples were rinsed with and placed in Hanks
Balanced Salt Solution (HBSS, Cat# 24-020-117, ThermoFisher). Thawed human tissues were
used to derive heterogenous testicular cell suspension using two-step enzymatic digestion
procedure as described previously [179, 183]. Briefly, upon thawing, tissues were treated with type
IV Collagenase (2 mg/ml; Sigma) in HBSS for 5-10 minutes at 37°C with vigorous shaking.
Dispersed seminiferous tubules were sedimented by gentle centrifugation at 100g and washed
three times in HBSS to remove interstitial cells. Isolated seminiferous tubules were further
digested with 0.25% Trypsin (Cat# 25-200-114, Invitrogen) and 3.5 mg/ml DNase | (Cat# DN-25,
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Sigma) for 10-15 minutes at 37°C with mild trituration every five minutes. Digestions were
quenched with 10% Fetal Bovine Serum (FBS, Cat# 10082147, ThermoFisher) and filtered
through a 70-um nylon mesh (Cat# 08-771-2, Cell Strainer) to produce a single-cell suspension.
Cells were pelleted by centrifugation at 600g and resuspended in Minimum Essential Medium
Alpha (MEMa, Cat# 12561-072, Invitrogen) containing 10% FBS. Cells were stored on ice until
transplantation.

Adult nude mouse recipients (NCr nu/nu, Taconic) were treated with 40mg/kg
chemotherapeutic agent busulfan (Cat# B-2635, Sigma) at 6 weeks of age to eliminate endogenous
spermatogenesis. Six weeks after busulfan treatment, approximately 7.0ul of cryopreserved donor
testis cell suspension containing 10% trypan blue (Cat# 15-250-061, Invitrogen) were injected into

the seminiferous tubules of recipient testes via the efferent duct and rete testis.

3.3.7 Whole-mount analysis of human-to-nude-mouse transplantation assay

For quantitative analysis of human donor cell colonization, intact seminiferous tubules
were prepared from nude mouse recipient testes, collected 2 months after transplantation as
previously described [130, 179, 183]. Donor-derived colonies of spermatogonia were detected in
intact seminiferous tubules by whole-mount immunofluorescent staining with the anti-primate
antibody [270]. All dehydration, rehydration, blocking, and washing steps were performed in 12-
mm 12-um pore-size transwell baskets (Corning Life Sciences) to facilitate washing and prevent
loss of seminiferous tubules and data. Briefly, samples were dehydrated in a graded methanol
dilution series (25% MeOH for 10 min, 50% MeOH 10 min, 75% MeOH for 10 min, 95% MeOH
for 10 min, 2 x 100% MeOH for 10 min). Samples were then incubated in MeOH:DMSO:H202
(4:1:1) for 3 hours at room temperature. Samples were rehydrated in a graded methanol dilution
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series (50% MeOH for 10 min, 25% MeOH 10 min, 2 x DPBS for 15 min). Samples were then
blocked in PBSMT (Blotto milk powder (Cat# sc2423, ChemCuz) and 10% Triton X (Cat# BP151-
500, Fisher Scientific) in DPBS) for at least 1 hour. Tissues were then incubated in anti-primate
antibody used at a 1:800 dilution overnight at 4°C. After washing 5 times with PBSMT for 1 hour
each, tissues incubated with secondary antibody goat-anti-rabbit AlexaFluor488 (Cat# A11034,
Invitrogen) overnight at 4°C. After washing 5 times with PBSMT for 1 hour each and twice with
1X DPBS for 15 min each, samples were mounted with Vectashield mounting medium containing
DAPI (Cat# H-1200, Vector Laboratories) on glass slides with raised coverslips to preserve
seminiferous tubule dimensions. Samples were visualized by fluorescent microscopy using a
FITC/TRITC B isothiocyanate dual-emission filter (Nikon Instruments) to distinguish specific
signal and tissue autofluorescence. A colony was determined by a chain of four or more cells
connected by an intracellular bridge or a chain of four or more cells with a cell-cell distance lesser

than 100um apart.

3.3.8 Statistics

Linear mixed effect models (LMM) were used to determine the effects of cryopreservation,
and/or medical treatment (alkylating chemotherapy or gender affirming hormone therapy)
exposure on the number of UTF1+/VASA+ undifferentiated spermatogonia and the total number
of VASA+ germ cells per seminiferous tubule cross section or per intratubular area unit
(10,000 um?) in patient testicular tissues as well as the colonization potential of transplanted
spermatogonia isolated from these patient testicular tissues. Linear models (LM) were used to

compare UTF1+/VASA+ undifferentiated spermatogonia quantification and total VASA+ germ
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cell quantification between the alkylating chemotherapy-treated group and non-chemotherapy-

treated group. P <0.05 were considered significant.

3.4 Results

3.4.1 Testicular tissue cryopreservation procedure at the University of Pittsburgh and

coordinated centers.

Testicular tissues from 481 patients have been collected and cryopreserved between
January 2011 and December 2021 (Figure 3). The average age of patients was 8 years (3 months
old — 34 years old). Seventy-six patients over the age of 13 were determined to be prepubertal
based on Tanner staging, were unable to use sperm freezing, or decided to cryopreserve their
testicular tissue in addition to sperm banking. The average amount of tissue collected from patients
for which data were available was 472.9mg (SEM = 45.5mg, range: 10.1mg — 9824.8mg, n = 481).
For tissue removed at the University of Pittsburgh Medical Center, the average time from tissue
removal to the start of freezing in the lab was 191 minutes (SEM = 20 minutes, range: 88 — 1184
minutes, n = 99). For tissue removed at the coordinated centers in the U.S. (Table 4), the average
time from tissue removal to the start of freezing in the lab was 1216 minutes (SEM = 19 minutes,
range: 305 — 5515 minutes, n = 359). Prior to cryopreservation, we fixed one piece of each biopsy
for histology and immunohistochemistry analysis of UTF1+ undifferentiated spermatogonia and
VASA+ germ cells. We were able to analyze 233 out of 481 patient testicular samples to date.
Presence of UTF1+ undifferentiated spermatogonia was confirmed in 171 out of 233 samples, and

presence of VASA+ germ cells was confirmed in 221 out of 233 samples.
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Figure 3. Map of the Fertility Preservation Program at Pittsburgh and its coordinated network of academic and medical
centers in the United States and Israel. Patients traveled from all over the world to access experimental testicular tissue
freezing services offered by our coordinated centers. The Pittsburgh coordinating center is indicated by the red star and

coordinated recruitment sites are indicated by the green stars.

3.4.2 Characteristics of TTC patient cohort.

Indications for our patient cohort who underwent TTC procedure include cancers (66.4%),
myeloablative conditioning prior to bone marrow transplant (28.5%), gender dysphoria (3.9%) and
others (4.5%) (Figure 4A). Sixty percent (n = 266) of our patient cohort have never been exposed
to radiation or chemotherapy prior to tissue freezing. Out of the 176 patients who already initiated

their chemotherapy and/or radiation treatment prior to TTC, 79.6% (n = 140) of them were treated
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with alkylating agents with the average Cyclophosphamide Equivalent Dose (CED) of 2954.7 +
252.6 mg/m?, ranging from 75 mg/m? to 8,000 mg/m?. The testicular biopsy weight increased with
age because the allowed biopsy size ranged between 10-20% of testicular volume (Figure 4B).
Most of our patients (76.7.7%, 371 out of 481) who participated in TTC were 12 years old or
younger, because older patients often utilized sperm freezing as a standard fertility preservation
method (Figure 4C). Older patients who failed sperm freezing were given the option of testicular
tissue freezing because their tissue were likely to still possess spermatogonial stem cells that are
capable of regenerating spermatogenesis in the future.

Out of 18 patients who were diagnosed with gender dysphoria, four patients have never
been exposed to any treatment (age range: 10 — 12 years old), three patients were treated with
LUPRON (treatment duration: 6 months — 2 years, age range: 13 — 14 years old ), one patient was
treated with Decapeptyle (treatment duration: 10 months, age: 13 years old), one patient was
treated with CONCERTA (treatment duration: 2 years, age 13 years old), eight patients were
treated with SUPPRELIN (treatment duration: 5 months — 3 years, age range: 11 — 13 years old),
and one patient was treated with SUPPRELIN for 5 years before being treated with estrogen (E2)

and progesterone (P4) (treatment duration: 2 years old, age: 16 years old).
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Figure 4. Characteristics of TTC patient cohort.
(A) Patients were categorized by their medical indications. (B) Testicular tissue biopsy weight increased with patient age.

(C) The numbers of patients participated in TTC were recorded at each age.
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3.4.3 Cryopreservation partially compromised the germ cell viability but maintained the

colonization potential of spermatogonia upon xenotransplantation.

Prior to any downstream experiment using cryopreserved prepubertal patient testicular
tissues, we examined the status of seminiferous tubule integrity and germ cell viability upon
cryopreservation and thawing. Histology of post-thawed tissues showed signs of intratubular cell
detachment from the basement membrane and clumps of cells with DNA condensation, indicating
cryo-injury in these patient tissues (Figure 5A-B). Immunohistochemistry analysis showed a
significant reduction in the number of UTF1+/VASA+ undifferentiated spermatogonia and the
number of total VASA+ germ cells in post-thawed tissues compared to pre-frozen tissues (Figure

5C-G).
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Figure 5. Cryopreservation partially compromised germ cell viability in prepubertal patient testicular tissues. (A-B)
Hematoxylin and eosin (H&E) staining of (A) pre-frozen and (B) post-thawed testicular tissues. Scale bars: 100pm (A-B);
20um (insets of A-B). (C-F) Immunochemistry staining of UTF1+ undifferentiated spermatogonia (green) and total
VASA+ germ cells (red) for (C-D) pre-frozen and (E, F) post-thawed patient testicular tissues. (D) Higher magnification
of the marked area in (C). (F) Higher magnification of the marked area in (E). Yellow arrow heads indicated double-
stained UTF1+/VASA+ spermatogonia. Scale bars: 100um (C, E); 20um (D, F). (G) Quantification of UTF1+/VASA+
undifferentiated spermatogonia and total VASA+ germ cells per 10*pm? intratubular area in pre-frozen versus post-
thawed testicular tissues. Data represent £ SEM. Statiscial anaysis using linear mixed effect model was performed for all

comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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We next examined the effect of prolonged cryogenic storage on testicular tissue quality. In
thawed tissues, histology analysis showed some intratubular cell detachment from the basement
membrane and intratubular cells with DNA condensation regardless of the cryogenic duration of
0-2 years, 2-4 years, or 4-6 years (Figure 6A-C). Immunohistochemistry showed presence of
UTF1+/VASA+ undifferentiated spermatogonia and UTF1-/VASA+ germ cells in all tissue
samples of these groups (Figure 6D-F).

To investigate spermatogonia function in these tissues upon thawing, testicular tissue
samples frozen for various cryo-durations were used for human-to-nude-mouse testicular cell
xenotransplantation assay (Figure 25). Eight weeks post transplantation, recipient mouse testes
were retrieved for whole-mount fluorescent staining analysis using anti-primate antibody to
quantify the colonization events of the transplanted donor cells (Figure 6G). The result showed no
difference in the colonization potential of spermatogonia retrieved from testicular tissues frozen
for 0-2 years, 2-4 years, 4-6 years, or 8-10 years (Figure 6H). This result showed that even though
the overall number of germ cells were compromised upon cryopreservation, testicular tissues
frozen for at least ten years still preserved an equivalent number of transplantable spermatogonia

compared to short-term frozen samples.
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Figure 6. Transplantable spermatogonia were recovered from testicular samples frozen up to 10 years.

(A-C) Hematoxylin and eosin (H&E) staining of testicular tissues cryopreserved for (A) 0-2 years, (B) 2-4 years, and (C)
4-6 years. Scale bars: 100um (A-C); 20um (insets of A-C). (D-F) Immunohistochemistry staining for UTF1+
undifferentiated spermatogonia (green) and total VASA+ germ cells (red) of testicular tissues cryopreserved for (D) 0-2
years, (E) 2-4 years, (F) 4-6 years. Yellow arrow heads indicated double-stained UTF1+/VASA+ spermatogonia. Scale
bars: 20um (D-F). (G) Representative image of whole-mount immunofluorescent staining of recipient mouse seminiferous
tubules 8 weeks after human-to-nude-mouse transplantation. Anti-primate antibody (green) was used to detect colony
formation from the transplanted donor cells. (H) Colony quantification of transplanted donor testicular cells frozen for
various durations. Results were normalized to 10° of the transplanted donor cells for each recipient mouse testis. Data

represent + SEM. Statistical analysis using linear model was performed for all comparisons. "P > 0.05.
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3.4.4 Alkylating chemotherapy damaged the undifferentiated spermatogonia population

and reduced the colonization potential of transplanted spermatogonia.

Prior to freezing, we saved a tissue fragment of each patient sample for histology and
immunohistochemistry analysis. In pre-frozen tissues, no noticeable differences in morphology of
seminiferous tubules in samples of the no chemotherapy-treated (No chemo) group versus the
alkylating-treated group (Alk chemo) (Figure 7A-B). Both UTF1+ undifferentiated spermatogonia
and VASA+ germ cells were observed in samples of No chemo and Alk chemo groups (Figure
7C-H). When reporting the number of VASA+ germ cells per seminiferous tubule cross section
according to age (<1 year old to >13 years old), the trendlines of No chemo and Alk chemo groups
did not show any statistical difference (Figure 71, Table 6). However, the number of UTF1+
undifferentiated spermatogonia per seminiferous tubule cross section was reduced in the Alk
chemo group compared to the No chemo group (Figure 7J). In addition, the total number of
VASA+ germ cells or the number of UTF1+ undifferentiated spermatogonia was quite constant in

patients younger than 11 years old, but sharply increased in the older patients (Figure 71-J).
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Figure 7. Alkylating chemotherapy damaged the number of UTF1+ undifferentiated spermatogonia but not the total
VASA+ germ cell quantity in prepubertal testicular tissues prior to testicular tissue cryopreservation.(A-B) Hematoxylin
and eosin (H&E) staining of (A) the No chemo versus (B) the Alk chemo samples prior to tissue freezing. (C-H). Scale
bars: 100um (A-B), 20um (insets of A-B). Immunochemistry staining of UTF1+ undifferentiated spermatogonia (green)
and total VASA+ germ cells (red) in (C-G) the No chemo versus (D-H) the Alk chemo samples prior to cryopreservation.
Scale bars: 20pum (C-H). (1) Quantification of total VASA+ germ cells per seminiferous tubule cross section in the No
chemo versus the Alk chemo samples according to age. Data represent £ SEM. Statistical analysus using linear model was
used for trendline comparison. (J) Quantification of total UTF1+ undifferentiated spermatogonia per seminiferous tubule
cross section in the No chemo versus the Alk chemo samples according to age. Data represent + SEM. Statiscial anaysis
using linear model was performed for each comparison between two trendlines of the No chemo group versus the Alk

chemo group. *P < 0.05.
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Table 6. UTF1+ undifferentiated spermatogonia and total VASA+ germ cells per seminiferous tubule cross section in patient with no previous exposure to chemotherapy
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After cryopreservation and thawing, we also assessed tissue integrity via histology analysis
(Figure 8A-B). There was no obvious difference in tubule integrity between the No chemo samples
versus the Alk chemo samples (Figure 8A-B). Immunohistochemistry analysis was also performed
to quantify the UTF1+ undifferentiated spermatogonia and total VASA+ germ cells in both groups
(Figure 8C-H). Both cell populations were significantly lower in the Alk chemo group (251.6 +
59.6) compared to the No chemo group (456.4 + 34.5) (Figure 81). This result indicated a possible
additive effect of cryopreservation and alkylating treatment on germ cell injury.

To investigate the effect of alkylating chemotherapy on germ cells, testicular tissues were
thawed and digested to derive to a heterogenous testicular cell suspension for human-to-nude
mouse transplantation assay. Colonization potential of human donor cells was quantified by whole-
mount analysis staining for anti-primate antibody (Figure 8J). The result showed colonizing events
in every recipient mouse testis transplanted with patient samples from both the No chemo group
and the Alk chemo group (Figure 8K). The number of transplantable spermatogonia was reduced
in the Alk chemo samples (45.9 + 8.3) compared to that in the No chemo samples (114.2 + 32.0)

(p <0.05) (Figure 8K).
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Figure 8. Transplantable spermatogonia were recovered from frozen-thawed No chemo samples as well as from frozen-
thawed Alk chemo samples that were exposed to low dose of alkylating chemotherapy.

(A-B) Hematoxylin and eosin (H&E) staining for (A) No chemo versus (B) Alk chemo samples after cryopreservation and
thawing. (C-H) Immunochemistry staining of UTF1+ undifferentiated spermatogonia (green) and total VASA+ germ cells
(red) in (C-G) No chemo versus (D-H) Alk chemo samples after cryopreservation and thawing. Scale bars: 100um (A-B);
20pm (insets of A-B); 20um (C-H). (I) Quantification of UTF1+/VASA+ undifferentiated spermatogonia and total VASA+
germ cells per 10um? of intratubular area in post-thawed No chemo versus Alk chemo samples. Data represent + SEM.
Statistical analysis using linear mixed effect model was performed for all comparisons. (J) Representative image of whole-
mount immunofluorescent staining of recipient mouse seminiferous tubules 8 weeks after human-to-nude-mouse
transplantation. Anti-primate antibody (green) was used to detect colony formation from the transplanted donor cells.
(K) Colony quantification of transplanted donor testicular cells of the No chemo group and the Alk chemo group. Results
were normalized to 10° of transplanted donor cells for each recipient mouse testis. Data represent £ SEM. Statistical

analysis using linear model was performed for the comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.4.5 Gender affirming hormone therapy (GAHT) did not compromise the quantity and

quality of germ cells in patient testicular tissues.

Since 2021, eighteen patients, who were diagnosed with gender dysphoria, participated in
TTC at Pittsburgh. Out of 18 patients, four patients have not started any gender affirming hormone
therapy (GAHT) (age average: 9.2 + 1.5 years old; age range: 10-12 years old). The other 14 of
them already started their GAHT. Thirteen patients (age average: 12.6 + 1.1 years old; age range:
11-14 years old) were treated with androgen blockers (treatment duration: 5 months — 3 years).
One 16-year-old patient was treated with SUPPRELIN for 5 years, then with ESTROGEN (E2)
and PROGESTERONE (P4) (labeled as SUPPRELIN + E2 + P4) for 2 years prior to testicular

tissue freezing (Figure 9).

SUPPRELIN
+E2 + P4,
5.56%
(n=1)

CONCERTA, 5.56% | (n = 1)

LUPRON, 16.67% | (n = 3)

Androgen blocker
72.22%

(n=13) (n=8)

DECAPEPTYLE, 5.56% | (n = 1)

Figure 9. Patients with gender dysphoria diagnosis caterogized by their gender affirming hormone therary (GAHT).

