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Abstract

Testis-derived spermatogonial stem cells (SSCs) and its in vitro counterpart, male
germline stem (GS) cells, can repopulate the empty seminiferous tubules of
infertile males and, therefore, are rapidly emerging as newer biotechnological
tools for the treatment of male infertility, posthumous reproduction, preservation
of elite germplasm and animal transgenesis. It also has potential application in the
preservation and restoration of fertility in males with diseases/treatments affect-
ing spermatogenesis. Consequently, the cryopreservation of SSC and GS cells is
becoming pivotal in assisted reproductive technology (ART) for male reproduc-
tion. Cryopreservation of testis-derived stem cells is particularly indispensable for
fertility preservation in pre-pubertal males, who have not yet begun their sperm
production. This chapter provides an overview of the indications, applications,
and strategies of fertility preservation through the cryopreservation of testicular
stem cells. Recent advances on freezing and vitrification techniques, assessment
of cryopreservation-induced injuries, and methods of their amelioration are also
discussed.
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9.1 Introduction

Mammalian testis is known to contain a pool of stem cells, known as spermatogonial
stem cells (SSCs), which maintains spermatogenesis throughout the adulthood.
These cells can be isolated and propagated in vitro as male germline stem
(GS) cells and are capable of initiating donor-derived spermatogenesis in germ
cell-depleted testis of infertile males for restoration of fertility. The GS cells can
also undergo in vitro spermatogenesis in an organ culture system to produce haploid
germ cells that can be used for the production of offspring by in vitro fertilization
(IVF), intracytoplasmic sperm injection (ICSI) or round spermatid injection (ROSI).
Under an appropriate culture system, the unipotent GSCs can also undergo
reprogramming events to generate multipotent adult germline stem (maGS) cells
or germline pluripotent stem (GPS) cells. Thus, testicular stem cells have potential
application in both infertility management and regenerative medicine. Further, the
testicular stem cells, combined with gene manipulation tools, can also be exploited
for production of transgenic animal.

The testicular stem cells can be cryopreserved as a purified single-cell suspension
or testicular tissue fragments that house SSCs in their niche (Jung et al. 2020a;
Onofre et al. 2020). The cryopreservation of purified testicular stem cells can be
conducted by conventional freezing or vitrification protocols used for somatic cells
and are technically easier. However, SSCs are present in a very low number in adult
tissues [~0.03%; (Nakagawa et al. 2007)] and may be difficult to isolate from
biopsied specimens of testis. Consequently, newer and effective methods of cryo-
preservation for these novel cells are necessary. On the other hand, cryopreservation
of testicular tissue fragments, enriched in SSC, is more challenging and depends on
various factors such as the size of the tissue, permeation efficiency of cryoprotective
agents (CPA) and variations in cryobiological properties of their cellular and extra-
cellular matrix (ECM). The cryopreservation of testicular tissue fragments does not
require tissue dissociation steps for isolation of cells and can maintain complex
interaction between SSCs and testicular somatic cells (Leydig cells, Sertoli cells, and
Myoid cells) and cell-to-ECM, which are essential for SSC-derived spermatogene-
sis. The testicular tissue cryopreservation can also be combined with in vitro sper-
matogenesis system for in vitro production of spermatozoa and eliminating the need
for spermatogonial stem cell transplantation (SSCT). By preserving supporting
somatic cells and ECM, the testicular tissue cryopreservation may provide the
physical and molecular microenvironment required for survival, self-renewal, pro-
liferation, and differentiation of germ cells to haploid germ cells. However, the
superiority of cryopreserving testicular tissue fragments over testicular stem cells
remains debatable. Moreover, although in vitro spermatogenesis system has shown
promising results in rodents and primates for generating live offspring from
cryopreserved testicular tissue fragments, it is still under developing phase for
livestock animals and human.

This chapter provides an overview of various strategies for cryopreservation of
testicular stem cells, including GS, maGS and GPS cells, and discuss their
indications and applications in veterinary science. Suitable references are also
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drawn from human applications in which the technology is rapidly finding its clinical
applications. The details on cryopreservation of testicular tissue fragments is
discussed elsewhere (Patra et al. 2021).

9.2 Methods of Cryopreservation of Testicular Stem Cells

Semen freezing is a well-established procedure in animals for breed improvement
programs through artificial insemination. However, cryopreservation of testicular
stem cells is relatively recent technology and is still under experimental stage in
livestock animals and human. There are very limited systematic studies on the
development and optimization of cryopreservation protocols of testicular stem
cells. Most of the initial studies have used conventional somatic cell freezing
protocols with empirical modifications to cryopreserve the SSC, GS and GPS
cells. The post-thaw viability varied from lab-to-lab although the functionality of
frozen-thawed SSCs was confirmed by testicular transplantation assays as early as
1996 (Avarbock et al. 1996). Initial studies have also shown that the success of
freeze-thawing also varies with animal species, type, and concentration of
cryoprotective agents (CPAs), method of freezing and type of cryocontainers
(Kanatsu-Shinohara et al. 2003; Wu et al. 2012). However, attempts to directly
relate the post-thaw viability of testicular stem cells with variable factors have been
very limited.