Prior to tissue freezing, a piece of each biopsy was processed for histology analysis (Figure
10A-D) and immunohistochemistry analysis for VASA and UTF1 (Figure 10E-H). In samples of

patients older than 11 years old, regardless of previous gender affirming treatments, histology
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analysis showed more mature morphology of seminiferous tubules with presence of lumen and
most intratubular cells already migrated to the basement membrane in most tubules, but no
spermatids were present (Figure 10A-D). Immunohistochemistry showed presence of UTF1+
undifferentiated spermatogonia and VASA+ germ cells in all 18 samples (Figure 10E-H).
Histology of samples from all groups did not show any noticeable damage (Figure 10A-D). The
average number of total VASA+ germ cells per seminiferous tubule cross section of the No
treatments group was 10.12 + 0.8, of the LURPON group was 8.9 + 0.6, of the SUPPRELIN group
was 11.8 + 0.4, and of the SUPPRELIN + E2 + P4 group was 19.4 + 0.8 (Figure 101). The average
number of UTF1+/VASA+ undifferentiated spermatogonia per seminiferous tubule cross section
of the No treatments group was 3.3 + 0.3, of the LURPON group was 2.5+ 0.2, of the SUPPRELIN
group was 4.2 + 0.2, and of the SUPPRELIN + E2 + P4 group was 8.9 + 0.5 (Figure 10J). None
of the GAHT treatment showed negative effect on number of UTF1+/VASA+ or VASA+ cells

compared to samples with no previous treatment.
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Figure 10. Germ cell presence were confirmed in testicular tissue biopsies of gender dysphoria patients regarless of their
previous gender affirming hormone therapy prior to testicular tissue cryopreservation.

(A-D) Hematoxylin and eosin (H&E) staining and (E-H) immunochemistry staining of UTF1+ undifferentiated
spermatogonia (green) and total VASA+ germ cells (red) for (A, E) non-treated patients (No treatments), or (B-H) gender
affirming hormone treatments, including (B, F) LUPRON, (C, G) SUPPRELIN, and (D, H) SUPPRELIN + E2 + P4. Scale

bars: 100um (A-D), 50um (insets of A-D), 50um (E-H). Quantification of (I) total VASA+ germ cells and (J)
UTF1+/VASA+ undifferentiated spermatogonia per seminiferous tubules in testicular tissues of the No treatments,
LUPRON, SUPPRELIN, and SUPPRELIN + E2 + P4 samples. Data represent + SEM. Statistical analysis using linear

mixed effect model was performed for all comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Upon cryopreservation and thawing, the histology analysis of samples from these groups
showed cryo-damage because there were signs of cell detachment from the basement membrane
in most tubules (Figure 11A-D). Immunohistochemistry analysis of UTF1+ undifferentiated

spermatogonia and total VASA+ germ cells were also performed (Figure 11E-H). Both cell
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populations were slightly reduced in the post-thawed tissues of the No treatments group,
SUPPRELIN group, and SUPPRELIN + E2 + P4 group compared to pre-frozen samples (Figure
111). Heterogenous testicular cell suspensions were derived from frozen-thawed testicular tissues
from untreated and treated samples. Eight weeks post transplantation, colonization potential of
human donor cells was quantified by whole-mount analysis staining for anti-primate antibody
(Figure 11J). Twenty seven out of 28 transplanted mouse testes showed colony formation. There
was no statistical difference between the No treatments group (125.7 + 42.4) and any other treated

groups, including the LURPON (117.3 + 63.3), the SUPPRELIN (107.3 + 25.5), or the

SUPPRELIN + E2 + P4 (114.8 + 28.5) (Figure 11K).

58



No treatments . LUPRON SUPPRELIN SUPPRELIN + E2 + P4

1D

t

P
Rl

i MSVASA+ K
~ ns
. UTF1+/VASA+ [Wvasa+
QO % K ns
14 ®
= ®
S 4
53 10 .
& Y
3 81
S 6
."%
8 4 -
‘s
3 21
£
s 0
z & 5 > S > >
\6\0(\ QQ_O Qg}/ O Qg}} Q/\>Qb~
\@? \9 §Q \BQQ \BQQ Q/{Lx
eo ) ) 97 x
Post-thawing Post-thawing

Figure 11. Transplantable spermatogonia were recovered from frozen-thawed testicular tissue biopsies of gender
dysphoria patients regarless of their previous gender affirming hormone therapy.

(A-D) Hematoxylin and eosin (H&E) staining and (F-1) immunochemistry staining of UTF1+ undifferentiated
spermatogonia (green) and total VASA+ germ cells (red) for (A, E) non-treated patients (No treatments), or gender
affirming hormone treatments, including (B, F) LUPRON, (C, G) SUPPRELIN, and (D, H) SUPPRELIN + E2 + P4.

Yellow arrow heads indicated double-stained UTF1+/VASA+ spermatogonia. Scale bars: 100um (A-D); 20um (insets of
A-D); 20um (E-H). (I) Quantification of UTF1+/VASA+ undifferentiated spermatogonia and total VASA+ germ cells per
10*um? of intratubular area for post-thawed testicular tissue samples of the No treatments, LUPRON, SUPPRELIN, and

SUPPRELIN + E2 + P4 samples. Data represent = SEM. Statistical analysis using linear mixed effect model was

performed for all comparisons. (J) Representative image of whole-mount immunofluorescent staining of recipient mouse
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seminiferous tubules 8 weeks after human-to-nude-mouse transplantation. Anti-primate antibody (green) was used to

detect colony formation from the transplanted donor cells. (K) Colony quantification of transplanted donor testicular
cells of individual treatment groups. Results were normalized to 10° of transplanted donor cells for each recipient mouse
testis. Data represent £ SEM. Statistical analysis using linear mixed effect model was performed for all comparisons. *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.5 Discussion

Testicular tissue cryopreservation (TTC) is the only fertility preservation option for
prepubertal boys who are at risk of permanent infertility but cannot use sperm banking for future
fertility restoration [110]. To date, testicular tissues have been cryopreserved for around 1000

patients worldwide [95, 97, 101, 104, 108, 109, 214, 261-267] (Table 7). Since 2011 the Fertility

Preservation Program (FPP) at the University of Pittsburgh Medical Center (UPMC) has
cryopreserved testicular tissues for over 500 prepubertal patients coming from all over the world
with the hope that these patients can use their frozen biopsies to obtain biological children in the
future. Testicular tissue cryopreservation is experimental and is performed with clinical grade
reagents and with the approval of the University of Pittsburgh Institutional Review Board
(STUDY19020220, STUDY 19110083, STUDY19070264).

Patients have traveled from around the world to access experimental fertility preservation
options available in Pittsburgh, but travel can be a barrier in access to care. Therefore, the FPP
program established a coordinated network of centers that numbers over 30 sites in the US and
two sites in Israel. This allows patients to have the biopsy procedure performed at the center where
they are being treated for the primary disease. Tissues are then sent to Pittsburgh where we have

the infrastructure and expertise to process and cryopreserve the tissues for patients.
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When tissues are received at the andrology/fertility preservation lab at Magee-Womens
Hospital, they are processed in a sterile environment using clinical grade reagents. Testicular
biopsy tissues are cut into small pieces measuring 2-5 mm in diameter. Cryopreserving intact
pieces of testicular tissue preserves the option for either tissue-based therapies or cell-based
therapies in the future [109]. Also, cell viability and specifically germ cell recovery is marginally
better from cryopreserved tissues than from cryopreserved cell suspensions [271]. Most centers in

the world also prioritize testicular tissue freezing over testicular cell freezing [95, 97, 101, 104,

108, 109, 214, 261-267] (Table 7).

Using our experimental TTC protocol, we observed a significant decrease in germ cell
survival in our patient samples upon thawing. Thus, it appears that future studies are needed to
optimize the cryopreservation method. Using xenografting into mice as a functional assay, slow
freezing of neonatal lamb testes was found to be more beneficial than vitrification in preserving
cellular integrity and germ cell function that resulted in regenerated spermatogenesis with
spermatozoa production observed in ~10% of tubules [272]. Poels et al. cryopreserved 10 patient
(2-12 years old) testicular tissue samples by slow freezing or vitrification. One day later, tissues
were thawed and grafted into the scrotum of nude mice for 6 months along with the corresponding
fresh tissues. Tissue integrity was good in all groups and recovery of MAGEA4+ spermatogonia
was similar. The results did not justify transitioning to vitrification of testicular tissues but did
indicate that vitrification is a viable option that merits further investigation [215]. In ovarian tissue
cryopreservation, even though vitrification and slow freezing both preserved human ovarian tissue
morphology well, vitrification preserved ovarian stroma significantly better than did slow freezing

[273]. There are over 130 documented live births after transplantation of cryopreserved ovarian
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tissues [274]. Most of those births were from tissues that were frozen at a controlled slow rate but
there are also several reports of live births from vitrified ovarian tissues [114, 275].

We were able to recover germ cells from patient testicular samples that were frozen for
various durations: 0-2 years, 2-4 years, 4-6 years, and 8-10 years. We utilized human-to-mouse
testicular cell xenotransplantation assay to investigate the function of frozen-thawed germ cells.
The result revealed no statistical difference in colonization potential of the transplanted testicular
cells among those cryogenic durations. This finding further confirmed that long-term cryostorage
can preserve testicular tissue architecture as well as the colonization potential of recovered
spermatogonia. Autologous human cell/tissue transplantation is not yet widely approved, and
human-to-mouse testicular tissue xenografting is not yet established to confirm if long-term frozen
spermatogonia stem cells can restore complete spermatogenesis. However, previous studies on
animal models have yielded a series of positive results in regenerated spermatogenesis from long-
term frozen SSCs. Those results raise our hope to use these frozen-thawed testicular tissues in
human fertility clinics to restore spermatogenesis. Upon transplantation into adult recipient mouse
testes, 14-year-frozen neonatal mouse testicular cells regenerated full spermatogenesis with
production of functional spermatozoa [132]. Intracellular sperm injection (ICSI) using
spermatozoa isolated from the transplanted 14-year-frozen donor cells and freshly isolated donor
cells showed no statistical significance in 2-cell embryo formation [132]. Both male and female
offspring produced from the 14-year-frozen testicular cells were fertile and did not carry any
chromosomal and epigenetic abnormality [132]. In terms of mouse SSC culture, mouse and rat
spermatogonia stem cells frozen for 14 years could survive and proliferate in long-term culture
and were still capable of regenerate spermatogenesis upon transplantation [132]. When utilizing

the testicular tissue approach, autologous grafting of mouse testicular tissue pieces frozen for 10 —
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25 days regenerated complete spermatogenesis in 100% of grafts that led to live offspring
production [49].

Several primate studies also demonstrated safety of cryostorage. Allogeneic testicular cell
transplantation of cryopreserved prepubertal Rhesus testicular cells regenerated complete
spermatogenesis [181]. Spermatozoa derived from those transplanted cells were used in ICSI and
resulted in blastocyst formation [181]. Autologous grafting of cryopreserved prepubertal Rhesus
testicular pieces also resulted in spermatozoa production that led to birth of a healthy offspring
[52]. Animal studies help us further confirm that cryostorage is a safe option to preserve the
spermatogonia stem cell compartment. These recovered spermatogonia can be used in autologous
testicular cell transplantation or tissue grafting to restore complete spermatogenesis. In summary,
our study demonstrated that long-term cryogenic storage of either testicular cells or tissues did not
compromise the transplantable spermatogonia population. When patients are ready to have family,
they can come back, even a decade later, to retrieve functional spermatogonia from their own
cryopreserved prepubertal testicular biopsy to help them obtain biological children.

Autologous cell/tissue transplantation is not a safe approach to restore their fertility in cases
of patients with history of malignant cancers. This approach is also not possible in patients with
gender dysphoria diagnosis due to their compromised gonadal environment after hormone therapy.
Alternative approaches, including tissue xenografting, have demonstrated their potential in future
clinical applications to restore spermatogenesis using cryopreserved testicular tissues [49]. Rabbit-
to-mouse xenografting of tissues frozen for 4 — 53 days regenerated full spermatogenesis in 90%
of the rabbit grafts that led to live offspring production [49].

Since 2020, the Fertility Preservation Program at UPMC started freezing testicular tissues

for pre/peri-pubertal patients who were diagnosed with gender dysphoria and planned or already
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started gender affirming hormone therapy (GAHT). Gonadotropin-releasing hormone agonists
(GnRHa) are often used to treat central precocious puberty (CPP) [276]. GnRHa are also used to
treat patients who were diagnosed with gender dysphoria prior to the onset of puberty. Leuproline
injection was the most common GnRHa medicine in the U.S. to treat CPP until 2007 when
subcutaneous histrelin implant became an alternative approach [277]. In our patient cases with
gender dysphoria diagnosis, we had an opportunity to study effects of a GnRHa — histrelin
(SUPPRELIN) — and a luteinizing hormone-release hormone agonist (LHRHa) — leuprolide
(LUPRON) — on spermatogonia quantity and quality prior to TTC. Effects of GnRHa and LHRHa
are reversible [278]. A study conducted on prepubertal 9-year-old boys showed puberty
resumption, measured by testicular enlargement, as soon as within 1 year after histrelin implant
removal [279]. Estradiol (E2), a form of estrogen, inhibits gonadotropin secretion, including LH
and FSH levels and LH pulse amplitude, at the pituitary level in normal men [280]. When estrogen
is administered to boys during early to mid-puberty (13.75 — 15.83 years old), serum LH
concentration and pulse frequency decrease, leading to reduction in testosterone (T) concentration
[281]. Long-term estrogen treatment was reported to cause some germ cell and somatic damage in
patient testis [282]. Therefore, these patients should be counseled on fertility preservation options
as early as possible, ideally prior to treatment initiation.

GAHT has proven to improve quality of life in patients with diagnosis of gender dysphoria
[283]. For patients, who already started their hormone therapy prior to puberty and do not wish to
pause their GAHT to resume puberty for sperm banking, TTC is their only option. In our study,
we confirmed not only the presence of spermatogonia prior to tissue freezing in all eighteen of
these patients regardless of their hormone therapy history. One center in the U.S. reported their

testicular cell and tissue cryopreservation for sexual reassignment patients (age range: 25 — 40
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years old) [271]. At time of cell/tissue freezing, these patients have been on hormone treatment for
6 — 12 months, but SSEA4+ spermatogonia were confirmed in both pre-frozen and frozen-thawed
tissues [271]. This result indicates that spermatogonial stem cells, a sub population of SSEA+
spermatogonia, recovered from these frozen cells/tissues can be utilized in stem cell-based
therapies to restore spermatogenesis in the future. Our study revealed that upon thawing, UTF1+
spermatogonia, specifically transplantable spermatogonia, can be recovered from all patient
samples, regardless of their previous GAHT of androgen blockers and/or cross-sex steroids.
Therefore, TTC can serve as a fertility preservation option for patients diagnosed with gender
dysphoria and planned or already started their GAHT prior to puberty. When patients are ready to
have children and stem cell-based technologies are fully developed, those frozen-thawed testicular

tissue biopsies can be used to restore spermatogenesis.
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4.0 Validation of a Novel Testicular Tissue Organ Culture System

4.1 Chapter Summary

Spermatogonial stem cells (SSCs) have a tremendous capacity to regenerate
spermatogenesis under proper induction conditions. Testicular tissue organ culture (TTOC) has an
advantage of using only a small tissue amount for culture initiation but can mature SSCs in a host-
free environment to produce spermatozoa. When culturing neonatal mouse testes in pump-driven
microfluidic (MF) devices, Dr. Takehiko Ogawa’s team could initiate and maintain continuous
spermatogenesis up to six months with production of functional spermatozoa and offspring. To
overcome the bulkiness and electrical dependency of the MF device, they later invented a pumpless
microfluidic (PL) device. However, mouse spermatozoa and offspring were not produced in this
system. The PL device also has not been tested on cryopreserved testicular tissues or testicular
tissues of any other species. However, the PL system carries several limitations that compromises
downstream analysis of cultured tissues. Therefore, we developed and validated a novel
polydimethylsiloxane (PDMS)-roof transwell (PRT) culture system, comprised of a
polycarbonate-membrane transwell and a PDMS roof, to overcome some of those limitations.
Compared to mouse testes cultured in the PL devices, PRT cultures yields a comparable efficiency
in inducing in vitro spermatogenesis. Yet the PRT needs a simpler production process, allows an
easier tissue seeding method, requires low culture maintenance effort, and yields a higher tissue

recovery for downstream analysis.
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4.2 Introduction

Testicular tissue organ culture (TTOC) takes advantages of preserving the testicular tissue
architecture, a small tissue amount needed for culture initiation, and a host-free environment to
induce in vitro spermatogenesis. Ogawa and colleagues reported the first live born mouse
offspring from TTOC of fresh [55] and cryopreserved [56] testicular tissues cultured on agarose
gel blocks in a gas-liquid interface system. Testicular tissue pieces tend to mount shortly after
culture initiation, leading to risk of necrosis in the central area of the tissue due to lack of oxygen
and nutrient access. They then added a dimethylpolysiloxane (PDMS) chip on top of the agarose
gel to help maintain the tissue flat. The PDMS chip did improve the in vitro spermatogenesis
efficiency over the period of 6-week culture time [231]. However, elongating spermatids were the
most advanced germ cell stage they observed in this system, and no embryo or offspring production
was reported [231]. Dr. Ogawa’s team also invented a pumped-driven microfluidic device to
induce and maintain continuous spermatogenesis for at least 6 months when culturing fresh
neonatal mouse testes [54]. Mouse offspring were reported from in vitro-derived spermatozoa
isolated from the cultured testes [54]. Nevertheless, this pumped-driven microfluidic setup is bulky
and requires complicated, expensive infrastructure. Therefore, they designed a pumpless
microfluidic (PL) device that is independent from an electric source and takes advantage of the
hydrostatic pressure to maintain the medium flow [229]. The PL devices were tested on fresh
neonatal mouse testes and it could maintain continuous spermatogenesis for at least 4 months
[229]. Elongating spermatids were observed but no spermatozoa or offspring were reported [229].
In addition, this device was never tested on any other animal models, especially primate testicular
tissues. Some of the limitations in the PL devices were mentioned in their previous reports [229,

232] that might prevent this PL devices to be widely used in clinical setting in the future.
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No one has ever reported in vitro spermatogenesis when culturing cryopreserved
prepubertal primate tissues on agarose gel [239]. A transwell system can be an alternative gas-
liquid interface system to culture testicular tissue fragments. This system was tested on prepubertal
marmoset [244] as well as human testicular tissues [236]. Initiation of in vitro spermatogenesis
was not observed in marmoset studies regardless of different culture systems (e.g. agarose gel or
transwell) or medium conditions [239, 244]. But a study on cryopreserved prepubertal human
tissue achieved in vitro spermatogenesis when culturing tissues in a transwell system, in which
rare round spermatids were reported (one spermatid per seminiferous tubule cross section) [236].
However, no progress on spermiogenesis was achieved [236]. Together, the lack of efficient in
vitro spermatogenesis and spermiogenesis in primate studies likely result from a suboptimal
culture system and/or culture medium composition.