More recently, ice-free vitrification has been explored as simpler, faster, and cost-
effective method for cryopreservation of testicular stem cells. Several strategies
ranging from conventional vitrification in plastic straws (PS) to ultrarapid
vitrification in microdroplets (MD), electron microscopy (EM) grid, nylon
membranes, open pulled straws (OPS), solid surface vitrification (SSV), etc. have
been attempted and were reported to support the cryo-survival of both somatic and
stem cells in testis (Patra and Gupta 2019, 2020). However, like stem cell freezing,
systematic studies on the vitrification of testicular stem cells have been limited.
Some studies have suggested vitrification to be superior to freezing due to its
simplicity, cost-effectiveness, and better post-warming viability. However, the
superiority of one over the other remains debatable (Pukazhenthi et al. 2015).
Systematic and controlled studies are needed to optimize the freezing and
vitrification protocols by analysing the influence of variable factors such as rate of
cooling, type of CPA, size or volume of the sample, cryopreservation device, storage
conditions, etc.

9.3 Freezing of Testicular Stem Cells

Freezing of testicular stem cells involves controlled crystallization of water by their
slow cooling in the presence of CPA such as glycerol, dimethyl sulphoxide
(DMSO), ethylene glycol (EG) or 1,2-propanediol (PROH). The rate of cooling is
so chosen to crystallize the extracellular water with minimal or no intracellular ice
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crystallization. The optimal rate of cooling varies with the cell type and species but
generally range between 0.3 �C and 10 �C/min in most mammalian cell types. In
testicular cells and stem cells, a cooling rate of 1 �C/min is considered critical during
their cooling from 4 �C to (�)40 �C or lower temperature (optimal window of
cooling rate). During this window of cooling, the extracellular water super cool and
starts crystallizing between (�)5 �C to (�)10 �C, which results in a gradual increase
in extracellular solute concentration and thereby, dehydrates the cells by osmotic-
driven efflux of intracellular water. Between (�)10 �C to (�)15 �C, the extracellular
ice expands and the sample become increasingly supercooled below (�)40 �C.
When the sample temperature reaches (�)40 �C or lower, it can be plunged into a
cryogenic agent such as liquid nitrogen or helium for intracellular vitrification
without ice crystallization. The frozen samples can then be stored in liquid nitrogen
for long-term storage. A working freezing-thawing protocol for cryopreservation of
mice SSCs is provided in Box 9.1. In the hands of the authors, the protocol also
works for the freezing of putative SSCs in goat.

Box 9.1 A Suggested Protocol for Slow Freezing of Testicular Stem Cells
in Mechanical Freezer
Uncontrolled slow freezing of SSCs:

1. Trypsinize the SSC clumps by using trypsin-EDTA to prepare single cell
suspension. Note: SSCs survive better in cell clumps of ~15 to 20 cells.

2. Centrifuge the cells at 500 g for 8–10 min and wash the pellets in a serum-
free SSC culture medium twice.

3. Count the cell concentration and dilute to a concentration of 2 � 106 cells
per ml.

4. Aliquot 0.5 ml of SSC cell suspension in 1.5 ml cryovials and slowly add
0.5 ml of SSC culture medium having 20% (v:v) DMSO.

5. Close the cryovials, rack on an insulated container (e.g. Stryrofoam rack)
and keep at �80 �C freezer for overnight (at least 4 h).

6. Quickly plunge the cryovials into liquid nitrogen for cryostorage.

Thawing of SSCs:

1. Identify and retrieve the cryovial from the liquid nitrogen container and
place it in a water bath set at 37 �C.

2. Transfer the thawed cell suspension into 9 ml of pre-warmed (37 �C) SSC
culture medium in a 15 ml centrifuge tube and centrifuge at 500 g for
8–10 min.

3. Wash the cell pellet with 10 ml of SSC culture medium twice.
4. Count the cell concentration and re-suspend the cells in complete SSC

culture medium (supplemented with GDNF) to the desired concentration
and plate in culture plates.
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The desired rate of cooling for freezing of testicular cells and stem cells can be
achieved by uncontrolled slow freezing in a vapour or mechanical freezer or by
controlled slow freezing in a programmable controlled rate freezer. Uncontrolled
slow freezing can be performed using simple devices that are usually available in
most laboratories and does not require expensive programmable freezers. Further, in
contrast to controlled rate freezing, it requires a much less volume of liquid nitrogen
(cryogenic agent) and the time required for the processing and freezing of the
samples. Consequently, uncontrolled slow freezing has been conventionally used
in most laboratories for cryopreservation of testicular stem cell suspensions in both
human and animals (Pacchiarotti et al. 2013; Sá et al. 2012; Yango et al. 2014). In
most conventional protocols, the cells are trypsinized to single-cell suspension,
treated with CPAs such as glycerol or DMSO, loaded in cryocontainers such as
plastic straws, cryovials or cryobags and cooled at 1 �C/min to (�)70 �C to (�)
80 �C, achievable by exposure to liquid nitrogen vapour or (�)80 �C freezer, which
is usually available in most laboratories. A number of devices such as Mr. Frosty™,
Cryo Cool™, CoolCell™, etc. are also available for maintaining uniform heat
transfer during the cooling process, although they are not absolutely necessary.
After freezing to (�)70 �C, which typically takes 5–20 min in liquid nitrogen vapour
and 4–8 h in the deep freezer, the samples are directly plunged into the liquid
nitrogen for storage until further use (Frederickx et al. 2004; Izadyar et al. 2002;
Redden et al. 2009). Some researchers have also used multistep slow freezing by
equilibration with CPA at 4 �C for 2 h, cooling at (�)20 �C for 2 h and freezing at
(�)80 �C before storage in liquid nitrogen (Zhang et al. 2015) but is not considered
essential. At the time of use, the cells can be thawed in water bath at 37 �C and
cultured in complete culture medium after removal of the CPA. In most freeze-thaw
protocols, the post-thaw viability of testicular spermatogonial cells was reported to
be as low as 50–60% (Izadyar et al. 2002). Nevertheless, frozen-thawed stem cells
retained their self-renewing capability and could restore spermatogenic function to
produce normal donor-derived offspring upon transplantation recipient testis without
any apparent genetic or epigenetic errors (Wu et al. 2012; Yuan et al. 2009).

In controlled rate slow freezing, the CPA-treated cells are cooled at a controlled
rate using a programmable controlled rate freezer. The rates of cooling vary with the
species, the volume of cell suspension, and the type and concentration of CPA and
may require optimization. Typically, controlled rate freezing of testicular stem cells
is performed in 0.25 ml plastic French straws and cooling is done at the rate of (�)
1 �C/min to (�)5 �C/min to cool the sample to (�)7 �C to (�)9 �C, following which
they are seeded for 7–15 min and then cooled at the rate of (�)0.3 �C/min to (�)
0.5 �C/min to (�)40 �C to (�)80 �C before plunging to liquid nitrogen for storage
(Frederickx et al. 2004). Seeding induces the ice nucleation by mechanical vibration
or rapid temperature reduction in the programmable controlled rate freezer. Some
experimenters have found that seeding step is not necessary for controlled rate
freezing of testicular stem cells when they were cooled at the rate of (�)1 �C/min
to (�)5 �C/min to (�)80 �C, and subsequently at the rate of (�)50 �C/min to (�)
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120 �C followed by plunging into liquid nitrogen for storage (Izadyar et al. 2002;
Pacchiarotti et al. 2013).

Rapid freezing has also been attempted for cryopreservation of testicular cells by
treating them with high concentration of CPA in step-wise manner and plunging into
liquid nitrogen (Gouk et al. 2011). However, it has met with limited success in terms
of post-thaw viability. Besides, rapid freezing lead to random intracellular ice crystal
formation that caused extensive cryoinjuries and high cell death. Thus, rapid freez-
ing is not normally used for cryopreservation of testicular cells and stem cells.

9.4 Vitrification of Testicular Stem Cells

Vitrification is a rapid and simple method of cryopreserving testicular stem cells. It
involves the solidification of both extra- and intra-cellular water into amorphous
glass-like vitreous state without ice crystal formation. Vitrification of living cells can
be achieved by ultrafast cooling (>106 �C/min) below their glass-transition temper-
ature (Tg) to cause an extreme elevation of viscosity to greater than 1015 poise and
result in molecular stasis and solidification without ice crystallization of water.
Typically, the cells are treated with a very high concentration of CPA for cryopro-
tective effect, loaded into a cryocontainer such as PS, cryovial, EM grid, OPS, etc.
and directly plunged into a cryogenic agent such as liquid nitrogen, liquid helium or
nitrogen slush for vitrification and storage. Since high concentration of CPA
required for vitrification is toxic to cells, an equilibration step of treating the cells
with low concentration of CPA (typically, half of the final concentration) is usually
necessary before their exposure to the full concentration of CPA (Gupta and Lee
2010; Jung et al. 2020b). The equilibration period is usually 1–3 min whereas the
incubation period in vitrification solution is usually restricted to 25–45 s and are to
be optimized for the type and concentration of CPAs, temperature of the solution and
volume of the sample (Gupta et al. 2007). A longer (5–15 min) equilibration time
with considerably low concentration of permeable CPA in the equilibration solution
may be used for high volume samples. At the time of use, the vitrified cells can be
warmed and rehydrated in a step-wise manner in the presence of a non-permeating
disaccharide (e.g. sucrose, trehalose, etc.) to remove the CPA. The non-permeating
disaccharides act as osmotic buffers and prevent the swelling and rupture of cells
during cell re-hydration. A working vitrification-warming protocol for cryopreser-
vation of mice SSCs is provided in Box 9.2. In the hands of the authors, the protocol
also works for the vitrification of putative SSCs in goat.
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Box 9.2 A Suggested Protocol for Vitrification of Testicular Stem Cells
by SSV
Vitrification of SSCs:

1. Trypsinize the SSC clumps by using trypsin-EDTA to prepare single cell
suspension. Note: SSCs survive better in cell clumps of ~15 to 20 cells.

2. Centrifuge the cells at 500 g for 8–10 min and wash the pellets in a serum-
free SSC culture medium twice.

3. Count the cell concentration and dilute to a concentration of 2 � 106 cells
per ml in equilibration solution [20% (v:v) EG in calcium- and magnesium-
free phosphate buffered saline (PBS)] for 90 s at 37 �C.

4. Expose the equilibrated cells to vitrification solution [40% (v:v) DMSO,
18% (w:v) Ficoll 70 (Sigma) and, 0.3 M Sucrose (Sigma) in calcium- and
magnesium-free PBS] at 37 �C.

5. Using a micropipette swiftly drop the cell laden-vitrification solution as
microdrop (~10 μl) on the pre-chilled dry surface of a metal block partially
(3/4th) submerged into liquid nitrogen. Ensure that the surface of metal
block is dry.