Therefore, this study aimed to partially answer this question. | designed a PDMS-roof
transwell (PRT) system that could circumvent some limitations encountered in the PL devices as
well as in the gas-liquid interface system (e.g. agarose gel or transwell). | tested the PRT system
in parallel with the PL system using neonatal mouse testes. | hypothesized that the PRT system
provides ease of use advantages over the PL device without compromising in vitro
spermatogenesis in mouse TTOC. | demonstrated that the PRT system not only supports initiation
of in vitro spermatogenesis as efficiently as did the PL system, but also circumvents several
limitations encountered in the PL system, overall allowing better tissue recovery for downstream
analysis. The PRT system may also be suitable for primate TTOC. Because of its convenience and
effectiveness, the PRT can be widely used in clinical settings when the culture condition is fully

optimized on human testicular tissues.
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4.3 Methods and Materials

4.3.1 Tissue source

ACROSIN-GFP (labeled as ACR-GFP) embryos were obtained from RIKEN laboratory
(Japan). Embryos were used to derive ACROSIN-GFP males and females that were kept as
breeders and for experimental purposes. All mice were maintained in the laboratory animal
housing facility at Magee-Womens Research Institute. All animal procedures were approved by
the Institutional Animal Care and Use Committees of Magee-Womens Research Institute and the
University of Pittsburgh. All procedures were performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. Testicular tissues used in culture were obtained from
0.5-5.5 days post-partum (dpp) male pups. Mouse pups were euthanized by decapitation prior to

testis harvest.

4.3.2 Pumpless microfluidic (PL) device production

Pumpless microfluidic device was manufactured as previously described [54, 229] with
conventional photolithography and soft lithography techniques. The standard SU-8
photolithography process was used for fabricating mold masters of the top and bottom layer of the
device. Photoresist (Cat# SU-8 2075, Kayaku Advanced Materials, Inc.) was spin coated at
selected speed on a single side polished silicon wafer to achieve targeted thickness. The wafer was
then soft baked, patterned by UV light exposure, post baked and developed in a photoresist
developer (Cat# SU-8 developer, Kayaku Advanced Materials, Inc.). Finally, the wafer was rinsed

in 2-Propanol alcohol (Cat# 190764, Sigma-Aldrich, Inc.) and hard baked on hotplate at 150°C for
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15 mins. Silane was then coated on mold master for easy detachment of PDMS layer, 2 drops of
Trichloro silane (Cat# 448931, Sigma-Aldrich, Inc.) was put in desiccator together with the master
mold, vacuum evaporated for 15mins and baked on hotplate for 10mins at 150°C. The
polydimethylsiloxane (PDMS) top and bottom layers were made from mixing PDMS prepolymer
and curing agent (Sylgard™ 182 Silicone Elastomer Kit, Cat# NC9897184, Fisher Scientific) at a
10:1 weight ratio. The mixture was poured over a mold masters, put in a vacuum desiccator for
degassing, then cured on a hotplate at 150°C for 15mins. A derma punch was used to make the
medium inlet hole, medium outlet hole, and tissue inlet hole in the PDMS layers. Oz plasma
bonding method was used to attach the two PDMS layers and a porous polycarbonate membrane
in between them. The medium reservoir was a half cut of a polypropylene TubeSpin Bioreactor
tube with vent cap (Cat# 87015, Millipore Sigma, USA). On the top layer of the device PDMS
device, PDMS was used to glue the tissue inlet (a silicone tube with 3 mm outer diameter and 2
mm inner diameter) and the medium reservoir tank onto the device. Devices were sterilized by UV
irradiation before culture initiation. Fresh testes were harvested from 0.5-5.5dpp pups. Tunica were
removed and seminiferous tubules were slightly teased apart without breaking the tissue into
fragments. Each testis was placed into one PL device. Medium was refreshed every 3-4 days during

the culture time. Tissues were maintained at 34°C at 5%CO2.

4.3.3 PDMS ceiling chip fabrication and PDMS-roof transwell (PRT) production

The standard SU-8 photolithography process was used for fabricating a mold master.
Photoresist (Cat# Su-8 2075, Kayaku Advanced Materials, Inc.) was spin coated at selected speed
on a single side polished silicon wafer to achieve targeted thickness. The wafer was then soft
baked, patterned by UV light exposure, post baked and developed in photoresist developer (SU-8
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developer, Kayaku Advanced Materials, Inc.). Finally, wafer was rinsed in 2-Propanol alcohol
(Cat# 190764, Sigma-Aldrich, Inc.) and hard baked on hotplate at 150°C for 15 mins. Silane was
then coated on mold master for easy detachment of PDMS layer, 2 drops of Trichloro silane (Cat#
448931, Sigma-Aldrich, Inc.) was put in desiccator together with the master mold, vacuum
evaporated for 15mins and baked on a hotplate for 10 mins at 150°C. The PDMS ceiling chip was
made from mixing PDMS prepolymer and curing agent (Sylgard™ 182 Silicone Elastomer Kit,
Cat# NC9897184, Fisher Scientific) at a 10:1 weight ratio. The mixture was poured over a mold
master, put in a vacuum desiccator for degassing, then cured on a hotplate at 150°C for 15mins.
The PDMS chip was then cut and peeled from the master mold. The PDMS chips were sterilized
by UV light overnight before being used in testicular tissue cultures. Nunc™ polycarbonate
transwells were commercially available with membrane pore size of 3um and culture surface area
of 1.13cm? (Cat# 140654, ThermoFisher). Fresh testes were harvested from 0.5-5.5dpp pups.
Tunica were removed and seminiferous tubules were slightly teased apart without breaking the
tissue into fragments. One testicular testis was placed on the membrane of each transwell and
compressed by a PDMS roof on top, forming a PDMS-roof transwell (PRT) culture system.
Medium was refreshed every 3-4 days during the culture time. Tissues were maintained at 34°C at

5%CO2.

4.3.4 Hematoxylin and eosin (H&E) staining

Prior to culture, fresh mouse testicular testes were fixed in 4%PFA (Cat# 1570-S, Electron
Microscopy Sciences) overnight at 4°C. Cultured testicular tissue fragments were harvested at
indicated timepoints and fixed in 4%PFA for 2 hours at 4°C. All tissues were then washed and
embedded in paraffin. The paraffin sections were cut with 4um in thickness and mounted on glass
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slides. For hematoxylin and eosin staining, sections were then deparaffinized and rehydrated by
exposing sections to a graded ethanol series of decreasing ethanol concentrations with the final
hydration in water. Sections were then stained in hematoxylin 560 (Cat# 3801575, Leica
Biosystems Inc.) and eosin (Cat# 3801606, Leica Biosystems Inc.). These histology processes was

performed by the Histology and Imaging Core at Magee-Womens Research Institute.

4.3.5 Immunohistochemistry

Paraffin sections were melted at 65.5°C for 30min and deparaffinized in xylene (10 mins
x 2 times) and rehydrated in graded ethanol series (2 x 100% for 10 min each, 95% for 5 mins,
80% for 5 mins, 70% for 5 mins, 50% for 5 mins, 25% for 5 mins) and washed in 1X DPBS (Cat#
14200-075, Life technologies) for 3 mins. Sections were then incubated in sodium citrate (10 mM
Sodium Citrate, 0.05% Tween-20, pH 6.0) at 97.5°C for 30 min. Sections on slides were cooled
and washed twice in DBPS-T (0.1% Tween-20 in 1X DPBS) for 2 min each. Donkey buffer (1X
DPBS containing 3% bovine serum albumin, 0.1% Triton X-100 and 5% normal donkey serum)
was then used to block non-specific antigenic sites in tissue sections for 30 min at room
temperature. Primary antibodies (goat anti-VASA 1:200 (Cat# AF2030, R&D), rabbit anti-SALL4
1:200 (Cat# ab29112, Abcam), rabbit anti-STRA8 1:100 (Cat# AP11436b, Abcepta), rabbit anti-
SYCP3 1:100 (Cat# ab15093, Abcam), and rabbit anti-SOX9 1:500 (Cat# ab5535MI, Fisher
Scientific) were diluted in donkey blocking buffer and added to tissue sections for overnight
incubation at 4°C. Mouse IgG (Cat# BDB557273, BD Bioscience), rabbit IgG (BDB550875, BD
Bioscience) and goat 1gG (Cat# AB-108-C, R&D) at similar concentrations as primary antibodies
were used as isotype negative controls. After washing (3 x 5 min in 1X DPBS), secondary
antibodies (donkey-anti-rabbit AlexaFluoro488 (Cat# A21206, Abcam), donkey-anti-goat
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AlexaFluoro568 (Cat# A11057, Abcam) were added to tissue sections and incubated for 45 mins
at room temperature. After rinsing three times with DPBS-T for 5 min each, then once with DPBS
for 5 min, tissue sections were mounted with DAPI-containing mounting medium (Cat# H-1200,
Vector Laboratories). Sections were observed with a Nikon Eclipse 90i fluorescence microscope

and images captured with NIS-Elements software.

4.3.6 Tubule integrity evaluation, seminiferous tubule diameter measurement, and germ

cell quantification

For pre-cultured and post-cultured tissues, histology (H&E staining ) was used to evaluate
tubule integrity based on germ cell and Sertoli cell attachment to the basement membrane and
formation of pyknotic DNA within the intratubular space. Seminiferous tubule diameter was
measured using the area measurement tool in the NI1S-Element Analysis software. The number of
each germ cell marker was quantified only in round cross-section of each seminiferous tubule. As
many tubules available per tissue sample or at least 50 tubule cross sections per tissue sample were

evaluated for each endpoint analysis.

4.3.7 Statistical analysis

Statistical analysis using linear model was used to perform comparison of ACR-GFP scores
between trendline and at each time point between two systems and comparison of seminiferous
tubule diameters of pre-cultured tissues with tissues cultured in the PRT versus the PL devices.

Unpaired t-test was used to compare quantification of %VASA+, %SALL4+, %STRAS8+,
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%SYCP3+, or %SOX9+ seminiferous tubules between the pre-cultured and the PRT-cultured

tissues.

4.4 Results

4.4.1 Simple production and ease of use of the PDMS-roof transwell (PRT) culture system

The PDMS roofs were easily produced in large quantity of 30 roofs per mold. Only one
PDMS roof was needed for each culture. Transwells were commercially available at desired well
size, membrane material, and membrane pore size, allowing high accessibility and consistency
when initiating many cultures simultaneously. With our design for the PDMS roof size of 5mm x
5mm (width x length), a 12-well transwell culture plate (3.8cm?/well) was an optimal size to fit
one roof per well (Figure 12A-C). After sterilization by UV light overnight, the PDMS roofs were
ready to be used for culture initiation.

The ACROSIN-GFP transgenic mouse line, labeled as ACR-GFP, was used to validate the
efficiency of the PRT system in nurturing testicular tissues to induce in vitro maturation of neonatal
mouse testes. Testes of 0.5-5.5dpp mouse pups were recommended from previous reports to

initiate cultures [54-56, 229, 231]. To reduce biological variations among replicates caused by

different amounts of tissue placed in individual cultures, our cultures consistently used testes of
3.5-4.5dpp pups. After removing the tunica from each testis, the seminiferous tubules were slightly
spread apart without tearing the tissue into multiple fragments. Each tissue piece was easily
positioned on the transwell membrane. Before adding culture medium, the PDMS roof was placed

on top of the tissue such that it naturally adhered to the membrane, forming a slightly sealed tissue
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chamber to maintain the tissue as a thin layer of seminiferous tubules throughout the entire culture
period (Figure 12D-E). There was no sign of tissue mounting up throughout the culture period of
many weeks, allowing equal accessibility of all seminiferous tubules to nutrients uptaken from the
medium through the polycarbonate membrane and oxygen through the PDMS roof.

Another reason we chose testes of 3.5-4.5dpp pups because each testis filled up 60-70% of
the PRT tissue chamber without having to be cut into fragments, reducing technical variations
among replicates at time of culture initiation. The importance of tissue size at culture initiation
was also mentioned in a previous report [232]. In our experience, we also observed that if the tissue
filled up most space in the tissue chamber, tissue growth was compromised, meaning smaller
tubule diameters and less ACR-GFP expression compared to a smaller piece of tissue cultured in
parallel. In the PRT system, seminiferous tubules expressing ACR-GFP as green was easily

observed under the microscope, allowing real-time ACR-GFP recording.

PDMS roof features:
Gas-permeable, transparent
Maintains tissue flat

Dent: 200pmx5mmx5mm (HxWxL)

PDMS-roof ranswelk.  Testicular tissue

> in the PRT
cu’%em

£
Transwell features: ey . )fl
Membrane: polycarbonate g AN
Membrane pore size: 3um 1D\ 5= j E

Figure 12. Features of a novel PDMS-roof transwell (PRT) culture system.
(A) The illustration of the PDMS-roof-transwell culture (PRT) system with its features. (B) 12-well transwell culture plate
with 3pm-pore-size polycarbonate membrane. (C) The upside view of the PDMS roof with the dimension of 5mm (length)
x 5mm(width) x 60, 100, 200pm(height). (D) A testicular tissue fragment cultured in the PRT system. (E) The assembly of

the PDMS roof on a transwell to form a tissue chamber.
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4.4.2 Comparing effect of various sizes of the PDMS roof in the PDMS-roof transwell

(PRT) system

Three PDMS roof heights of 60, 100, and 200um with the same area of 5mm x 5mm (width
x length) were tested to examine which roof size could initiate and maintain ACR-GFP expression
in the largest tissue area over a 4-week culture period. In each culture, tissue area with ACR-GFP
expression (green tubules) was scored as Grade 0 to Grade 5 (Figure 13A-M). No ACR-GFP
expression was observed at culture initiation and during the first few days in culture, equivalent to
week 1 of in vivo age (Figure 13N). Starting from week 2, more tubules started expressing ACR-
GFP with the highest grades in tissues cultured under the 100um-high roofs (3.0 + 0.7) compared
to those cultured under the 200um-high roofs (2.1 + 0.4) and the 60um-high roofs (1.8 + 0.3).
ACR-GFP was expressed in more tubules in the following weeks (Figure 13N). The same trend
was observed on week 3; the average ACR-GFP score was highest in those cultured under the
100um-high roofs (4.7 + 0.2) compared to those cultured under the 200um-high roofs (3.7 + 0.3)
or the 60um-high roofs (2.2 + 0.3) (Figure 13N). However, on week 4, tissues cultured under the
100um-high roofs started losing ACR-GFP expression (2.5 + 0.8), while those cultured under the
60um-high roofs (3.1 + 0.4) and the 200um-high roofs (3.8 + 0.6) continued to increase in area
with ACR-GFP expression (Figure 13N). Because the PRT system with the PDMS roof dimension
of 200um x 5mm x 5mm (height x width x length) resulted in a stably increase of ACR-GFP during
the 4-week culture period and the highest average ACR-GFP score on week 4 when culturing

neonatal mouse testes, we decided to conduct future experiments with only this PDMS roof size.

76



| GradeO | Grade1 | Grade2 | Grade3 | Grade4 | Gra |

M N 5 4 PRT 60pm =

ACR-GFP scores ¥ ks ;gg::

Grade 0 : <10% § .
Grade 1 : ~10% "]

Grade 2 : ~30% 2]

Grade 3 : ~50% <

Grade 4 : ~70% b

Grade 5 : >70% 0 MLl R L

Week1 Week2 Week3 Week4

According to in vivo age

Figure 13. Comparing the effects of various PDMS roof heights in the PRT system on mouse testis tissue organ cultures.
(A-L) The progression of ACR-GFP expression throughout the culture period with their corresponding bright field
images. No ACR-GFP expression was observed at time of culture initiation. (M) ACR-GFP scoring system was
established based on the ratio between the GFP-positive area and the entire tissue area in each culture: Grade 0 meant
less than 10%o of the tissue area with ACR-GFP expression (A-B), Grade 1 meant approximately 10% tissue area with
ACR-GFP expression (C-D), Grade 2 meant about 30% tissue area with ACR-GFP expression (E-F), Grade 3 meant
about 50% tissue area with ACR-GFP expression (G-H), Grade 4 meant about 70% tissue area with ACR-GFP
expression (1-J), and Grade 5 meant above 70% tissue area with ACR-GFP expression (K-L). (N) Comparing efficiency of
three PDMS roof heights (60, 100, and 200pm) in inducing in vitro spermatogenesis via the expression of ACR-GFP.
Starting around week 2, ACR-GFP started its expression as green seminifereous tubules and continue to increase during
the following weeks. Statistical analysis using linear model was used to perform comparisons between trendlines and at

each time point between two systems. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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4.4.3 Comparing the efficiency of the PDMS-roof transwell (PRT) versus the pumpless
microfluidic (PL) device in inducing in vitro spermatogenesis in cultures of neonatal

mouse testis.

We successfully reproduced the pumpless microfluidic (PL) devices designed by Dr.
Ogawa’s laboratory [229]. One testis of the each 3.5-4.5dpp pup was cultured in a PRT, and the
other testis was cultured in a PL device. Spermatogenesis in tissues cultured in the PRT and PL
devices were observed over the course of 4 weeks. The tissue chamber in a PRT was 5.2 times
larger in volume compared to that in a PL device (200um X 5mm x 5mm in PRT versus 160um x
2mm x 3mm in PL). In both systems, no GFP expression was observed in mouse testis tissues at
time of culture initiation and during the first week of culture. ACR-GFP expression was observed
starting around week 2 in both culture systems, and the number of tubules expressing GFP
continued to increase in the following weeks (Figure 14A-C). The percentage of tissue area
expressing ACR-GFP protein was scored weekly to compare the spermatogenesis initiation
efficiency between the two systems (Figure 14D). At week 2, tissues cultured in the PRT system
showed a higher average GFP score than those cultured in the PL devices (2.6 + 0.5 versus 0.5 +
0.2) (Figure 14D). The GFP scores in tissues cultured in both systems continue to rise in the
following weeks. The average ACR-GFP score of the PRT-cultured tissues was still higher than
that in the PLD-cultured tissues at week 3, but there was no statistical difference between two
systems at week 4 (Figure 14D). At week 4, cultures were terminated for downstream analysis.
Diameter of each round seminiferous tubule cross section was recorded to calculate the average
tubule diameter in tissues cultured in each system. By comparing to the pre-cultured tissues,
intratubular area expansion was one way to evaluate the maturation of Sertoli cells and germ cells

(Figure 15A-B). The 4-week cultured tissues in both the PRT system (83.1 + 3.1um) and the PL

78



devices (75.9 £ 3.2um) significantly expanded in the average seminiferous tubule diameter
compared the pre-cultured tissues (59.6 £ 1.3um) (Figure 15C). No statistical difference in tubule
diameters was observed between the PRT-cultured tissues and the PL-cultured tissues (Figure

15C).
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Figure 14. Comparing the efficiency of PDMS-roof transwell (PRT) culture system and the pumpless (PL) microfluidic
device for inducing in vitro spermatogenesis in cultures of fresh neonatal mouse testes.
(A) ACROSIN-GFP mouse model with GFP not expressed in spermatogonia (Spg), but only expressed in
spermatocytes (Spc), spermatids (Spd), and spermatozoa (Spm). (B-C) Fresh mouse testis fragments cultured in
(B) the pumpless microfluidic (PL) device and in (C) the PRT system for 4 weeks. ACR-GFP was not present
during first week of culture and only started its expression from week 2 in both culture systems. ACR-GFP
expression was observed up to at least week 4 in culture. (D) ACR-GFP scoring system (Grade 0 — Grade 5)
according to the percentage of tissue area expressing green tubules. Comparison of ACR-GFP scores of mouse
tissues cultured in the PL devices versus the PRT system over the period of 4 weeks. Statistical analysis using
linear model was used to perform comparisons between trendlines and at each time point between two systems.