6. Upon visual observation of the vitrification, move the vitrified microdrops
(complete transparent microdrops) into 1.8 ml cryovials (Nunc cat.
No. 343958) using liquid nitrogen-cooled forceps and stored into liquid
nitrogen tanks until further analysis. The total duration between treatment
with vitrification solution and plunging in liquid nitrogen should be limited
to 30-45 s.

Warming and rehydration of vitrified SSCs:

1. Identify and retrieve the cryovial from the liquid nitrogen container and
allow the liquid nitrogen, if any, to evaporate.

2. Drop the vitrified microdrops from the cryovial directly into a petri dish
containing 1 ml of WS1 solution (0.5 M Sucrose in PBS) at 37 �C for 5 min.

3. Wash the cells through 10 ml of WS2 solution (0.25 M Sucrose in PBS) for
5 min and centrifuged at 300� g for 5 min.

4. Wash the cells through 10 ml of WS3 solution (PBS) for 5 min and
centrifuged at 300� g for 5 min.

5. Count the cell concentration and re-suspend the cells in complete SSC
culture medium (supplemented with GDNF) to the desired concentration
and plate in culture plates.

Vitrification of cells requires a shorter duration of CPA exposure, fewer
instruments and therefore is a rapid method of cryopreservation. Further, it does
not require any expensive equipment such as programmable controlled rate freezer
and therefore, is economical. Moreover, although debatable, the efficiency of
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vitrification is generally considered superior, or at least similar, to those of slow
freezing. Several studies have reported that lack of ice crystal formation reduced
cellular damage and improved the post-warming viability of testicular stem cells
(Poels et al. 2013). The vitrified-warmed testicular stem cells were shown to be
capable of undergoing complete spermatogenesis upon transplantation. Conse-
quently, it has been successfully used for cryopreservation of testicular cells and
stem cells in both human and animals (Patra and Gupta 2019, 2020; Yokonishi et al.
2014). However, although the results are encouraging, the vitrification procedure for
testicular cells and stem cells remain sub-optimal. Further, the success of vitrification
may vary with the experimenter. Several efforts are therefore being made to improve
the vitrification of testicular stem cells through optimization of sample volume, type
of cryocontainers, type and concentration of CPA, duration of CPA-exposure, use of
hydrostatic pressure, optimization of post-warming culture with additives such as
antioxidant, etc. (Patra and Gupta 2019, 2020; Saragusty et al. 2010).

9.4.1 Cryocontainers for Vitrification

Plastic cryovials and straws are the most used cryocontainers for holding the cells
during freezing. The same were later used to hold the cell suspension during
vitrification. However, it was soon discovered that minimizing the volume of cell
suspension, or increasing the surface area, can dramatically improve the post-
warming viability of cells. Consequently, several minimum volumes cryocontainers
such as EM grid, cryoloop, cryotop, OPS, cryotip, nylop loop, hemi-straw,
vitrification spatula, plastic blade, metal mesh, nylon mesh, paper container, etc.
became the containers of choice for vitrification for various cell types (Gupta and
Lee 2010; Kim et al. 2012; Patra and Gupta 2019). Some of these cryocontainers
such as EM grid and OPS allowed direct contact of the sample with cryogenic agent
for rapid heat exchange whereas other cryocontainers such as cryotop and closed
pulled straw protected the samples from direct contact with cryogenic agent for
safety. Accordingly, depending on contact or non-contact of the samples with
cryogenic agent during vitrification, the methods of vitrification can be classified
as “open vitrification” and “closed vitrification”, respectively (Kumari et al. 2016).
The open vitrification methods favour faster heat transfer than closed vitrification
methods but poses a risk of contamination with pathogens such as hepatitis B,
Brucella spp., which can survive in liquid nitrogen (Bielanski et al. 2000; Fountain
et al. 1997; Kumari et al. 2016; Tedder et al. 1995).

While vitrification of testicular stem cells can theoretically be performed by both
open and closed vitrification methods using a variety of cryocontainers, most studies
have used OPS for their vitrification. In this method, the SSCs, suspended in
vitrification solution, are loaded into thin OPS by capillary action and plunged into
liquid nitrogen for vitrification and storage. This method of vitrification was found to
be superior to both uncontrolled and controlled freezing of testicular cell suspensions
(Sá et al. 2012). It was also suggested that the risk of microbial contamination due to
direct contact with liquid nitrogen can be minimized using UV-C irradiated liquid
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nitrogen (Poels et al. 2013) and storing them in a pre-cooled cryotubes (Curaba et al.
2011).

Container-less vitrification methods such as solid surface vitrification (SSV),
nylon mesh and MD methods have also been used for open vitrification of testicular
cells and tissues (Abrishami et al. 2010; Higaki et al. 2017). The SSV method is a
relatively simple method of vitrification wherein the CPA-treated samples are placed
on the surface of sterile metal block, kept half-submerged in the liquid nitrogen, for
vitrification. Following vitrification, the vitrified samples can be transferred into
pre-cooled cryovials for storage in liquid nitrogen. A modified SSV (mSSV) method
has also been developed wherein the solid metal block is replaced with a readily
available aluminium foil that can be used like a floating boat on the surface of liquid
nitrogen (Gupta et al. 2007, 2010). The mSSV method was demonstrated to be
successful for vitrification of both testicular cells and tissues (Patra and Gupta 2019;
Abrishami et al. 2010; da Silva et al. 2019; Kaneko et al. 2013). The testicular cells,
cryopreserved by SSV or mSSV, were viable and could successfully re-initiate the
spermatogenesis process upon transplantation (Onofre et al. 2016). In a comparative
study, SSV was reported to be superior to OPS and MD vitrification as well as
controlled rate freezing for vitrification of testicular tissue (Dumont et al. 2015).
Thus, SSV and mSSV may offer excellent alternatives to both slow freezing and
OPS vitrification. However, studies on SSV of testicular stem cells are less explored.

More recently, encapsulation-vitrification of testicular cells in alginate hydrogels
have also been reported. We have shown that the testicular cells can be encapsulated
into alginate microdroplets by mixing them with sodium alginate solution and
allowing them to cross-link by dropping into calcium solution. The encapsulated
cells can then be vitrified by closed or open vitrification such as SSV or MD (Patra
and Gupta 2020). Following vitrification, the encapsulated cells can be retrieved by
vortexing them in citric acid solution. We have further shown that the post-warming
viability of encapsulation-vitrification varies with the size of microdroplets and can
be regulated by adjusting the concentration and flow rate of alginate solution and
calcium ion (Noguchi et al. 2006; Patra and Gupta 2020). The encapsulation-
vitrification offers several advantages over other methods: (1) encapsulation
provides a 3D structure which allows easy handling of cells during vitrification,
dilution and rehydration process without requiring a centrifugation step (Patra and
Gupta 2020); (2) encapsulation into alginate protects the SSCs against mechanical
damages and oxidative stress during vitrification (Pirnia et al. 2017; Poels et al.
2016); (3) encapsulation may support the stemness of SSCs (Pirnia et al. 2017);
(4) vitrified-warmed testicular stem cells, encapsulated in alginate microbeads, can
be directly cultured in bioreactors for their large-scale expansion for clinical use and;
(5) encapsulated cells can be used directly for transplantation (Gül et al. 2020).
However, studies on encapsulation-vitrification of testicular cells are very limited.
Furthermore, all studies on encapsulation-vitrification of testicular cells so far have
used alginate biomaterial for hydrogel formation. A number of other natural protein
(fibrin, collagen, gelatine, etc.) and polysaccharides (e.g. chitosan, dextran, etc.) or
synthetic organic (e.g. polycaprolactone, polytetrafluoroethylene, etc.) and inorganic
(e.g. Titania, silicon, etc.) biocompatible materials may be suitable for encapsulation
of testicular cells and are yet to be explored (Vermeulen et al. 2017).
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9.5 Cryoprotective agents (CPA) for Freezing and Vitrification

CPAs are the integral part of freezing and vitrification protocols for prevention of
cryoinjury. Two classes viz. permeating (e.g. glycerol, DMSO, EG, PROH) and
non-permeating (e.g. sucrose, trehalose, polyethylene glycol, hydroxyethyl starch)
CPAs are commonly used for protecting the cells from cryoinjury and improving the
cryosurvival during freezing and vitrification. The permeating CPAs can permeate
into the cells and modify their cryobiological properties to protect against chilling
injury by regulating ice crystallization. On the other hand, non-permeating CPAs are
generally used to reduce the requirement of high concentration of permeating CPA
and for increasing the membrane stability during dehydration (Lee et al. 2014a).
Among various CPAs, glycerol and DMSO have been the most used as CPA for
slow freezing whereas DMSO, EG and PROH have been the commonest CPAs for
vitrification of testicular stem cells.

In early studies, slow freezing of testicular cells and tissues was achieved using
glycerol at a concentration of 1 M, with or without non-permeating CPA such as
0.03–0.1 M sucrose and 10–80% (v:v) serum (Abrishami et al. 2010; Izadyar et al.
2002). However, it required a long duration of glycerization at low temperature and
hence, its use became less frequent with the development of more effective
permeating CPAs such as DMSO, EG and PROH (Keros et al. 2005; Travers et al.
2011). Among these permeating CPAs, 0.5–1.5 M DMSO (usually, 5–10%, v:v) has
been the most commonly used permeating CPA and is considered least cytotoxic for
better cell survival during slow freezing. Several studies have shown that SSCs
frozen in the presence of DMSO could retain their self-renewing, proliferating and
engraftment potential upon transplantation (Hermann et al. 2007). Combined use of
DMSO with 200 mM trehalose could further improve the success of SSC cryopres-
ervation (Jung et al. 2020b) and was superior to those of 2.5% polyethylene glycol
(PEG) and 200 mM trehalose although number of spermatogonial colonies were
higher from SSCs that were frozen thawed in 2.5% PEG with 200 mM trehalose (Lee
et al. 2013a, b). Additive effect of trehalose with DMSO was also shown in bovine
species (Kim et al. 2015).