*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 15. Seminiferous tubule diameter measurements of pre-cultured vesus PRT-cultured mouse testicular tissues at
week 4.(A) Seminiferous cores in neonatal mouse tissues prior to culture. (B) Seminiferous tubules in 4-week cultured
mouse tissues. (C) Measurements of seminiferous tubule cross section diameters of pre-cultured tissues (Before culture),
4-week cultured tissues in the pumpless microfludic devices (PL device), and 4-week cultured tissues in the PDMS-roof
transwells (PRT). Statistical analysis using linear model was used to perform all comparisons. *P < 0.05, **P < 0.01, ***P

< 0.001, ****P < 0.0001.

4.4.4 Evaluating germ cell presence in mouse testicular tissues cultured in the PRT system

Harvesting tissues cultured in the pumpless microfluidic (PL) devices was challenging,
requiring tearing off the device entirely. These tissues were often damaged or torn apart during
this process. Because each tissue fragment was too small and sometimes even broken apart, we
could not successfully retrieve them after histology processing and paraffin embedding. Tissues
that survived these steps did not have many tubules left for immunohistochemistry analysis (data
not shown). This was one of the reasons the PDMS-roof transwell (PRT) was invented to
circumvent the loss of tissues needed for downstream analysis. Tissues cultured in the PRT system

was easy to retrieve as one large piece that was enough for multiple endpoint analyses.
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Immunohistochemistry staining for intratubular cell types was performed, including Sertoli
cells (SOX9) and multiple germ cell generations (SALL4 — undifferentiated spermatogonia,
STRAS8 — differentiating spermatogonia, SYCP3 — meiotic germ cells, and VASA —all germ cells)
on mouse testes retrieved from the PRT system at week 4 to compare to the pre-cultured neonatal
mouse testes (Figure 16). In pre-cultured tissues, almost all VASA+ cells were SALL4+ (Figure
16A). But most of these SALL4+/VASA+ germ cells were still unorganized inside the
seminiferous cords and had morphology of pro-spermatogonia as large, round germ cells that had
not migrated to the basement membrane (Figure 16A). All tubules in pre-culture tissues had
SALL4+ cells and VASA+ cells (Figure 17). After culture, the seminiferous tubules expanded,
and SALL4+/VASA+ germ cells finished migrating to the basement membrane as undifferentiated
spermatogonia (Figure 16B). However, after 4 weeks in culture, only 87.2 £ 6.6% of total
seminiferous tubules still had VASA+ germ cells, and 70.1 + 10.2% of seminiferous tubules
contained SALL4+ spermatogonia (Figure 17).

In pre-cultured tissues, none of VASA+ germ cells expressed STRA8, meaning no
differentiating germ cells (Figure 16C). After culture, a subpopulation of VASA+ cells located on
the basement membrane expressed STRA8 marker (Figure 16D); and up to 50 + 14.0%
seminiferous tubules contained STRA8+ differentiating spermatogonia (Figure 17).
Immunohistochemistry staining for SYCP3 confirmed no meiotic germ cells in pre-cultured tissues
(Figure 16E). After 4 weeks in culture, a sub-population of VASA+ cells expressed SYCP3 marker
as indication of initiated spermatogenesis (Figure 16F). Some of SYCP3+ cells lifted off the
basement membrane, indicating meiosis has passed the pre-leptotene stage of prophase I (Figure
16F). Cultured tissues contained 76.0 £ 9.2% of seminiferous tubules with SYCP3+ meiotic germ

cells (Figure 17). SYCP3 stained for both primary spermatocytes and secondary spermatocytes.
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Therefore, cultured tissues might contain both types of meiotic cells. However, spermatids were
not observed in immunostaining of CREM and TNP1 markers (data not shown).

There are multiple somatic cell types in testicular tissue, but Sertoli cells, labeled with
SOX9 marker, are the only intratubular somatic cells that directly nourish germ cell development.
In pre-cultured tissues, Sertoli cells were still unorganized and some of them had not migrated to
the basement membrane, hence no lumen inside the seminiferous cores (Figure 16G). After
culture, the seminiferous cores matured, thus having the morphology of seminiferous tubules with
presence of lumen (Figure 16H). Sertoli cells finished migrating to the basement membrane to
create the lumen space for germ cell proliferation and differentiation (Figure 16H). All
seminiferous cores in pre-cultured tissues contained SOX9+ Sertoli cells, and 99.1 + 0.9% of
seminiferous tubules in cultured tissues showed SOX9+ Sertoli cells (Figure 17), indicating that
the PRT system could maintain Sertoli cell survival and promoted Sertoli cell development during

the 4-week culture period.
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Figure 16. Evaluating Sertoli cells and germ cells present in pre-cultured versus 4-week PRT-cultured mouse testes.
Immunohistochemistry analysis of (A-G) pre-cultured neonatal mosue tissues versus (B-H) 4-week PRT-cultured mouse
testes. Co-staining of (A-B) SALL4 — undifferentiated spermatogonia and VASA — germ cells, (C-D) STRAS -
differentiating spermatogonia and VASA — germ cells, (E-F) SYCP3 — meiotic germ cells (spermatocytes) and VASA —

germ cells, (G-H) SOX9 — Stertoli cells and VASA — germ cells.
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Figure 17. Immunohistochemsitry quantification of pre-cultured versus 4-week PRT-cultured mouse testes.
The percentage of seminiferous tubules in pre-cultured neonatal mouse testes and 4-week PRT-cultured mouse testes with
at least one germ cell positive for VASA, SALL4, STRAS, or SYCP3 or with normal appearance of SOX9+ Sertoli cells.
Data represent £ SEM. Unpair t-test was used to perform all comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001.

4.5 Discussion

Several systems were invented for testicular tissue organ culture (TTOC) of mouse,

monkey, and human tissues [54-56, 229, 232, 236, 243, 244]. Ogawa’s team was the first group

producing live pups from mouse testes cultured on agarose gel, a gas-liquid interface system [55,

56]. However, testis tissues tend to mound up after a few days in culture, leading to tissue necrosis
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and inability to maintain tissue viability in long-term cultures. Therefore, they designed a pumped-
driven microfluidic device that could initiate and maintain continuous in vitro spermatogenesis in
cultured mouse testes up to six months with production of functional spermatozoa [54]. However,
the setup of pump-driven devices requires expensive infrastructure investment, highly skilled
researchers to handle culture initiation, refilling medium, and disposing waste medium, large
incubator space due to limited number devices possibly connected to one pump. To overcome
some of these problems, they invented a pumpless microfluidic (PL) device that could initiate in
vitro spermatogenesis and maintain continuous spermatogenesis up to elongating spermatids for
at least four months in cultures of fresh neonatal mouse testes [229].

Our team reproduced the PL devices at the University of Pittsburgh to reevaluate its
efficiency in inducing in vitro spermatogenesis. After using the PL devices to culture neonatal
mouse testes, we encountered some critical limitations that compromised tissue recovery for
downstream analysis. Some of these limitations were mentioned in the previous study [229]. The
device production is a laborious process that requires days of production, expensive equipment,
and high skilled engineers. If these devices are used in clinics, it is impractical due to high
production costs to accommodate large numbers of patient samples. Each mold was expensive and
could only be used to make PDMS pieces for approximately four PL devices. This step is followed
by binding all the parts together that requires at least another hour for each device. In addition, any
adjustment in the design (e.g. tissue chamber, inlet tube, circuit size, etc.) would greatly complicate
the device production process and culture efficiency reevaluation. The tissue seeding into the
device follows an L-shaped path through an inlet tube into the tissue chamber. It is quite
challenging to correctly position the tissue fragment in a limited-sized (2mm length x 2mm width

X 160um height) tissue chamber to allow proper medium flow through the tissue [229]. The
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dimension of the tissue chamber was so limited such that the recovered tissue fragment was usually
damaged when tearing the device apart during the harvest. This process compromises the tissue
quality for histology and other downstream analysis. In addition, these microfluidic devices have
never been tested on cryopreserved testicular tissues or tissues from any other animal models.

De Michelle and colleagues were the only group reporting the furthest maturation of human
spermatogonia to round spermatids when culturing cryopreserved prepubertal human testicular
pieces in transwells — a gas-liquid interface system [236]. Round spermatids were detected at day
16 and were present till day 139 of culture [236]. Nevertheless, presence of these round spermatids
were extremely rare throughout the 139-day culture period (average around 1 round spermatid per
seminiferous tubule cross section) and the number of spermatogonia significantly decreased by
culture day 16 [236]. Tissues cultured on agarose gel or a transwell still follows the principle of
the gas-liquid interface system. Testis tissue fragments tend to mound up in either of these setups
that can drastically reduce accessibility to nutrients and oxygen in the center of the tissue piece.
Yamanaka et al. demonstrated that the PDMS roof helps maintain a monolayer of seminiferous
tubules, thus enhancing the spermatogenesis efficiency in mouse TTOC [232].

Therefore, the present study utilized the combination of the transwell and the PDMS roof
to produce a PDMS-roof transwell (PRT) system. The PRT system aimed to circumvent some
limitations encountered when using the pumpless microfluid (PL) device or the conventional gas-
liquid interface system to provide a more suitable setup for primate testicular tissues. The PRT
system requires a simple and fast device production process, we can produce at least 30 devices
from one mold. The PDMS roof and the transwell can be easily adjusted in design (e.g. tissue
chamber shape and size, PDMS roof thickness, transwell membrane pore size, etc.). The PRT

system also eases the tissue input to allow an ultimate control over tissue placement inside the
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transwell, requires simple tissue maintenance in long-term cultures, and is incubator space
sufficient. Overall, the PRT can overcome several problems encountered in published culture
systems mentioned above. When culturing mouse testes in the PL devices and PRT in parallel, we
observed comparable induced in vitro spermatogenesis efficiency in mouse seminiferous tubule in
terms of ACR-GFP expression and intratubular area expansion.

Tissues retrieved from the PL devices were severely damaged such that
immunohistochemistry analysis was impossible. Meanwhile, tissues cultured in the PRT system
were easily retrieved as whole and were further analyzed by histology and immunohistochemistry.
SALL4+ germ cells had morphology of pro-spermatogonia of large, round germ cells that had not
settled at the basement membrane yet. STRA8+ differentiating spermatogonia and SYCP3+
meiotic cells were not present in pre-cultured neonatal mouse testes but emerged in cultured testes.
The only intratubular somatic cells are Sertoli cells (SOX9+) that had an immature phenotype in
pre-cultured tissues, but showed signs of maturation in cultured tissues (e.g. migration to the
basement membrane, lumen formation, and adult-like nuclei). Overall, we validated the efficiency
of anovel PRT system in inducing in vitro spermatogenesis in mouse testis cultures as comparable
as the PL devices, while providing ease of use advantages to overcome several limitations
encountered in the PL devices. Overall, the PRT system may serve as an alternative TTOC system
for future clinical applications.

In real-time observation of tissues cultured in the PRT system, we did see changes in ACR-
GFP morphology to arch-like and dot-like shapes in the cultured tissues as an indicative of early
stages of round spermatids, but we were not able to identify spermatids in immunohistochemistry
staining for CREM and TNP1 markers (data not shown). It might be due to rare spermatids that

were difficult to observe in paraffin sections. We also derived cell suspension from several PRT-
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cultured mouse testes that showed some sporadic green spermatid-like ACR-GFP cells. We
performed round spermatid intracellular injection (ROSI) using those cell suspensions in the
presence of polyvinylpyrrolidone and calcium to facilitate the in vitro fertilization. Round
spermatids were difficult to identify under the microscope, and they were too rare in our cultured
tissues and too fragile to be sorted by FACS (1N cells) prior to ROSI. Therefore, under the
microscope, we chose small, bright, round cells from the cell suspension for ROSI. We observed
in vitro blastocyst formation from some injected cells while transplanting the rest of the 2-cell
embryos to pseudo-pregnant female recipients, but they did not result in offspring production.
Therefore, it was likely that the blastocysts were the result of parthenogenetic effect caused by
presence of polyvinylpyrrolidone and calcium. In conclusion, complete spermatogenesis and
spermiogenesis to produce spermatids and spermatozoa was not observed in tissues cultured in
either the PRT or the PL system, even when we cultured the tissues for longer than four weeks.
More investigation is guaranteed to improve the in vitro spermatogenesis efficiency in mouse

testicular tissue organ cultures.
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5.1 Chapter Summary

Cryopreserved prepubertal Rhesus macaque tissues were cultured for 8 weeks in the
PDMS-roof transwell (PRT) system in eight medium compositions supplemented with various
growth factors and/or hormones (e.g. FSH, T, hCG, RA, GDNF, and GFRa1). After culture, the
average seminiferous tubule diameters significantly expanded as intratubular cells underwent
maturation. Not only increased proliferative activity of UCHL1+ spermatogonia, but also
increased percentage of germ cells expressing meiotic marker SYCP3 and post-meiotic marker
CREM was observed. Surprisingly, the medium condition with no growth factor/hormone
supplements promoted germ cell survival, proliferation, and differentiation significantly better
than any other treatments where one or more growth factor/hormone supplements were present.
Moreover, hCG seemed to have more positive effects on germ cell survival, proliferation, and
differentiation in tissues of the two older monkey samples than the youngest monkey sample that
we used. In contrast, FSH promoted germ cell survival and proliferation but halted spermatogonia
differentiation. Treatment with retinoic acid (RA) alone or in combination with other factors was
deleterious to germ cell survival. This study helps us better understand differences in in vitro germ
cell development between rodents versus primates, and potentially validate safety and feasibility

of the TTC technology for future applications on human tissues.

5.2 Introduction

Testicular tissue organ culture (TTOC) approach was further tested on fresh non-human

primate (e.g. marmoset) testicular tissues [243]. A previous study examined effects of
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gonadotropins (e.g. FSH and hCG) and marmoset serum supplementation on in vitro development
of fresh, prepubertal marmoset testicular tissues during a 12-day culture period in a transwell
system [244]. No haploid cells (spermatids and spermatozoa) were reported in any of these non-
human primate studies or any other mammalian animal models other than mice [243, 244].
Prepubertal patient tissues are likely to be frozen for years before patients and technologies are
ready to utilize them in the future to regenerate spermatogenesis. Optimizing culture conditions
for in vitro spermatogenesis should be conducted on frozen-thawed primate testicular tissues.

Efforts on human TTOC studies have been made [236, 240, 284, 285]. De Michelle

conducted TTOC experiments on cryopreserved prepubertal human testicular tissues to examine
effects of various hormones and growth factors in a transwell system [236]. They reported presence
of rare haploid germ cells as soon as culture day 16 [236]. However, the number of spermatogonia
drastically decreased by day 16 and there was no difference between two media conditions they
tested [236]. Therefore, this technology still needs further investigation to be fully developed for
human clinical applications. These primate tissue studies did not clearly indicate why they chose
certain medium hormone supplements or culture system (agarose gel or transwell) in their
experiments. The combination of many factors into one culture condition may hinder the
observation of each factor’s effect on testicular maturation [236]. It is important to systematically
investigate effects of individual growth factors/hormones and culture systems in TTOC such that
these results can build a strong foundation for future studies.

Due to limited human tissue source, Rhesus macaque is one of the most excellent animal
models that share similar spermatogenesis process with humans [286]. Studies using
cryopreserved Rhesus macaque testicular tissues would provide valuable knowledge in helping us

further understand primate testicular development. After validating the potential of the PDMS-
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roof transwell (PRT) system to maintain germ cell survival and induce in vitro spermatogenesis in
cultures of neonatal mouse testes, | translated this method to cryopreserved prepubertal Rhesus
macaque testicular tissues. In this study, I also examined effects of various growth factors and
hormones that were known to play essential roles in spermatogonia development as well as
spermatogenesis initiation and completion (e.g. FSH, T, hCG, RA, GDNF, and GFRal). They
were examined individually as well as in two different combinations over the course of 8 weeks
in culture. | hypothesized that the PRT system supports germ cell survival and development in
cryopreserved prepubertal non-human primate testicular tissues.

The results showed that frozen-and-thawed prepubertal non-human primate Rhesus
macaque testicular tissues could survive at least up to 8 weeks when being cultured in the PRT
system. Seminiferous tubules are expanded as germ cells matured in most of the medium
conditions. The “No Supplements” condition yields the most consistent results across all replicates
in terms of germ cell survival, proliferation and differentiation compared to any other treatments.
Combination of those five factors do not enhance germ cell survival. These results indicate that if
the culture condition is proper, somatic cells should be able to secrete factors necessary for germ
cell development. Adding one or few factors at a time may skew this balance and hinder in vitro
maturation of spermatogonia. Centers around the world has cryopreserved around 1000
prepubertal patient testicular biopsies (Table 7). If the TTOC technology is fully developed and
safely tested for human clinical applications, patients can utilize their frozen-thawed prepubertal

tissues to restore spermatogenesis.
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5.3 Methods and Materials

5.3.1 Tissue source and cryopreservation method

The use of nonhuman primate Rhesus macaque tissues in our experiments was approved
by the Institutional Animal Care and Use Committees (IACUC) of Magee-Womens Research
Institute, the University of Pittsburgh and the Oregon Health & Science University. Experiments
were performed in accordance to the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. Prepubertal Rhesus macaque testes were obtained either by hemicastration
following sedation with Ketamine (10mg/kg)-Xylazine (0.7mg/kg) and anaesthetization with
isoflurane or by castration of euthanized macaques. Testes were stored and transported in Lactated
Ringers Solution (Cat# NC0957153, Fisher Scientific) at 4°C and were processed by the removal
of the tunica followed by dissecting the testes into small pieces (9-20mma3) in a sterile laminar
flow biosafety cabinet. Testicular tissue pieces were then cryopreserved in a cryoprotectant
medium composed of 5% fetal bovine serum (FBS, Cat# 16141061, Thermo Fisher Scientific) and
5% dimethyl sulfoxide (DMSO, Cat# D8418, Sigma) in Minimum Essential Medium alpha
(MEMa, Cat# 12561-056, Invitrogen). Testicular samples were cryopreserved using the controlled
slow freezing protocol in the Freeze Control® temperature controller (Cat # CL-5500, CryoLogic),
as previously described [52]. Briefly, cryovials were equilibrated to the cryoprotectant medium at
4°C for 30 minutes. Samples were then cooled from 4°C to OC at a controlled rate of -1°C/minute,
then held at 0°C for 5 minutes, followed by cooling to -8°C at the rate of -0.5°C/minute. Samples
were manually seeded at -8°C followed by cooling to -40°C at the rate of -0.5°C/minute. Samples
were held that this temperature for 10 minutes followed by rapid cooling to -80°C at -1.5°C/minute.
At this point, the vials were plunged into liquid nitrogen, where they were stored until application
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for culture. For thawing, after retrieval from liquid nitrogen, cryovials containing testicular tissue
pieces were quickly transferred into a water bath at 37°C until completely thawed. Thawed tissues
were transferred into a sterile dish and washed three times in MEMa + 10%KSR for 5 min each

time at 34°C.