The DMSO has also been used very commonly for vitrification of testicular cells
at a concentration of 3.0–5.5 M (usually, 30–40%, v:v) (Curaba et al. 2011;
Frederickx et al. 2004; Keros et al. 2007; Lee et al. 2014a; Pietzak 3rd et al. 2015;
Unni et al. 2012; Wu et al. 2012; Wyns et al. 2007; Yango et al. 2014). DMSO forms
transient pores in the plasma membrane, which favours cell dehydration and reduces
ice crystal formation during the cooling (Gurtovenko and Anwar 2007). It can also
interact with lipid bilayer of plasma membrane to increase its fluidity and protect
from mechanical injury caused by ice crystals. Moreover, DMSO can improve the
cryosurvival of cells by allowing supercooling of cells below (�)40 �C and
preventing intracellular ice crystallization (Mazur 1984). However, high concentra-
tion or longer exposure duration of DMSO can be cytotoxic and induce cell
differentiation, aberrant DNA methylation and histone modification and apoptosis
(Huang et al. 2008; Iwatani et al. 2006; Kawai et al. 2010). Consequently, several
alternative CPAs such as EG, PROH, formamide, HES, dextran, etc. have been tried,
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either alone or in combination to DMSO for reducing its cytotoxicity in various cell
types, including testicular cells. The EG has higher cell permeability that DMSO and
can weaken the hydrogen bond formation between solutes and water molecules
(Weng et al. 2011). It also reduces the osmotic shock during ice crystallization. Thus,
EG at a concentration of 1.5–3.0 M or 5.5–6.5 M has been viewed as a good
alternative to DMSO for freezing and vitrification, respectively (Frederickx et al.
2004). Nevertheless, till date, DMSO remains to be the most used CPA for both
freezing and vitrification of testicular cells. The DMSO and EG can also be used at
1:1 ratio to reduce the toxicity of individual CPAs by reducing their concentration
to half.

Natural antifreeze proteins and glycoproteins found in Antarctic fish and plants
that have adapted to extreme cold conditions have also been explored for use as CPA
(Cheung et al. 2017; Kim et al. 2017). These proteins can cause freezing point
depression and prevent the intracellular ice crystallization to reduce cryoinjury. They
can also maintain the stability of phospholipids and unsaturated fatty acids in plasma
membranes. However, studies on use of antifreeze proteins and glycoproteins have
been limited and, their usefulness for cryopreservation of testicular stem cells
remains to be explored.

9.6 CPA Toxicity and Strategies for Its Amelioration

All permeating CPAs are known to have cytotoxicity depending on their concentra-
tion and the duration of exposure. Commonly used CPAs such as DMSO, EG and
PROH have been reported to cause abnormal spindle morphology and aneuploidy in
oocytes and embryos (Huang et al. 2008), although such damage was not observed
in testicular cells and tissues (Li et al. 2009; Oblette et al. 2017; Song et al. 2016).
DMSO is also known to cause epigenetic aberrations in DNA methylation in
testicular cells and tissues (Iwatani et al. 2006; Kawai et al. 2010). Thus, titration
of concentration and duration of exposure is required to be optimized for effective
cryopreservation with minimal cytotoxicity. Toxicity of CPAs can also be reduced
by combining two or more permeating or non-permeating CPAs and reducing the
concentration of individual CPA. Experiments have shown that excellent
vitrification solutions can be formed by combining a strong glass former such as
DMSO with a weak glass former such as EG or formamide (Fahy et al. 2004). Thus,
the mixture of DMSO and EG in 1:1 ratio is occasionally used for reducing the
concentration of DMSO and its toxicity during vitrification of testicular stem cells
and tissues (Abrishami et al. 2010; Baert et al. 2012; Curaba et al. 2011; da Silva
et al. 2019; Dumont et al. 2015; Gholami et al. 2013).

Replacing the part of permeating CPA with non-permeating CPAs such as mono-
or di-saccharides, polyvinylpyrrolidone (PVP), PEG, Ficoll, dextran and polyvinyl
alcohol (PVA) offers another possibility for minimizing the CPA toxicity. In several
studies, DMSO was combined with sucrose (Curaba et al. 2011; Goossens et al.
2008; Gouk et al. 2011; Izadyar et al. 2002; Poels et al. 2014; Wyns et al. 2008),
trehalose (Lee et al. 2014b, b; Zhang et al. 2015) and dextran (Pacchiarotti et al.
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2013) to reduce its cytotoxicity and improve the cryosurvival of testicular cells and
tissues during freezing and vitrification. The EG has also been combined with
sucrose, trehalose and PVP to reduce its cytotoxicity and improve cryosurvival of
testicular cells and tissue (Kaneko et al. 2013; Poels et al. 2012). High concentrations
of blood serum, serum albumin, hyaluronan, anti-oxidants, etc. are the other
additives that may be used in freezing and vitrification media to improve the success
rates of cryopreservation. Since CPAs are known to induce apoptotic cascade,
inhibitors such as Z-VAD-FMK, Z-DEVD-FMK, sphingosine-1-phosphate, etc.
may also be useful in reducing the CPA-induced apoptosis (Men et al. 2006;
Onions et al. 2008).

9.7 Cryoinjury and Strategies for Its Amelioration

In addition to CPA, the chilling injury during freezing and vitrification procedures
can also cause thermal and biochemical stress to the cells and reduce their viability.
The chilling injury can occur due to improper cooling rate, osmotic stress and
mechanical damage caused by sharp ice crystals. The immediate outcome of these
chilling injuries is apoptosis and cell death, which may be observed in the form of
cellular degeneration, rupture of cell membrane and leakage of cytoplasmic contents.
Mechanism by which freezing and vitrification induce cell death is not fully under-
stood but both canonical and mitochondrial-mediated apoptosis pathways and oxi-
dative stress pathways have been shown to be involved. It may also cause
transcriptional stress to cells resulting in increased expression of responsive genes
such as Bax, Cirbp, Hsp90ab1 and Sod1 (Bebbere et al. 2019). Further, cryopreser-
vation may also cause dysregulated gene expression and stress resulting in epige-
netic aberrations of DNA methylation (Iwatani et al. 2006; Kawai et al. 2010).
However, despite these cryoinjuries, the birth of normal and fertile offspring has
been reported from the cryopreserved SSCs and testicular cell suspensions
(Goossens et al. 2011; Tanaka et al. 2015, 2018; Wu et al. 2012; Yuan et al.
2009). Studies have also shown that cryopreservation had little or no effect on
meiotic recombination and fidelity of synapsis formation in testicular cells
(Li et al. 2009; Song et al. 2016).