5.3.2 PDMS-roof transwell (PRT) culture system

Standard SU-8 photolithography process was used for fabricating mold masters.
Photoresist (Cat# Su-8 2075, Kayaku Advanced Materials, Inc.) was spin coated at selected speed
on a single side polished silicon wafer to achieve targeted thickness. The wafer was then soft
baked, patterned by UV light exposure, post baked and developed in photoresist developer (SU-8
developer, Kayaku Advanced Materials, Inc.). Finally, wafer was rinsed in 2-Propanol alcohol
(Cat# 190764, Sigma-Aldrich, Inc.) and hard baked on hotplate at 150°C for 15 mins. Silane was
then coated on mold master for easy detachment of PDMS layer, 2 drops of Trichloro silane (Cat#
448931, Sigma-Aldrich, Inc.) was put in desiccator together with the master mold, vacuum
evaporated for 15mins and baked on hotplate for 10mins at 150°C. The PDMS ceiling chip was
made from mixing PDMS prepolymer and curing agent (Sylgard™ 182 Silicone Elastomer Kit,
Cat# NC9897184, Fisher Scientific) at a 10:1 weight ratio. The mixture was poured over a mold
master, put in a vacuum desiccator for degassing, then cured on a hotplate at 150°C for 15mins.
The PDMS chip was then cut and peeled from the master mold. The PDMS chips were sterilized
by UV light overnight before being used in testicular tissue cultures. Nunc™ polycarbonate
transwells were commercially available with membrane pore size of 3um and culture surface area

of 1.13cm? (Cat# 140654, ThermoFisher). The testicular fragment was placed on the transwell

95



membrane and compressed by a PDMS chip on top, forming a PDMS-roof transwell (PRT) culture

system.

5.3.3 Testicular tissue thawing and culture initiation

Cryovials containing testicular tissue pieces were retrieved and transferred to a water bath
maintained at 37°C until completely thawed. Samples were rinsed with and placed in HBSS (Cat#
24-020-117, Fisher Scientific). They were cut into smaller fragments (~1mm?) and seminiferous
tubules were spread flat into a monolayer a culture initiation. Each tissue piece was placed on the
membrane in the transwell, and the PDMS roof was placed on top of the tissue to form a sealed
chamber. Half a milliliter of each medium condition was added into each well. The medium was
refreshed every 3-4 days. The tissues were cultured in the basal medium (MEMa. + 10%Knockout
Serum Replacement, labeled as No supplements group) or the basal medium supplemented with:
50IU/L FSH; 1uM Testosterone (T); 11U/L human chorionic gonadotropin (hCG); 10uM Retinoic
Acid (RA); 500ng/ml GDNF + 250ng/ml GFRal; 50IU/L FSH + 1uM T+ 10uM Retinoic Acid
(RA) + 500ng/ml GDNF + 250ng/ml GFRal; or 50mIU/ml FSH + 1IU/L hCG + 10uM RA +
500ng/ml GDNF + 250ng/ml GFRal (Figure 18). Medium was refreshed every 3-4 days during
the culture time. Tissues were maintained at 34°C at 5%CO2. Tissue of each culture condition was
harvested at 8 weeks. Analysis includes brightfield images of cultured tissues, tubule integrity
scoring based on hematoxylin and eosin staining, and immunohistochemistry quantification of

multiple molecular markers.
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5.3.4 Hematoxylin and eosin staining

Prepubertal Rhesus macaque testicular tissues prior to cryopreservation, adult control
testicular tissue along with cultured tissues were fixed in 4% PFA overnight at 4°C, washed and
embedded in paraffin. The paraffin sections were cut with 4um in thickness and mounted on glass
slides. For hematoxylin and eosin staining, sections were then deparaffinized and rehydrated by
exposing sections to a graded ethanol series of decreasing ethanol concentrations with the final
hydration in water. Sections were then stained in hematoxylin (Cat# 3801575, Leica Biosystems
Inc.) and eosin (Cat# 3801606, Leica Biosystems Inc.). Histology processing was performed by

the Histology and Imaging Core at Magee-Womens Research Institute.

5.3.5 Immunohistochemistry

Rhesus macaque testicular tissues were fixed in 4%PFA for 2 hours, then embedded in
paraffin. Paraffin sections were cut with 4um thickness. Paraffin sections were melted at 65.5C for
30min and deparaffinized in xylene (10 mins x 2 times) and rehydrated in graded ethanol series (2
x 100% for 10 min each, 95% for 5 mins, 80% for 5 mins, 70% for 5 mins, 50% for 5 mins, 25%
for 5 mins) and washed in 1X DPBS for 3 mins. Sections were then incubated in sodium citrate
buffer (10mM Sodium Citrate, 0.05% Tween-20, pH 6.0) at 97.5°C for 30 min to retrieve antigenic
sites. Sections on slides were cooled and washed twice in DBPST (0.1% Tween-20 in 1X DPBS)
for 2 min each. Donkey buffer (1X DPBS containing 3% bovine serum albumin, 0.1% Triton X-
100 and 5% normal donkey serum) was then used to block non-specific antigenic sites in tissue
sections for 30 min at room temperature. Primary antibodies (goat anti-VASA 1:200 (Cat#

AF2030, R&D), mouse anti-UCHL1 1:100 (Cat# LS-B166043-50, LSBio), rabbit anti-SYCP3
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1:100 (Cat# ab15093, Abcam), rabbit anti-CREM 1:100 (Cat# LS-B13702-50, LSBi0), rat anti-
Ki67 1:200 (Cat# 14-5698-82, Invitrogen)), were diluted in donkey blocking buffer and added to
tissue sections for overnight incubation at 4°C. Mouse IgG (Cat# BDB557273, BD Bioscience),
rabbit IgG (Cat# BDB550875, BD Bioscience), rat IgG (Cat# 1-4000-1, Vector Laboratories), and
goat IgG (Cat# AB-108-C, R&D) antibodies at similar concentrations as primary antibodies were
used as isotype negative controls. After washing (3 x 5 min in 1X DPBS), secondary antibodies
(donkey-anti-rabbit AlexaFluoro488 (Cat# A21206, Abcam), donkey-anti-goat AlexaFluoro568
(Cat# A11057, Abcam), donkey-anti-rat AlexaFluoro488 (Cat# A21208, Abcam), donkey-anti-
mouse AlexaFluoro488 (Cat# A21202, Abcam), and donkey-anti-mouse AlexaFluoro568 (Cat#
10037, Abcam) were added to tissue sections and incubated for 45 mins at room temperature. After
rinsing three times with DPBS-T for 5 min each, then once with DPBS for 5 min, tissue sections

were mounted with DAPI-containing mounting medium (Cat# H-1200, Vector Laboratories).

5.3.6 Seminiferous tubule diameter measurement and germ cell quantification

Seminiferous tubule diameter was measured using the area measurement tool in the NIS-
Element Analysis software. The number of each germ cell marker was quantified only in round
cross-section of each seminiferous tubules. At least 30 tubule cross sections were quantified for

each sample.

5.3.7 Statistical analysis

Each comparison was made between the No treatments, FSH, T, hCG, RA,

GDNF+GFRal, FSH+T+RA+GDNF+GFRal, or FSH+hCG+RA+GDNF+GFRal treatment with
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the Pre-culture group and between the FSH, T, hCG, RA, GDNF+GFRal,
FSH+T+RA+GDNF+GFRal, or FSH+hCG+RA+GDNF+GFRal treatment with the No
supplements group. Statistical analysis using linear model was performed for comparisons of
seminiferous tubule diameters and for comparisons of the number of VASA+, UCHL1+, SYCP3+,
or CREM+ cells between groups. Statistical analysis using generalized linear model with
quasibinomial family was performed for comparisons of #VASA+, #UCHL1+, #SYCP3+,
#CREM, (UCHL1+/VASA+)% or (SYCP3+/VASA+)% between groups. Statistical analysis
using generalized linear model with quasibinomial family and custom link function was performed

for comparisons of (Ki67+/UCHL1+)% or (CREM+/VASA+) between groups.

5.4 Results

5.4.1 Seminiferous tubule integrity of 8-week cultured cryopreserved, prepubertal Rhesus

testicular tissues in comparison with the pre-cultured tissues

Cryopreserved prepubertal Rhesus testicular tissue fragments were cultured in the PRT
system for 8 weeks in eight different medium conditions (Figure 18). Rhesus monkey samples
included nHP36882 (0 year 350 days old), nHP35397 (2 years 46 days old), and nHP34674 (2
years 338 days old). After harvesting the cultured tissues, histology analysis by hematoxylin and
eosin staining was recorded for each sample (Figure 19). The No Supplements group preserved
the tubule integrity consistently well among all three replicates (Figure 19A-C). FSH treatment
could not maintain tubule integrity in the two older monkey samples (Figure 19D-F). hCG, T,

RA, or GDNF+GFRal treatment seemed to yield best result in preserving tubule integrity in the
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oldest monkey sample (Figure 19G-R). Tubule degeneration was most severe in the two groups of

combined factors (Figure 19S-W).

B[ Rhesus macaque age: 0-3 years old
Tissue source: Cryopreserved testicular tissues
Culture system: PDMS-roof Transwell (PRT)
Culture duration: 8 weeks

|

Medium composition]F

1. MEMa + 10% KSR (No supplements)|

MEMa + 10% KSR (with supplements)
2. Follicle Stimulating Hormone (FSH) (501U)

3. Testosterone (T) (1pM)

4. Human Chorionic Hormone (hCG) (11U)

5. GDNF (500ng/ml) + GFRa1(250ng/ml)

6. Retinoic Acid (RA) (10uM)

7. FSH(501U) + T(1pM) + RA(10pM) + GDNF (500ng/ml) + GFRa1(250ng/ml)

8. FSH(50IU) + hCG (11U) + RA(10uM) + GDNF (500ng/ml) + GFRa1(250ng/ml)

Figure 18. Experimental design of Rhesus macaque testicular tissues cultured in the PDMS-roof transwell (PRT) system.
Cryopreserved, prepubertal Rhesus macaque testicular fragments of approximately 1mm? each was cultured in the PRT

system in eight different medium compositions.

The tubule integrity was scored according to somatic cell and germ cell attachment to the
basement membrane as well as pyknotic DNA formation due to cell death (Figure 20A). The group
of No Supplements preserved the tubule integrity better than any other treatments with the highest

percentage of tubules with healthy germ cell and Sertoli cell morphology (score 4 =29.63 £ 5.94%;

100



score 3 = 55.15 = 4.99%) (Figure 20B). The combinations of all tested factors led to most
deleterious outcome of tubule integrity (Figure 20B).

Prior to culture, some germ cells and Sertoli cells are still located in the center of the
seminiferous cords. After culture, they migrated to the basement membrane as a sign of in vitro
maturation (Figure 20C). Sertoli cells might have secreted seminal fluid as they matured to allow
intratubular expansion in the No Supplements, FSH, hCG, and GDNF+GFRal groups (Figure
20D). The hCG treatment resulted in the largest seminiferous tubule expansion (72.82 + 2.2um)
compared to any other groups. The group of No Supplements (64.7 £ 1.6pum), FSH (62.42 +
3.7um=), or GDNF+GFRal (58.3 £ 1.6um) also showed a significant increase in the average
tubule diameter compared to that in the pre-cultured tissues (49.8 + 0.8um) (Figure 20D).
However, the seminiferous tubules significantly shrunk after 8 weeks in culture in the treatment
of RA (445 + 1.1um), FSH+T+RA+GDNF+GFRal (40.1 + 1.0um), or

FSH+hCG+RA+GDNF+GFRal (49.0 + 3.0um) (Figure 20D).
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Figure 19. Histology analysis by hematoxylin and eosin (H&E) staining of three cryopreserved Rhesus macaque testicular
tissues cultured for 8 weeks in the PRT system in various medium conditions.
Representative images for Rhesus macaque tissues of (A-V) nHP36882 (0yr 350d), (B-W) nHP35397 (2yrs 46d), (C-U)

nHP35397 (2yrs 338d) cultured in medium composition of (A-C) MEMa + 10% Knockout Serum Replacements (KSR)
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(No Supplements), or No Supplements with addition of (D-F) 501U FSH, (G-1) 1uM Testosterone (T), (J-L) 11U human
chorionic gonadotropin (hCG), (M-O) 10uM Retinoic Acid (RA), (P-R) 500ng/ml GDNF + 250ng/ml GFRal, (S-U) 501U
FSH + 1pM T+ 10pM RA + 500ng/ml GDNF + 250ng/ml GFRal, or (V-W) 501U FSH + 11U hCG + 10pM RA + 500ng/ml

GDNF + 250ng/ml GFRal. Scale bars: 100um (A-W); 20pum (insets of A-W).
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SCORE 4: Spermatogonia and Sertoli cells show normal DNA morphology and are
located on the basement membrane.
SCORE 3: Small number of cells show pyknotic nuclei within the lumen, but the majority
of spermatogonia and Sertoli cells are still attached the basement membrane.
SCORE 2: Majority of intratubular cells show pyknotic nuclei with mostly Sertoli cells left
that are still attached to the basement membrane.
SCORE 1: Severe seminiferous tubule degeneration with >90% of intratubular cells
showing pyknotic nuclei; only a few cells are still attached to the basement membrane
SCORE 0: Basement membrane is still recognized, but no germ cells and Setoli cells
are present; there may be some residual pyknotic nuclei left.
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Figure 20. Seminiferous tubule integrity scoring of pre-cultured and 8-week-cultured cryopreserved, prepubertal Rhesus
macaque testicular tissues.
(A) Seminiferous tubule integrity scoring criteria ranking from Score 0 to Score 4 as shown in representative histology
images along with their description. (B) Average seminiferous tubule integrity scores of nHP36882 (Oyr 350d), nHP35397
(2yrs 46d), and nHP34674 (2yrs 338d) of pre-cultured and 8-week cultured tissues in various medium conditions. (C)

Representative images of seminiferous tubule expansion in individual monkey samples comparing pre-cultured and 8-
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week cultured tissues. Data represent £ SEM. (D) Measurements of the average seminiferous tubule diameters of pre-
cultured and 8-week cultured tissues in various culture medium conditions. Data represent £ SEM. Statistical analysis
using linear model was performed for all the comparisons. 2No statistical difference compared to the Pre-culture (p >
0.05), PStatistical difference compared to the Pre-culture (p < 0.05), ®Statistical difference compared to the Pre-culture
and the No Supplements (p < 0.05), 2bNo statistical difference compared to the Pre-culture and the No Supplements (p >

0.05).

5.4.2 Quantification of total VASA+ germ cells in the 8-week cultured cryopreserved,

prepubertal Rhesus testicular tissues in comparison with the pre-cultured tissues

VASA marks multiple germ cell generations, from undifferentiated spermatogonia to
round spermatids [287]. Therefore, VASA was used in immunohistochemistry analysis to quantify
the total number of germ cells present in the pre-cultured tissues and 8-week cultured tissues
(Figure 21A, D). After an 8-week culture period, the number of total VASA+ germ cells was
maintained in the youngest monkey sample, nHP36882, but decreased in the other two older
samples, nHP35397 and nHP34674, compared to their pre-cultured tissues (Figure 22A). In
contrast, hCG treatment showed better effects in preserving the number of total VASA+ germ cells
as the monkey got older (Figure 22A). The number of VASA+ germ cells significantly decreased
in all other treatment groups compared to the pre-cultured tissues (Figure 21M). hCG treatment
(3.1 £ 0.3) was the only group that maintained the number of VASA+ cells equivalent to that in
the No Supplements group (3.4 £ 0.2), while all other treatments showed lower values (Figure
22A). The addition of RA was detrimental to the survival of germ cells and the presence of other

factors could not rescue the germ cell loss when used in combination with RA (Figure 22A).
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5.4.3 Quantification of UCHL1+ undifferentiated spermatogonia in the 8-week cultured
cryopreserved, prepubertal Rhesus testicular tissues in comparison with the pre-

cultured tissues

UCHLL1 is a marker for undifferentiated spermatogonia [152] and was used in our
immunohistochemistry analysis (Figure 21B,E,G,J). The number of UCHL1+ undifferentiated
spermatogonia per tubule cross section decreased in all treatment groups compared to the pre-
cultured tissues (Figure 21N). The FSH treatment was the only treatment preserving as high
number of UCHL1+ cells per tubule cross section in all three replicates as the No Supplements
group, while other treatments resulted in a significantly lower number of UCHL1+ cells than the
No Supplements group (Figure 22B). The hCG treatment showed more positive effects in
preserving UCHL1+ cells in the two older monkey samples (nHP35397: 0.9 £ 0.1; nHP34674: 1.0
+ 0.2) than in the youngest one (nHP36882: 0) (Figure 22B). The UCHL1+ undifferentiated
spermatogonia population was severely damaged in the treatment of RA, and the presence of other
factors could not rescue this effect when used in combination with RA (Figure 22B).