Reactive oxygen species (ROS) such as superoxide anion radical (O2
•2),

hydroxyl radical (•OH) and hydrogen peroxide (H2O2) are normally generated
during mitochondrial respiration and are important for cellular homeostasis. At
physiological levels, the ROS also stimulates the self-renewal of testicular stem
cells via MAPK and JNK signalling pathways (Morimoto et al. 2013). However,
excessive ROS generation or its intracellular accumulation can cause cell death by
modifying the functional groups of proteins, lipids and nucleic acids (Finkel and
Holbrook 2000). Several studies have shown that the cryopreservation can induce
excessive ROS generation to cause oxidative stress and leads to DNA fragmentation,
altered cellular metabolism, dysregulation of cell signalling pathways and cell death
(Gupta et al. 2010; Thomson et al. 2009; Zhang et al. 2015). Consequently, use of
antioxidants in cryopreservation and in vitro culture media has been explored by
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various researchers to ameliorate the adverse effects of ROS. Several studies have
shown the beneficial effects of several antioxidants such as vitamin E, α-tocopherol
(an active form of vitamin E), catalase (CAT), reduced glutathione (GSH),
β-mercaptoethanol (βME), superoxide dismutase (SOD), melatonin, caffeic acid,
selenium, hypotaurine and cysteine on the viability of sperm, oocytes, somatic cells
and stem cells, due to their ROS scavenging activity (Aliakbari et al. 2016;
Boroujeni et al. 2019; Gupta et al. 2007, 2010; Ha et al. 2016; Navid et al. 2017;
Sayed Mahdi et al. 2018). Studies have also shown that supplementation of
antioxidants such as vitamin E into the cryopreservation and in vitro culture media
reduced the ROS accumulation in frozen-thawed testicular tissue of pre-pubertal
mice and lead to better in vitro spermatogenesis (Arkoun et al. 2019). Thus, use of
antioxidants in cryopreservation protocols of testicular cells and tissue is generally
recommended (Patra and Gupta 2019; Zhang et al. 2015).

Many studies have also shown that apoptosis and necrosis is a common observa-
tion during cryopreservation of testicular stem cells by freezing or vitrification.
Although the cause of apoptosis could not be precisely ascertained, both canonical
and mitochondrial-mediated pathways were found to be involved in cryopreserved
testicular stem cells. Studies have also shown that CPA such as DMSO and DM can
themselves cause apoptosis. Thus, several studies have also analysed the use of
apoptotic inhibitors such as Z-VAD-FMK, Z-DEVD-FMK, sphingosine-1-phos-
phate, RIPA-56, etc. and reported them to be useful in reducing the CPA- or
cryopreservation-induced apoptosis (Men et al. 2006; Onions et al. 2008; Xie et al.
2020).

9.8 Assessing the Viability of Cryopreserved Testicular
Stem Cells

The success of a cryopreservation protocol can be assessed by multiple morphologi-
cal, biochemical, and molecular methods for assessment of cell viability, apoptosis,
ROS activity, ability to initiate spermatogenesis by short-term in vitro culture, and
production of fertile and healthy offspring upon SSCT or through in vitro spermato-
genesis followed by IVF/ICSI/ROSI. Several biochemical and molecular analytical
methods can also be utilized to assess the extent of cellular damage such as
chromosomal anomalies, reduced mitochondrial membrane potential, aberrant
DNA methylation or histone modifications, free radical formation, etc. Most studies
analyse and report the percentage of living cells in frozen-thawed or vitrified-
warmed cells as a measure of success in cryopreservation. However, the presence
of living cells not necessarily indicates the functionality of the cells. The functional-
ity of cryopreserved testicular cells needs to be verified by transplantation assay or
in vitro culture. Successful in vitro spermatogenesis of motile sperm, which could
lead to the birth of live offspring by artificial insemination, IVF or ICSI is also a
sufficient proof for the success of testicular cell cryopreservation. Alternatively, the
success of testicular cryopreservation can be assessed by transplantation of the
cryopreserved cells into recipient testis or grafting into a heterologous location
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such as under skin or orthotropic grafting for monitoring the serum testosterone level
or spermatogenesis process (Baert et al. 2012; Kirpatovskii et al. 2018).