The percentage of VASA+ germ cells expressing UCHL1 (UCHL1+/VASA+)% was also
quantified for the pre-cultured and the 8-week cultured tissues (Figure 21A-F). Prior to culture,
the (UCHL1+/VASA+)% was similar across all three monkey samples (nHP36882: 82.5 + 3.0%;
nHP35397: 90.9 + 1.8%; nHP34674: 88.6 + 1.6%). After the 8-week culture period, the
(UCHL1+/VASA+)% significantly decreased in all treatment groups (Figure 210). In the No
Supplements group, the (UCHL1+/VASA+)% was lower in the older monkey samples
(nHP36882: 82.7 + 2.6%; nHP35397: 43.7 £ 8.3%; nHP34674: 34.0 = 3.8%), implying that the
samples contained more differentiated germ cells (Figure 22C). The hCG treatment showed more

positive effects in maintaining the (UCHL1+/VASA+)% in the two older monkey samples
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(nHP35397: 29.4 + 4.6%; nHP34674: 36.2 =+ 5.3%) than the youngest one (nHP36882: 0%) (Figure

22C). Other treatments yielded mixed effects among the replicates (Figure 22C).
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Figure 21. Quantification of total VASA+ germ cells, UCHL 1+ undifferentiated spermatogonia, (UCHL1+/VASA+)%,
and (Ki67+/UCHL1+)% proliferative spermatogonia of the pre-cultured and the 8-week-cultured cryopreserved,

prepubertal Rhesus macaque testicular tissues.
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(A-F) Representative VASA (germ cells) and UCHL1 (undifferentiated spermatogonia) immunohistochemistry co-
staining images of (A-C) pre-cultured tissues and (D-F) 8-week cultured tissues. Scale bars: 20um for A-F. (G-L)
Representative UCHL1 (undifferentiated spermatogonia) and Ki67 (proliferating cells) immunohistochemistry co-
staining images of (G-I) pre-cultured tissues and (J-L) 8-week cultured tissues. Scale bars: 20um for G-L. (M-P)
Combined quantification of germ cells expressing UCHL1, VASA, and/or Ki67 markers per seminiferous tubule cross
section in the pre-cultured and 8-week cultured testicular tissues of nHP36882, nHP35397, and nHP34674 samples. (M)
Number of total VASA+ germ cells, labeled as #VASA+. (N) Number of UCHL1+ germ cells, labeled as #UCHL1+. (O)
Percentage of UCHL 1+ undifferentiated spermatogonia out of all VASA+ germ cells, labeled as (UCHL1+/VASA+)%.
Label $ meant no VASA+ germ cells were present, so the (UCHL1+/VASA+)% value could not be calculated. (P)
Percentage of Ki67+ proliferating spermatogonia out of all UCHL1+ undifferentiated spermatogonia, labeled as
(Ki67+/UCHL1+)%. Label $ meant no UCHL1+ germ cells were present, so the (Ki67+/UCHL1+)% value could not be
calculated. Graphs show means + SEM. Statistical analysis using generalized linear model with quasibinomial family was
performed for comparisons of #VASA+, #UCHL1+, or (UCHL1+/VASA+)% between groups. Statistical analysis using
generalized linear model with quasibinomial family and custom link function was performed for comparisons of
(Ki67+/UCHL1+)% between groups. 2No statistical difference compared to the Pre-culture (p > 0.05), PStatistical
difference compared to the Pre-culture (p < 0.05), °Statistical difference compared to the Pre-culture and the No

Supplements (p < 0.05), *PNo statistical difference compared to the Pre-culture and the No Supplements (p > 0.05).

5.4.4 Quantification of (Ki67+/UCHL1+)% proliferating undifferentiated spermatogonia in
the 8-week cultured cryopreserved, prepubertal Rhesus testicular tissues in

comparison with the pre-cultured tissues

We co-stained Ki67 with UCHL1 to quantify the percentage of undifferentiated
spermatogonia actively proliferating in the pre-cultured and the 8-week-cultured tissues, labeled
as (Ki67+/UCHL1+)% (Figure 21G-L). After culture, the (Ki67+/UCHL1+)% in the No
Supplements group (42.8 = 3.6) and the FSH group (34.9 + 4.3%) significantly increased in all
three replicates compared to the pre-cultured tissues (8.2 £ 0.9%) (Figure 21P). The hCG treatment
resulted in a significant increase of (Ki67+/UCHL1+)% only in the oldest monkey (nHP34674:
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39.6 = 7.4%) compared to its corresponding pre-cultured tissue (nHP34674: 12.3 + 1.6%) (Figure
22D). The GDNF+GFRaol treatment also showed more positive effects on spermatogonia
proliferation in the two older monkey samples (nHP36882: 0%; nHP35397: 22.2 + 14.7%j;
nHP34674: 30.5 £ 8.0%) compared to their corresponding pre-cultured tissues (nHP36882: 5.5 +

1.8%; nHP35397: 6.3 + 1.2%; nHP34674: 12.3 + 1.6%) (Figure 22D).
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Figure 22. Quantification of total VASA+ germ cells, UCHL 1+ undifferentiated spermatogonia, (UCHL1+/VASA+)%,
prepubertal Rhesus macaque testicular tissue samples.

Each value was the quantification of positive cells for each marker per semiserious tubule cross section for individual
samples of nHP36882 (Oyr 350d), nHP35397 (2yrs 46d), and nHP35397 (2yrs 338d). (A) Number of total VASA+ germ

and (Ki67+/UCHL1+)% proliferative spermatogonia of individual pre




cells, labeled as #VASA+. Label ¥ meant sample was not recovered. (B) Number of UCHL 1+ germ cells, labeled as
UCHLZ1+. Label 4 meant sample not recovered. (C) Percentage of UCHL1+ undifferentiated spermatogonia out of all
VASA+ germ cells, labeled as (UCHL1+/VASA+)%. Label ¢ meant no VASA+ germ cells were present, so the
(UCHL1+/VASA+)% value could not be calculated. (D) Percentage of Ki67+ proliferating spermatogonia out of all
UCHL1+ undifferentiated spermatogonia, labeled as (Ki67+/UCHL1+)%. Label ¢ meant no UCHL1+ germ cells were
present, so the (Ki67+/UCHL1+)% value could not be calculated. Graphs show means + SEM. Statistical analysis using
generalized linear model with quasibinomial family was performed for comparisons of #VASA+, #UCHL1+, or
(UCHL1+/VASA+)% between groups. Statistical analysis using generalized linear model with quasibinomial family and
custom link function was performed for comparisons of (Ki67+/UCHL1+)% between groups. 2No statistical difference
compared to the Pre-culture (p > 0.05), PStatistical difference compared to the Pre-culture (p < 0.05), SStatistical
difference compared to the Pre-culture and the No Supplements (p < 0.05), *PNo statistical difference compared to the

Pre-culture and the No Supplements (p > 0.05).

5.4.5 Quantification of SYCP3+ meiotic germ cells in the 8-week cultured cryopreserved,

prepubertal Rhesus testicular tissues in comparison with the pre-cultured tissues

We co-stained SYCP3 with VASA to quantify the proportion of meiotic germ cells in the
pre-cultured and 8-week-cultured tissues (Figure 23A-F). Prior to culture, all three monkey
samples had a small population of VASA+ germ cells expressing SYCP3 marker (Figure 24A-B).
These SYCP3+ meiotic cells were still located on the basement membrane, indicating that they
were still in an early stage of meiosis (Figure 23A-C). After culture, the number of SYCP3+
meiotic cells per tubule cross section was maintained in the No Supplements group (1.2 +0.1) and
the hCG group (1.2 £ 0.1) compared with the pre-culture samples (1.2 = 0.1) (Figure 23M). In the
No Supplements group, the number of SYCP3+ cells was maintained the same as in the pre-
cultured tissue across all three monkey samples (Figure 24A). Meanwhile, the hCG treatment

showed more positive effects in preserving the number of SYCP3+ cells in the two older monkey
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samples, but not in the youngest one (Figure 24A). The rest of culture treatments showed a
significant decrease in the number of SYCP3+ cells.

We also quantified the proportion of VASA+ cells expressing SYCP3, labeled as
(SYCP3+/VASA+)%. Compared to the Pre-culture group (33.3 £ 1.7%), the (SYCP3+/VASA+)%
significantly increased in tissues cultured in the No Supplement group (39.4 + 2.8%) and the hCG
group (43.8 = 3.1%) (Figure 23N). The treatment of hCG, T, or GDNF+GFRal only showed
positive effects in maintaining (SYCP3+/VASA+)% in the two older monkey samples (Figure
24B). The presence of RA alone or in combination with other factors consistently showed a

detrimental effect to the survival of SYCP3+ cells across all three replicates.

5.4.6 Quantification of CREM+ post-meiotic germ cells in the 8-week cultured
cryopreserved, prepubertal Rhesus testicular tissues in comparison with the pre-

cultured tissues

We co-stained CREM with VASA to quantify the proportion of post-meiotic germ cells in
pre-cultured and 8-week-cultured tissues (Figure 23G-L). One out of the three monkey samples
(nHP35397) showed a weak expression of CREM protein in 16.5 + 2.2% of all VASA+ cells with
an average of 0.7 + 0.1 CREM+ cells per tubule cross section (Figure 24C-D). After culture, all
three monkey samples in the No Supplements group showed presence of CREM+ post-meiotic
germ cells (Figure 24C). Only the No Supplements group showed a significant increase in number
of CREM+ cells (0.4 + 0.1) compared to the Pre-culture group (0.2 + 0.0) (Figure 230). When we
quantified the percentage of VASA+ cells expressing CREM, labeled as (CREM+/VVASA+)%, we
also observed the a significant increase by about 4 folds in the No Supplements group (22.3
3.3%) compared to the Pre-culture group (5.4 £ 0.9%) (Figure 24D). In the nHP35397 monkey
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sample that had CREM+ cells prior to culture, GDNF+GFRal maintained the number and the
percentage of CREM+ cells throughout the culture (Figure 24D). Other treatment groups did not

show consistent effects across the three replicates in terms of promoting spermatogonia

differentiation.
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Figure 23. Quantification of total SYCP3+ meiotic germ cells and CREM+ post-meiotic germ cells in the pre-cultured and
the 8-week-cultured cryopreserved, prepubertal Rhesus macaque testicular tissues.
(A-F) Representative VASA (germ cells) and SYCP3 (meiotic germ cells) immunohistochemistry co-staining images of (A-

C) pre-cultured tissues and (D-F) 8-week cultured tissues. Scale bars: 20um for A-F. (G-1) Representative VASA (germ
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cells) and CREM (post-meiotic germ cells) immunohistochemistry co-staining images of the (G-1) pre-cultured tissues and
(J-L) 8-week cultured tissues. Scale bars: 20um for G-1. (M-P) Combined quantification of germ cells expressing SYCP3,
CREM, and VASA markers per seminiferous tubule cross section in the pre-cultured and 8-week cultured testicular
tissues of NHP36882, nHP35397, and nHP34674 samples. (M) Number of total SYCP3+/VASA+ meiotic germ cells,
labeled as #SYCP3+. (N) Percentage of SYCP3+ meiotic germ cells out of all VASA+ germ cells, labeled as
(SYCP3+/VASA+)%. Label $ meant no VASA+ germ cells were present, so the (SYCP3+/VASA+)% value could not be
calculated. (O) Number of CREM+/VASA+ post-meiotic germ cells, labeled as #CREM+. (P) Percentage of CREM+ post-
meiotic germ cells out of all VASA+ germ cells present, labeled as (CREM+/VASA+)%. Label ¢ meant no VASA+ germ
cells were present, so the (CREM+/VASA+)% value could not be calculated. Graphs showed means + SEM. Statistical
analysis using generalized linear model with quasibinomial family was performed for comparisons of #SYCP3+,
#CREMH+, or (SYCP3+/VASA+)% between groups. Statistical analysis using generalized linear model with quasibinomial
family and custom link function was performed for comparisons of (CREM+/VASA+)% between groups. 2No statistical
difference compared to the Pre-culture (p > 0.05), "Statistical difference compared to the Pre-culture (p < 0.05),
°Statistical difference compared to the Pre-culture and the No Supplements (p < 0.05), 2PNo statistical difference

compared to the Pre-culture and the No Supplements (p > 0.05).
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Figure 24. Quantification of total SYCP3+ meiotic germ cells and CREM+ post-meiotic germ cells in the pre-cultured and
the 8-week-cultured cryopreserved, prepubertal Rhesus macaque testicular tissues.
Each value was the quantification of positive cells for each marker per semiserious tubule cross section for individual
samples of NnHP36882 (0yr 350d), nHP35397 (2yrs 46d), and nHP35397 (2yrs 338d). (A) Number of total SYCP3+/VASA+

meiotic germ cells, labeled as #SYCP3+. Label y meant sample was not recovered. (B) Percentage of SYCP3+ meiotic
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germ cells out of all VASA+ germ cells, labeled as (SYCP3+/VASA+)%. Label ¢ meant no VASA+ germ cells were
present, so the (SYCP3+/VASA+)% value could not be calculated. (C) Number of CREM+/VASA+ post-meiotic germ
cells, labeled as #CREM+. Label x, meant sample not recovered. (D) Percentage of CREM+ post-meiotic germ cells out of
all VASA+ germ cells present, labeled as (CREM+/VASA+)%. Label ¢ meant no VASA+ germ cells were present, so the
(CREM+/VASA+)% value could not be calculated. Graphs showed means + SEM. Data were analyzed by one-way
ANOVA tests. 2No statistical difference compared to the Pre-culture (p > 0.05), ®Statistical difference compared to the
Pre-culture (p < 0.05), Statistical difference compared to the Pre-culture and the No Supplements (p < 0.05), 2®No

statistical difference compared to the Pre-culture and the No Supplements (p > 0.05).

5.5 Discussion

De Michelle and colleagues were the only group reporting the presence of round spermatids
as the furthest maturation of human spermatogonia when culturing cryopreserved prepubertal
human testicular pieces in transwells — a gas-liquid interface system [236]. Human spermatogonia
were differentiated into round spermatids by culture day 16 and present up to culture day 139
[236]. Nevertheless, their presence was extremely rare throughout the entire culture period
(average around 1 round spermatid per seminiferous tubule cross section) and the number of
spermatogonia significantly decreased by day 16 [236]. Tissue cultured on agarose gel or a
transwell shares similar limitations of a gas-liquid interface. The testicular tissue fragment tends
to mound up in this setting that can drastically reduce accessibility to nutrients and oxygen in the
center area of the tissue. Yamanaka et al. demonstrated that a PDMS roof can help maintain a
spread the seminiferous tubules on agarose gel, thus enhancing the spermatogenesis efficiency in
mouse TTOC [232]. Therefore, in our previous study, we invented and validated the efficiency of
using the PDMS-roof transwell (PRT) system in initiating in vitro spermatogenesis in cultures of
neonatal mouse testes.
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In this study, we investigated how to PRT system can maintain cultures of cryopreserved
prepubertal primate (Rhesus macaque) testicular tissues for an extended culture period of eight
weeks. We also tested effects of several growth factors and hormones, individually and in two
combinations, on the development of prepubertal Rhesus testicular tissues. After 8 weeks in
culture, the tissue pieces were harvested, fixed, and analyzed for multiple endpoints. The condition
of No Supplements promoted spermatogonia survival, proliferation, and differentiation most
consistently across all replicates compared to other treatment groups. The treatment of FSH, hCG,
RA, or GDNF+GFRal alone or in combinations yielded differential effects on germ cell
proliferation and differentiation among the replicates. These observations indicated that in the No
Supplements group, the somatic compartments were matured in culture such that they secreted
proper amounts of cytokines and hormones needed for germ cell development. Adding only one
or several factors (FSH, hCG, RA, or GDNF+GFRal) at constant concentrations throughout the
entire culture period likely skews the balance between self-renewal and differentiation rates which
is not optimal for driving complete in vitro spermatogenesis.

A previous in vivo study showed that treating prepubertal Rhesus macaques with FSH or
testosterone alone was sufficient to promote proliferation of spermatogonia and Sertoli cells, thus
increasing seminiferous tubule diameter and overall testicular weight [288]. When culturing
cryopreserved prepubertal Rhesus testis tissues for eight weeks, we also observed an increase in
seminiferous tubule diameters in the FSH-treated group but not in the T-treated group. Moreover,
FSH was known to stimulate Sertoli cells to facilitate spermatogonia survival and their transition
to spermatocytes in primates [289]. We observed a consistent effect of FSH treatment in preserving
spermatogonia survival and proliferation across all replicates compared to the pre-cultured

samples, but FSH did not promote spermatogonia differentiation to SYCP3+ meiotic and CREM+
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post-meiotic cells. This result suggests that consistently adding FSH to the cultures may halt in
vitro spermatogonia differentiation.

In testis, Leydig cells are responsible for T secretion in response to gonadotropin LH
released from the pituitary [13]. hCG is commonly used as a replacement for LH that is needed for
testis development [290]. Testosterone plays a crucial role in spermatid morphological
differentiation (cytoplasm shedding and DNA condensation) during spermiogenesis to form
spermatozoa [289, 291]. In the current study, the effects of hCG or T on spermatogonia showed
some correlations with the Rhesus donor age. hCG treatment yielded the highest tubule expansion
among all treatments. hCG also showed better outcomes on older animal samples in terms of
promoting spermatogonia survival and proliferation as well as formation of SYCP3+ meiotic cells,
but it did not support further germ cell differentiation to produce CREM+ post-meiotic cells.
Meanwhile, in the two older animal samples, T treatment showed no effects in spermatogonia
proliferation, and induced expression of the post-meiotic marker (CREM) in only the oldest
Rhesus sample. These results imply that stimulating Leydig cells by hCG supplement to secrete
testosterone at a proper concentration needed for spermatogonia differentiation can be more
beneficial than adding T directly into the cultures at a constant concentration throughout the entire
culture period. Exposing the cells to constantly high T concentration may exhaust the
spermatogonia pool to differentiation without creating an environment for them to replenish the
spermatonogial stem cell pool through self-renewal mitotic divisions. Another group examined the
combined effects of gonadotropins (FSH and hCG) and marmoset serum supplementation on in
vitro development of fresh prepubertal marmoset testicular tissues during a 12-day culture period
in a transwell system [244]. They reported that the gonadotropin and marmoset serum maintained

the survival of MAGEAA4+ undifferentiated spermatogonia and promoted the expression of BOLL
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meiotic protein, which were not observed in supplements-free cultures [244]. But they did not
observe post-meiotic germ cells (spermatid) formation in any of their culture conditions.

In mouse spermatogonia stem cell (SSC) culture, combination of GDNF with GFRal
promoted SSC proliferation better than GDNF alone [146]. Therefore, we combined GDNF
together with its own receptor GFRal. Similar to FSH effects described earlier, the
GDNF+GFRal treatment did not have any effect on spermatogonia differentiation in our cultures.
Instead, GDNF+GFRa.1 together enhanced spermatogonia proliferation in the two older monkey
samples, but not in the youngest sample. This might be due to the absence of GFRa.1 receptors on
spermatogonia in the early age and spermatogonia did not efficiently internalize the exogenous
GFRal to uptake the GDNF ligand. Heckmann et al. evaluated the importance of donor age and
effects of gonadotropins (e.g. FSH and hCG) in TTOC by culturing fresh prepubertal (4-months
old) and peri-pubertal (8-months old) marmoset testicular tissues on agarose gel for 42 days [243].
Gonadotropins did not yield any effect in either group throughout the entire culture period [243].
They found spermatocytes in 8-month-old marmosets but not in the 4-month-old marmosets prior
to culture time, but these spermatocytes could only survive up to 14 days in culture (Heckmann et
al., 2020). The number of MAGEA4+ undifferentiated spermatogonia significantly reduced in the
4-month-old marmoset group but remained the same in the 8-month-old marmoset group [243].
This may imply that the 8-month-old samples were able to respond to the exogenous factors added
into the culture to maintain spermatogonia survival. These observations indicate that age can be
one of the determining culture factors needed to be reevaluated to achieve more success in in vitro
testicular tissue development.

In addition, FSH treatment yielded more consistent results across all three monkey samples

in our cultures. It was known that GDNF can be induced by FSH stimulation [292]. Hence, our
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results indicate that supplementing the culture with FSH could be more beneficial than constantly
adding GDNF to enforce spermatogonia proliferation. FSH can promote Sertoli cell maturation
for them to start secreting cytokines, including GDNF. It can also allow spermatogonia time to
start expressing GFRal receptors that can uptake the secreted GDNF needed for spermatogonia
survival and proliferation.

Addition of retinoic acid (RA) alone or with other factors (e.g. FSH+T+RA+
GDNF+GFRal or FSH+hCG+RA+GDNF+GFRal) yielded the most deleterious effect on germ
cell survival and tubule integrity. Because RA is responsible for initiating spermatogenesis [293],
its presence may force undifferentiated spermatogonia to undergo meiosis rapidly without leaving
the them enough time for self-renewal. Differentiated cells present in testicular tissues were known
to short live in culture [234]. Therefore, differentiated germ cells coming from spermatogonia
could have died long before our analysis time at week 8. Adding other factors unfortunately still
could not rescue the effect of RA, leading to zero or poor germ cell recovery at time of analysis in
these groups.

Cell expressing CREM protein — a post-meiotic marker —was occasionally observed in our
cultures. About 15% of VASA+ germ cells in one of the three Rhesus samples (nHP35397)
expressed weak CREM signal prior to culture. After 8 weeks in culture, CREM protein signal in
this sample became more intense and its proportion increased up to around 25% of all VASA+
cells in the No Supplements group. This unexpected observation of CREM+ cells in the pre-
cultured sample indicate heterogenous developmental characteristics of primate donors.
Heterogenous characteristics of primate testes during prepubertal and peri-pubertal stages were
previously reported [294]. Especially, patient samples often show heterogeneity in testicular

development during prepubertal, peripubertal, and pubertal stages [295]. Due to the long quiescent
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prepubertal period in primates, it is challenging to determine which culture supplement shares
common effects on inducing in vitro spermatogenesis across different donor samples.
Nevertheless, CREM+ germ cells were not observed in the other two samples (the youngest and
the oldest monkey donors) prior to culture but emerged in approximately 25% of all VASA+
present after culture. In the youngest monkey, CREM+ cells appeared only in the No Supplements
group. On the other hand, in the oldest monkey sample, CREM+ cells significantly increased in
both the No Supplements group and the T group, suggesting that androgen receptors were already
expressed in Sertoli cells of these samples to immediately uptake T. However, we did not observe
elongating spermatids in any of the culture conditions, indicating disrupted in vitro
spermiogenesis.

Spermatogenesis includes 3 phases: stem cell renewal and differentiation, germ cell
proliferation and differentiation, and spermiogenesis [296]. Our results seem to skip the first step
of stem cell renewal by forcing spermatogonia to differentiate. In theory, if we can collect a good
number of spermatids from cultured tissues, SSC self-renewal may not be a “must” in an in vitro
system. Regarding the last phase — spermiogenesis — there have been no TTOC studies on primate
tissues that could achieve beyond round spermatid stage. Round spermatids produced from human
TTOC study were rare and challenging to isolate than elongated spermatids or spermatozoa for
downstream analysis, including epigenetic characterization, karyotype, or fertilization [236].
Therefore, after obtaining round spermatids [236], it may be worthwhile to readjust the medium
supplements to facilitate the formation of elongated spermatids and spermatozoa. A previous study
on non-obstructive azoospermic men reported that addition of FSH and T into culture for 2 days
not only helped spermatocytes complete meiosis to produce round spermatids but also facilitated

partial spermiogenesis to produce elongating spermatids [297]. In vitro-derived round and
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elongating spermatids were used to fertilize human oocytes that led to births of healthy babies
[297]. Another study showed success in in vitro spermiogenesis when culturing human round
spermatids with Vero-cell conditioned medium, containing detectable levels of FSH, LH,
testosterone, and estradiol, supplemented with 10% of synthetic serum substitute (SSS) for 6-7
days [298]. Out of 238 cultured round spermatids, 25.2% developed into the elongating spermatids
and 5.5% developed into the elongated spermatids [298]. When these spermatids were fertilized
with human oocytes, zygotes developed into blastocysts [298]. Even though achieving in vitro
spermiogenesis is a plus, round spermatids are still fertilization competent. An alternative
approach is to increase in vitro spermatogenesis efficiency to enrich round spermatid production
in tissue fragments. This approach may facilitate round spermatid isolation for downstream
analysis. Furthermore, to safely translate in vitro-derived haploid cells into human fertility clinical
applications, additional investigation on the faithfulness of in vitro spermatogenesis compared to
in vivo spermatogenesis should be included. In vivo germ cell development provides a blueprint
for how to produce germ cells and/or gametes in vitro, using the appropriate developmental
milestones including progression through meiosis to produce haploid germ cells, evidence of
recombination, epigenetic reprogramming, euploid chromosome content and production of healthy
euploid progeny [299]. TTOC is used not only to restore spermatogenesis to obtain offspring, but
also to conduct basic developmental biology research to help us further understand the process of
spermatogenesis across species. Since it is possible to manipulate an in vitro system in the cycles
of self-renewal and differentiation cell divisions, adhesion to an in vivo process is recommended

to avoid undesired modifications in DNA content and epigenetics.
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6.0 Summary and Conclusions

6.1 Fertility preservation options for adult versus prepubertal patients

Infertility is a world health concern due to its long-term adverse effects despite current
advancements in developing treatments for primary diseases. Radiation and chemotherapy used to
treat cancers or as a myeloablative treatment prior to bone marrow transplantation can be toxic to
the testes, resulting in impaired spermatogenesis [84-90]. Even though the majority of these
patients who underwent gonadotoxic medications have the potential to recover spermatogenesis
within five years after terminating their treatment [300, 301], approximately 24% of this patient
population experience permanent infertility [302]. Before the initiation of gonadotoxic therapies,
adolescent and adult males have the option to cryopreserve sperm, which can be used to achieve
pregnancy in the future using established assisted reproductive technologies, including intrauterine
insemination (IUl) [66], in vitro fertilization (IVF) [67], and intracytoplasmic sperm injection
(ICSI) [68]. Louise Brown was born over 40 years ago as the world’s first baby who was conceived
by in vitro fertilization [67]. Louise was possible because her parents were able to produce eggs
and sperm that were combined outside the body to achieve fertilization. Unfortunately, sperm
cryopreservation is not an option for prepubertal patients who are not yet producing sperm. Young
adult survivors from their childhood primary diseases still have their entire reproductive life in
front of them but may suffer infertility. Eighty percent of male adolescent and young adult
childhood cancer survivors desire to have their biological children in the future [253]. The only
fertility preservation for prepubertal patients is testicular tissue cryopreservation (TTC) because

their testes do contain spermatogonial stem cells (SSCs) that are capable of restoring
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spermatogenesis upon proper induction conditions [109]. Cryopreservation of immature testicular
tissues, containing SSCs, may preserve their reproductive potential when there are no other
available options.

Another patient population who faces the risk of future infertility includes
prepubertal/peripubertal patients who are diagnosed with gender dysphoria and planned or already
underwent gender affirming hormone therapy (GAHT). If they start GAHT during their early years
prior to puberty, their testes won’t develop, and sperm production won’t occur. Even though they
have an option to temporally stop their hormone therapy during adulthood to resume puberty and
regenerate spermatogenesis for sperm banking as a standard fertility preservation, these patients
are likely to experience a psychological shock to witness the development of secondary sexual
characteristics on their body. Therefore, the UPMC Fertility Preservation Program is one of the
first centers in the world to establish a successful centralized TTC service as a fertility preservation
option for these young patients (Figure 3).

Centers around the world are cryopreserving testicular tissue for prepubertal boys (Table
7) in anticipation that stem cell-based technologies will restore spermatogenesis using retrieved
SSCs from these tissues in the future [94-109]. Therefore, all patients should be counseled about
side effects of their medical treatments on future fertility and available (standard or experimental)
fertility preservation options. Several technologies are currently being developed to utilize the
potential of SSCs to regenerate spermatogenesis, including SSC transplantation [38-44], de novo
testicular morphogenesis [45, 46], testicular tissue grafting/xenografting [47-53], and testicular
tissue organ culture [54-57] (Figure 2). Every technology has its strengths and drawbacks;
therefore, it is reasonable to simultaneously invest efforts into several technologies to

accommodate various patient circumstances. Some of these techniques, including autologous SSC
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transplantation [132, 181] and testicular tissue grafting [49, 52, 303] are mature and may be ready
for clinical applications. This should be done only with approval of an institutional review board.
When the current advanced stem cell-based reproductive technologies are fully developed and

validated, they will allow men/boys without sperm to have biologically related children.

6.2 Effects of cryopreservation on immature testicular tissue quality

Because TTC, as a fertility preservation option, is still at its experimental stage, patients
and medical providers often ask us how long testicular cells/tissues could be safely frozen before
their reproductive function is compromised, and whether it is still worthwhile to cryopreserve
tissues that have previous exposure to medical treatments, including alkylating chemotherapy or
GAHT. The UPMC Fertility Preservation Program is one of the first centers in the world offering
TTC for patients who are at a significant risk of infertility due to their medical treatment. In our
archive, we have testicular biopsy samples frozen up to a decade and samples with history of
various medical treatment exposure. Therefore, my thesis work utilized this valuable resource to
evaluate the spermatogenic potential of these testis samples. Results from this work will help us
accurately counsel patients and develop appropriate therapies to regenerate spermatogenesis using
SSCs retrieved from these frozen tissues. | answered these questions using descriptive and
quantitative studies on germ cell quantity and quality in frozen-thawed tissues.

Firstly, | evaluated the effect of cryostorage on testicular tissues. Using
immunohistochemistry analysis, | confirmed presence of UTF1+/VASA+ undifferentiated
spermatogonia and UTF1-/VASA+ germ cells in these frozen-thawed tissues but both these

numbers were significantly reduced and signs of cryo-injury on tubule integrity was observed upon
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cryopreservation (Figure 5). | then compared effects of various cryopreservation durations (0 to
10 years) on spermatogonia. Immunohistochemistry analysis confirmed germ cell presence in all
samples regardless of their cryostorage durations (Figure 6). Using human-to-nude-mouse
testicular cell xenotransplantation as a quantitative functional assay, | found no statistical
difference in colonization potential in samples frozen for various durations (Figure 6). SSCs —
responsible for stem cell self-renewal and spermatogenesis — are a sub-population of UTF1+
undifferentiated spermatogonia and are likely the transplantable spermatogonia population. These
results imply that although the current cryopreservation method partially compromises other germ
cell populations in the tissues, it does preserve the most important germ cell population responsible
for spermatogenesis restoration — SSCs. These results will help us accurately consult patients that
the transplantable spermatogonia can be recovered from testicular tissues frozen up to at least a
decade. They may utilize stem cell-based technologies to restore fertility using their cryopreserved
prepubertal biopsy.

However, these results did pose an urgency in optimizing the TTC protocol to better
preserve germ cell survival. Slow freezing allows the water to be slowly drawn out of the cells as
the temperature gradually decreases at a controlled slow rate, ultimately reducing ice crystal
formation inside the cells [262]. On the other hand, vitrification uses high concentrations of
cryoprotectant and freezes tissues at more rapid cooling rates to avoid crystallization at all by
transforming liquid to solid glass-like state inside the cell [262]. Several studies on human

cryopreservation methods have investigated effects of slow freezing [101, 212, 261, 304] and

vitrification on human testicular tissues [215, 262, 305]. One study reported that vitrification was
found to be as equally effective as slow freezing in terms of persevering tubule integrity and

spermatogonia [262]. Another study found a slightly higher number of undifferentiated
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spermatogonia population in vitrified tissues compared to slow-frozen tissues [215]. Therefore,
vitrification may be an alternative TTC approach to enhance germ cell survival upon freezing.
Exploring the effects of different cryopreservation agents is another way to improve the
freezing outcomes. A mouse study found that dimethyl sulfoxide (DMSO)-preserved neonatal
mouse tissues yielded higher testicular cell viability, endocrine and partial exocrine functions of
the testis than those frozen in 1,2-propanediol (PrOH) [306]. A cryopreservation study on human
testicular tissues reported that DMSO preserved normal tubule integrity in 70% of total tubules,
equivalent to fresh tissues, while PrOH preserved only 37% of total tubules and glycerol preserved
only 12% of total tubules [304]. Detachment of spermatogonia from the basement membrane upon
thawing was also significantly higher in the PrOH group (7.9%) compared to the DMSO group
(2.2%) [304]. In addition, Baert et al. reported that 1.5M DMSO yielded better outcomes of tubule
integrity and spermatogonia survival than did 0.7M DMSO [305]. Furthermore, sucrose addition
to DMSO improved the number of well-preserved tubules and number of survived spermatogonia
compared to samples frozen without sucrose [305]. These adjustments may be worthwhile to

improve our current TTC protocol for future patients.

6.3 Effects of gonadotoxic treatments on immature testicular tissues

6.3.1 Effects of alkylating chemotherapy

Approximately 40% of our patient samples were exposed to radiation and chemotherapy
that might damage the germ cell population. Alkylating agents are known to reduce reproductive

function in patients [89, 107]. If the damage of alkylation on germ cells, specifically the SSCs, is
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irreversible, patients can face the risk of permanent infertility. Therefore, it is essential to
investigate the quality of testicular tissue biopsies that were exposed to alkylating agents prior to
TTC. We used descriptive and quantitative studies to elucidate the effects of early stages of
alkylating medications on germ cell quantity and quality. Prior to freezing, UTF1+/VASA+
undifferentiated spermatogonia and UTF1-/VASA+ germ cell were present in testicular tissue
biopsies of both groups: alkylating chemotherapy-treated samples (Alk chemo) and non-
chemotherapy-treated samples (No chemo) (Figure 7). Prior to TTC, there was no difference in
the total number of VASA+ germ cells between these two groups, but a lower number of UTF1+
undifferentiated spermatogonia in the Alk chemo group compared to the No chemo group (Figure
7). As mentioned earlier, cryopreservation partially damages both the UTF1+ and the VASA+
populations. Alkylating chemotherapy shows an additive effect in cryopreserved tissues, causing
a significantly larger loss of UTF1+ and total VASA+ populations in the Alk chemo group
compared to the No chemo group (Figure 8).

We further investigated the spermatogenic function of the recovered germ cells using
human-to-nude-mouse testicular cell xenotransplantation assay. All donor samples, regardless of
their previous exposure to alkylation or not, showed colonization activity in all recipient mouse
testes (Figure 8). Yet Alk chemo samples show reduced colonization potential compared to the No
chemo samples (Figure 8). Even though there is an estimation of Cyclophosphamide Equivalent
Dose (CED) at which germ cells are likely be severely damaged to be worth investing in TTC [89],
germ cell response to alkylating chemotherapy varies from patient to patient. Therefore, patients
who were treated with high CED of alkylating regimens should not be completely excluded if there
are no alternative fertility preservation options. Preferably, healthcare providers and researchers

should work together to educate these patients about possible damage of high-dosed alkylation on
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their testicular tissue quality (e.g. low germ cell quantity and quality may compromise future
applications of their biopsy in restoring fertility) and available fertility preservation options. If
there are no alternative fertility preservation options available for prepubertal patients besides
TTC, the decision should be weighed between the risks of the biopsy surgery and financial

investment versus future fertility restoration.

6.3.2 Effects of gender affirming treatments.

If patients with gender dysphoria diagnosis undergo gender affirming hormone therapy
(GAHT) at an early age, they are usually treated with anti-androgen hormone therapy to suppress
the onset of puberty prior to cross-sex steroid treatment (estrogen and progesterone). GAHT
improves psychological health in patients by reducing anxiety and depression, lowering social
distress, and improving quality of life and self-esteem [307]. One of the unfortunate side effects
of GAHT in prepubertal patients is undeveloped testes that leads to no spermatozoa production
[308]. If these patients wish to have a chance of parenthood in the future, they can temporarily
stop their hormone therapy to restore spermatogenesis for sperm freezing as a fertility preservation
option. However, this approach would not be pleasant for their psychological health because they
will have to endure the development of secondary sexual characteristics. Therefore, the only option
for these patients is TTC, preferably prior to their GAHT. Nevertheless, more than 70% of our
gender reaffirming patients already started their GAHT (Figure 9). No previous reports
investigated the effects of androgen blockers or cross-sex steroids on germ cell quantity and quality
in prepubertal/peri-pubertal patients. We are still learning if TTC can serve as alternative fertility
preservation option for these patients. A part of my thesis work answered this gquestion using
descriptive and quantitative methods.
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Prior to tissue freezing, | quantified the number of UTF1+/VASA+ undifferentiated
spermatogonia and total VASA+ germ cells in the gender dysphoria patient samples. All samples
have presence of UTF1+ and VASA+ germ cells (Figure 10). Prior to tissue freezing, androgen
blocker (SUPPRELIN or LURPON) and/or cross-sex steroids (E2 and P4) do not damage the
number of UTF1+/VASA+ undifferentiated spermatogonia and total number of VASA+ germ
cells in these patient samples (Figure 10). Our control group includes samples of patients who have
not started GAHT, and they belong to a younger age group (10-12 years old, n = 4) compared to
patients who already started GAHT (11-16 years old, n = 14). In frozen-thawed tissues, both
numbers of both UTF1+ and VASA+ cells decreased upon cryopreservation in both groups (Figure
11). The reduction was mainly the UTF1-/VASA+ population, indicating that
differentiating/differentiated germ cells did not seem to survive well upon cryopreservation.

| next examined if spermatogonia function was compromised by GAHT. Human-to-nude
mouse testicular cell xenotransplantation assay could examine the transplantable spermatogonia
population in these samples. Colony formation in the recipient mouse testes was observed from all
donor samples regardless of their previous GAHT (Figure 11). The results show no difference in
colonization potential in treated- versus non-treated samples as well as between any GAHT
treatments (Figure 11). These results can surely help us counsel patients more accurately that while
it is best to participate in TTC prior to the GAHT, transplantable spermatogonia can be retrieved
from testicular biopsies that were previously exposed to androgen blockers and/or cross-sex
steroids. One of the pitfalls of this testicular cell xenotransplantation assay is the inability of
transplanted human SSCs to regenerate complete spermatogenesis. Xenografting is one of the
promising methods to mature donor testicular tissues in an animal host, most often mouse

recipients. Offspring reported from graft-derived spermatozoa were recorded from donor tissues
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of rabbits [49], pigs [50], and monkeys [53]. However, it has not been successful in human studies
to restore complete spermatogenesis. As mentioned earlier, autologous transplantation carries a
risk of reintroducing malignant cells, and xenotransplantation carries a risk of xenobiotic
transmission. An alternative ex vivo approach to elucidate the full function of SSCs recovered
from frozen-thawed patient testis samples is in vitro spermatogenesis, including testicular tissue

organ culture.

6.4 Testicular tissue organ culture (TTOC) as an alternative ex vivo approach to

regenerate in vitro spermatogenesis

6.4.1 Developing an efficient and clinically applicable TTOC system.

Autologous cell transplantation is one of the most mature fertility restoration therapies that
may be considered ready for clinical translation because it has been proven to be successful and
safe in many animal models with offspring production reported in mice [38, 40, 121], rats [41],
goats [42], sheep [43] and embryo production in monkeys [44, 181]. Autologous testicular tissue
grafting is another well-developed approach that is also successful with animal studies with
embryo or offspring produced from graft-derived spermatozoa of mice [47, 49] and monkeys [52].
However, autologous cell/tissue transplantation carries the risk of reintroducing cancer cells back
into cancer-free patients (e.g. leukemia). Testosterone is essential for spermatogenesis [309].
Therefore, in the circumstance of transgender patients, autologous cell transplantation and tissue
grafting are also not a viable option when these patients are treated with gender affirming hormone

therapy to suppress testosterone production. Xenografting of testicular tissue pieces into mouse
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recipients is an alternative approach that led to production of offspring in rabbits [49], pigs [50],
and monkeys [53], but it may raise some ethical concerns regarding a risk of xenobiotic
transmission. Therefore, testicular tissue organ culture (TTOC) is an ex vivo approach to mature
testicular tissue in a host-free environment. Several TTOC systems have been invented in the field,
including gas-liquid interface systems (agarose gel [55, 231, 243] or transwell [236, 244]), and
microfluidic systems (pumped-driven device [54, 232] or pumpless device [229]). Each device has
pros and cons in terms of maintaining tissue viability, initiating in vitro spermatogenesis, driving
complete in vitro spermatogenesis, and maintaining continuous spermatogenesis. However, only
one group was able to produce spermatozoa from cultures of fresh [54, 55] and cryopreserved
neonatal mouse testicular tissues [56]. No spermatozoa or offspring production were reported in
any other animal model. It is crucial to refine this technology to fill the gap in knowledge of how
to translate TTOC from mouse tissues to human tissues.

Testicular tissues cultured in the conventional gas-liquid interface system (e.g. agarose gel
or transwell) tend to mound up, leading to high risk of hypoxia and nutrient deficiency in the center
of the tissues [54, 55]. Thus, tissues cannot be maintained viable in long-term culture to allow
continuous spermatogenesis. Microfluidic devices drastically improved the efficiency in inducing
and maintaining complete in vitro spermatogenesis for an extended period compared to the gas-
liquid interface system using agarose gel. The most efficient and convenient microfluidic device
was the pumpless system using hydrostatic pressure to maintain the medium flow instead of an
electric pump [229]. Therefore, we reproduced the PL devices at the University of Pittsburgh to
reevaluate its application in TTOC. We encountered a few challenges when using the PL devices
to culture mouse testicular tissues that overall compromised tissue retrieval for downstream

analysis. These challenges include complicated and time-consuming device production, difficult
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tissue loading, limited-sized tissue chamber, challenging tissue retrieval method. Some of these
limitations were also discussed in their study [229]. Therefore, | designed a novel PDMS-roof
transwell (PRT) culture system that can overcome several limitations in the PL devices and in the
conventional gas-liquid interface systems (e.g. agarose gel and transwell) (Figure 12).

To compare the efficiency and convenience between the PRT and the PL devices, we used
a transgenic mouse model ACROSIN-GFP (ACR-GFP) that allows us to observe in vitro
spermatogenesis in real time without terminating the cultures. By comparing the ACR-GFP scores
during the 4-week culture, mouse testes cultured in the PRT system yielded even higher ACR-
GFP scores than those cultured in the PL system (Figure 14). Seminiferous tubule expansion is
another endpoint to demonstrate tubule maturation. At week 4 of culture, tissues cultured in both
systems show a significant increase in tubule diameters compared to pre-cultured tissues, and there
is no statistical difference observed between the two systems (Figure 15). Tissues retrieved from
the PL devices were severely damaged that hindered further analysis. Meanwhile, tissues cultured
in the PRT system were easily retrieved as whole and were analyzed for germ cell and Sertoli cells
presence using immunohistochemistry. At week 4 analysis timepoint, SALL4+ undifferentiated
spermatogonia and Sertoli cells were still present and have finished migrating to the basement
membrane of the seminiferous tubules as a sign of maturation (Figure 16 - Figure 17) STRA8+
differentiating spermatogonia and SY CP3+ meiotic cells were not present in pre-cultured neonatal
mouse testes but emerged in cultured testes (Figure 16 - Figure 17) These results validate that the
PRT system can provide ease of use advantages without compromising in vitro spermatogenesis
in mouse testis cultures. The PRT system simplifies the tissue loading process, requires simple

culture maintenance, needs no special infrastructure installation, needs only limited incubator
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space, and gives flexibility in device design adjustments. Overall, the PRT system may serve as

an alternative TTOC system to culture human testicular tissues in future clinical applications.

6.4.2 Optimizing TTOC conditions to initiate in vitro spermatogenesis in cryopreserved,
prepubertal non-human primate testicular tissues as a foundation for translational

applications to human tissues.

Around the world, almost a thousand patient biopsy samples have been cryopreserved for

future fertility purposes [95, 97, 101, 104, 108, 109, 214, 261-267], but stem cell-based

technologies mentioned above still need further investigation to ensure safety and feasibility in
human fertility clinics. In the future, many patients will have to depend on their frozen-thawed
testicular tissues to help them obtain biological children if there are no alternative options.
Therefore, it is essential to optimize these stem cell-based technologies on frozen-thawed tissues
to demonstrate their efficiency. When starting with cryopreserved neonatal mouse testes, TTOC
method was proven to be successful in driving complete in vitro spermatogenesis to obtain
spermatozoa that led to healthy offspring production [56]. The potential of TTOC technology was
also demonstrated in primate studies. Two studies conducted TTOC experiments on fresh
prepubertal non-human primate tissues (e.g. marmosets) in which spermatocytes were the most
advanced germ cell stage observed [243, 244]. De Michelle et al. observed sporadic round
spermatid formation in cultures of cryopreserved prepubertal human tissues [236]. Spermiogenesis
was not observed and round spermatids were too rare to be isolated for in-depth analysis, including
epigenetics, karyotype, and functionality [236]. There is clearly a gap in knowledge where we need
to further explore the missing components in culture conditions that are responsible for driving
complete in vitro spermatogenesis and spermiogenesis in primate tissues.
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After validating the efficiency of the PRT system to initiate in vitro spermatogenesis in
cultures of mouse testes, | utilized this system for a long-term culture (8 weeks) of cryopreserved
prepubertal Rhesus macaque testicular tissues. | also investigated effects of several growth factors
and hormones that are essential for spermatogonia survival and spermatogenesis, including FSH,
T, hCG, RA, GDNF, and GFRal. | tested those factors individually and in different combinations
in comparison with the basal medium that was used in mouse studies (MEMa + 10% Knockout
Serum Replacement, labeled as the No Supplements group) (Figure 18). Differential effects of
these individual factors on spermatogonia survival and initiation of in vitro spermatogenesis were
observed. Even after 8 weeks in culture, in at least two out of three monkey samples, VASA+ germ
cells were still present in 5 out of 8 medium conditions (No Supplements, FSH, T, hCG,
GDNF+GFRal), UCHL1+ undifferentiated spermatogonia were present in 4 out of 8 medium
conditions (No Supplements, FSH, T, hCG) (Figure 21 — Figure 22). There was a significant
increase of Ki67+/UCHL1+ proliferative spermatogonia in 3 out of 7 conditions (No Supplements,
FSH, and GDNF+GFRal), while the percentage of UCHL1+ undifferentiated spermatogonia out
of all VASA+ germ cells decreased in all culture conditions (Figure 21 — Figure 22), indicating
that spermatogonia differentiation might surpass spermatogonia self-renewal. This observation
was further confirmed with a significant increase in the percentage of SYCP3+ meiotic cells out
of all VASA+ germ cells in the No Supplements group and the hCG group (Figure 23 — Figure
24). However, only the No Supplements condition yielded a significant increase in number of germ
cells expressing CREM post-meiotic marker (Figure 23 — Figure 24). No elongating spermatids or
spermatozoa were observed in any of the culture conditions.

Overall, the No Supplements group yields the most consistent results across all three

replicates in terms of the highest germ cell survival, spermatogonia proliferation, and
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spermatogonia differentiation. hCG treatment shows more positive effects on the two older
monkey samples in promoting spermatogonia differentiation. It can be explained that Leydig cells
responded to hCG treatment to produce T at a proper concentration needed for spermatogonia
differentiation, and the older monkey samples expressed androgen receptors to uptake T while the
youngest monkey did not. Adding T directly into the cultures at a constantly high concentration
for an extensive period does not benefit germ cell survival and development. On the other hand,
FSH or GDNF+GFRal shows better effects on spermatogonia survival and proliferation but does
not promote differentiation. These results are not surprising since these factors are responsible for
spermatogonial stem cell self-renewal [292, 310, 311]. Adding them constantly into the cultures
might have halted germ cell differentiation in those cultures.

In conclusion, the results suggest that we should prioritize the in vitro maturation of the
somatic cell compartment, especially Sertoli cells and Leydig cells, instead of pushing
spermatogonia to differentiate in culture by constantly adding one or a few factors at a time. When
these somatic cells are mature, they will secrete necessary factors that are needed for
spermatogonia survival, proliferation, and differentiation. This theory may explain why the No
Supplements group yields the most consistent and most positive outcomes compared to other
medium conditions. Adding a constant concentration of one or few factors throughout the entire
culture period may skew the balance of stem cell self-renewal and differentiation, leading to germ
cell loss and tubule degradation. The process of SSC self-renewal is essential to avoid the
exhaustion of germ cells to differentiation without replenishing the stem cell pool, and it was
known that differentiated germ cells are not likely to survive long in culture.

RA is essential for meiosis initiation [293]. Presence of RA at culture initiation may have

rushed spermatogonia to undergo differentiation without having enough time to regenerate the
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stem cell pool, and differentiated spermatogonia must have died out prior to the 8-week analysis
timepoint. This may answer why RA treatment yields the worst spermatogonia survival and
highest tubule degradation, and adding other factors could not even rescue the effect of RA In
those cultures. In short, to maintain a continuous in vitro spermatogenesis, the balance of stem cell
self-renewal and differentiation needs to be reached. An alternative approach is to add factors that
are important for spermatogonia self-renewal during the first period of the culture, then replace

with factors important for spermatogenesis, and finally with factors needed for spermiogenesis.

6.5 Concluding remarks

In this dissertation work, we validated the quality of cryopreserved patient testicular tissues
for germ cell quantity and quality using descriptive and quantitative methods. Spermatogenic
potential of spermatogonial stem cells (SSCs) can be demonstrated by their capacity to colonize
the basement membrane of seminiferous tubules upon transplantation. This study shows that
transplantable spermatogonia can be recovered from testicular biopsies regardless of previous
exposure to medical treatment, including early stages of alkylating chemotherapy or gender
affirming hormone treatments. In addition, samples frozen up to at least ten years still preserve the
population of transplantable spermatogonia. Spermatogenic potential of SSCs in testicular tissues
can also be demonstrated by their ability to proliferate and differentiate in testicular tissue organ
culture (TTOC). TTOC is an ex vivo approach to mature prepubertal tissues in a host-free
environment that can circumvent the risk of malignant contamination and suboptimal host
environment in autologous cell/tissue transplantation and tissue xenografting. In this study, we

invented and validated a novel culture system called PDMS-roof transwell (PRT) that can
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overcome several limitations in other published culture systems. The PRT system was proven to
be suitable for both rodent as well as primate testicular tissues to initiate in vitro spermatogenesis
in a long-term culture. Several growth factors and hormones were tested on non-human primate
testicular tissue cultures and yielded differential effects in germ cell survival and development.
Even though complete spermiogenesis to obtain spermatozoa was not observed, spermatogonia
survival, proliferation, and differentiation were recorded in some of the tested culture medium
conditions, most clearly in the No Supplements group. These results indicate that the PRT system
can be an alternative TTOC system for future applications on human testicular tissues. Further

TTOC optimization is essential to move this technology closer to clinical applications.
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Appendix A Full Names of Protein Acronyms

ACR - Acrosin

cKIT — KIT Proto-Oncogene, Receptor Tyrosine Kinase
CREM — CAMP Responsive Element Modulator

Ki67 — Marker of Proliferation

FGFR3 — Fibroblast Growth Factor Receptor 3

FOXOL1 - Forkhead Box O1

FSH — Follicle Stimulating Hormone

GDNF — Glial Cell Derived Neurotrophic Factor

GFRal — GDNF Family Receptor Alpha 1

H2AX — H2A.X Variant Histone

hCG — Human Chorionic Gonadotropin

LHR — Luteinizing Hormone/Choriogonadotropin Receptor
LIN28 — Lin-28 Homolog A

MAGEA4 — MAGE Family Member A4

MDC1 — Mediator of DNA Damage Checkpoint 1

SALL4 — Spalt-like Transcription Factor 4

SOX9 — Sex Determining Region (SRY)-Box Transcription Factor 9
SSEA4 — Expression of Stage-Specific Embryonic Antigen-4
STRAS8 — Stimulated by Retinoic Acid 8

SYCP1/2/3 — Synaptonemal Complex Protein 1/2/3

T — Testosterone
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TNP1 — Transition Protein 1

UCHL1 - Ubiquitin C-Terminal Hydrolase L1

UTF1 — Undifferentiated Embryonic Cell Transcription Factor 1
RA — Retinoic Acid

VASA/DDX4 — DEAD-Box Helicase 4

ZBTB16 — Zinc Finger and BTB Domain Containing 16
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Appendix B Supplementary Table

Table 7. Published record of international fertility preservation centers providing testicular cell/tissue cryopreservation service.

Number Previous
. Indication = Gonadotoxic Patients’ Frozen Freezing
Study Center location of . . Cryoprotectant
. (Biopsy) treatment age range  material method
patients
(Yes/No)
Bahadur et al. United Kingdom . Liquid Glycerol or 1,2-
2000 [108] (LDN) 2 Oncology Yes and No 8and 13 Tissue nitrogen propanediol
DMSO, ethylene
Radford et al. United Kingdom Hodgkin’s glycol, glycerol,
2003 [139] (MAN) 12 disease No Adults Cells CRF and
1,2-propanediol
Kvist et al. Cryptorchid .
2006 [261] Denmark (CPH) 8 No 1-5 Tissue CRF Ethylene glycol
Ginsberg et al. . i
2014 [263] United States (PA) 48 Oncology No 0-12 Tissue CRF DMSO
. . 0.7-16
Sadri-Ardekani United States Oncology/ oncology . DMSO and
et al. 23 . No Tissue CRF
(NC) cryptorchid 14-11 glycerol
2016 [264] .
cryptorchid
Uijldert et al. The Netherlands .
2017 [105] (AMS) 78 Oncology No 0-15 Tissue CRF DMSO
Ho etal. 2017. | ctralia (MEL) 44~ Hemawologyl g o iNo  03-168  Tissue CRF DMSO
[98] Oncology
Heckman et al. Germany Oncology/ . Not
2018 [97] (Munster) 39 Klinefelter Yes and No 2-20 Tissue indicated DMSO
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Table 7 (continued)

Valli-Pulaski et O?g;‘;t‘ﬁﬁ
al. United States (PA) 189 ™Y Yes and No 0-39 Tissue CRF DMSO
2018 [109] /Cryptorchid/
== Klinefelter
2H(;lldgogg;]a L Denmark (CPH) 37 Cryptorchid No 0-3 Tissue CRF Ethylene glycol
Oncology/
Braye et al. Belgium (BXL) 112 Cryptorchid/ No 0-18  Tissue M- Frosty DMSO
2019 [266] . in -80°C
Klinefelter
Borgstrom et
al. Sweden (STHLM) 20 Oncology No 1.5-14.5  Tissue Vfrli{fizgin DMSO
2020 [312]
Kanbar et al. . Hematology/ .
2020 [267] Belgium (BXL) 139 Oncology Yes and No 0-16 Tissue CRF DMSO
Rives-Feraille
etal. 2022 France 87 Oncology Yes and No 0-16 Tissue CRF DMSO
[313]
Braye et al. . . . Mr. Frosty
2022 [314] Belgium (BXL) 22 Klinefelter N/A 48-184 Tissue i -80°C DMSO
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Heterogenous "
testicular cell Colony formation

: Testicular tissue Enzyme digestion transplantation i assessment 8
- — —b —& tation into e
‘ Pre-pubertal male patient ‘ | cryostorage | into cell suspension busﬁlfan-treated weeks post

a nude mice transplantation
Liquid % \ .
> Nnr:;genw — fe — —p Pt
T \\§ 27 -
L)

Figure 25. Human-to-nude-mouse testicular cell xenotransplantation assay.

L
=

Testicular tissue biopsy from each prepubertal patient was cryopreserved in liquid nitrogen. Some patients donated 25%
of their biopsy to research. Upon thawing, testicular tissue pieces were retrieved and washed to eliminate cryoprotectant.
Tissues then underwent 2-step enzymatic digestion to derive a heterogenous single-cell testicular cell suspension. This cell
suspension was mixed with trypan blue dye prior to transplantation. To enhance the engraftment of donor cells, recipient
nude mice were treated with busulfan prior to transplantation to eliminate the endogenous germ cells. Human donor
testicular cell suspension was injected into the mouse testis through the vas deference and the rete testis to deliver cells to
70-80% of all seminiferous tubules. Eight weeks post-transplantation, nude mouse testis was harvested for whole-mount
fluorescent staining. Anti-primate antibody was used to detect colony formation from the transplanted human testicular

cells.
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Negative control | Positive control

Figure 26. Immunohistochemistry control on pre-pubertal human testicular tissues and xenotransplantation whole-mount
staining control.

Immunohistochemistry staining of prepubertal testicular tissues with (A-D) corresponding mouse and goat isotype
controls in comparison with (F-1) anti-UTF1 and anti-VASA antibodies on the same tissue. (E) Whole-mount staining
negative control: untransplanted testis of the same mouse recipient, stained with anti-primate antibody. (J). Whole-mount
staining positive control: testis of same mouse recipient transplanted with human donor testicualr cells, stained with anti-

primate antibody.
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VASA UCHL1

UCHL1 Ki67

VASA SYCP3

VASA CREM

Figure 27 Immunohistochemistry controls on adult Rhesus macaque testicular tissues.(A-C) UCHLL1 (green) containing
with VASA (red). Insets are 1gG controls. (D-F) Ki67 (green) containing with UCHL1 (red). Insets are 1gG controls. (G-1)
SYCP3 (green) containing with VASA (red). Insets represented 19gG controls. (J-L) Ki67 (green) containing with UCHL1

(red). Insets are 1gG controls. Scale bars: 20um (A-L).
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