9.9 Biochemical Assays

Biochemical methods are routinely used for evaluating the viability of cryopreserved
cells by dye-exclusion Trypan Blue assay, fluorescein diacetate (FDA) assay and
lactate dehydrogenase (LDH) release assay. On the other hand, apoptosis in
cryopreserved cells can be evaluated by analysing the caspase activity, Annexin V
staining or TUNEL assay. Staining for nucleolar organizing region (NOR) and
immunocytochemistry for PCNA staining or Ki67 staining can also be utilized to
get an idea about the cell proliferation ability of cells. Further, cryoinjuries can also
be assessed by evaluating mitochondrial damage by MitoTracker™ or MTT assay,
oxidative stress by ROS activity, lipid peroxidation by malondialdehyde (MDA)
assay, etc. More recently, Fourier transformed infrared (FTIR) spectroscopy has also
been found to be suitable for analysing the general biochemical profile and mem-
brane lipid transition in cryopreserved cells (Meneghel et al. 2019; Wang et al.
2019), although its potential has not yet been fully utilized for testicular stem cells.

9.10 Molecular Methods

Conventional molecular tools such as polymerase chain reaction (PCR), reverse
transcriptase PCR (RT-PCR) and Western blotting can be used for analysis of genes
and proteins related to cell proliferation, cell viability, apoptosis, etc. in
cryopreserved cells. The stemness of viable SSCs can also be evaluated by analysing
the expression of marker genes and proteins such as Oct4, Pgp9.5, VASA, boule,
UTF1, UCHL1, GFRα-1, PLZF, etc. (Li et al. 2018). Immunohistochemistry and
RNA sequencing (RNAseq) can also be used to evaluate the transcriptome, prote-
ome and epigenome status of the cryopreserved cells. On the other hand,
karyotyping and fluorescence in situ hybridization (FISH) can be done to assess
the chromosomal configuration of cells and haploidy of spermatozoa obtained from
cryopreserved testicular stem cells.

9.11 Transplantation Assays

Testicular transplantation and donor-derived spermatogenesis is the ‘gold standard’
for true assessment of viability in cryopreserved testicular stem cells. The cells
(0.5–2.0 � 105 cells/ml) can be mixed with a dye such as Trypan Blue to visualize
the microinjection (Kaul et al. 2010; Onofre et al. 2020) and microinjected into
recipient testes prepared by busulfan treatment or gamma irradiation to deplete of
endogenous SSCs. The microinjection can be done via rete testes or vas deference or
directly into the seminiferous tubules using borosilicate pipettes under microscope.
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The transplanted SSCs colonize at the basal membrane and re-populate the seminif-
erous tubules to initiate spermatogenesis and produce fertile spermatozoa. The proof
of principle for SSC transplantation (SSCT) came from studies on transplantation of
SSCs from infertile Steel (SI/SI) mice to infertile dominant white spotting (W/Wv).
The SI mutants are infertile due to Sertoli cell dysfunction whereas W mutant male
mice are infertile due to germ cells dysfunction but with normal Sertoli cell function.
The testicular transplantation of SSCs from SI mice into W mice restored fertility
with donor-derived offspring (Ogawa et al. 2000). Several studies have subsequently
shown that fertile donor-derived spermatozoa can be obtained by SSCT in several
animal species (Herrid et al. 2019; Shetty et al. 2020).

The transplantation assay for evaluation of cellular viability of testicular stem
cells can also be done at an orthotropic location either directly or after encapsulation
into alginate matrix (Del Vento et al. 2019; Gül et al. 2020). The functionality of
transplanted cells can be evaluated by histological analysis of the transplanted cells
for spermatogenesis progression and generation of donor-derived sperm. Studies
have also shown that mouse testicular cells, encapsulated into Matrigel™, could
self-organize into seminiferous tubules upon subcutaneous injection into the dorsum
of the nude mice (Gao et al. 2020). The functioning of testicular cells and SSCs can
be tracked by pre-labelling the cells with PKH67 or DiI stain, which retains in the
loaded cells for nearly two months (Dong et al. 2019; Mohaqiq et al. 2019). Under
experimental settings, genetically modified cells with marker proteins such as
enhanced green fluorescent protein (EGFP) under the control of sperm-specific
promoters such as Acrosin (Acr) can also be utilized. Transgenic mice expressing
EGFP under the control of Acr is already available commercially. Xeno-grafting is
also an attractive strategy for fertility preservation in endangered animals and
resurrection of extinct animals (Pukazhenthi et al. 2006).

In vitro generation of three-dimensional (3D) testicular organoids (TO) from
cryopreserved testicular cells has also emerged as a novel strategy for assessment
of cell viability (de Michele et al. 2017; Pendergraft et al. 2017; Vermeulen et al.
2019). The TOs consists of SSCs, germ cells and somatic cells (Sertoli cells, Leydig
cells, peritubular Myoid cells) to resemble the testicular structure with interstitial
compartments separated by basement membrane and can respond to various envi-
ronmental cues (de Michele et al. 2017; Sakib et al. 2019; Vermeulen et al. 2018).
The functionality of 3D TOs in terms of testosterone production and spermatogene-
sis events in testicular cells could be a good indicator for the success of cryopreser-
vation (de Michele et al. 2017; Pendergraft et al. 2017).

9.12 In Vitro Spermatogenesis

In vitro spermatogenesis from SSC could be an excellent alternative to the in vivo
SSCT. It was initially applied for mice testicular tissue (Sato et al. 2011) and was
found to be useful for verifying the post-thaw viability of frozen-thawed mice testis
(Yokonishi et al. 2014). The method involved organ culture of testicular tissue
fragments at air-liquid interphase following which the in vitro produced sperm
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could be used for production of offspring by IVF, ICSI or ROSI. The organotypic
air-liquid interphase culture was also proven to be useful for in vitro spermatogenesis
from testicular stem cells. The protocol required the introduction of SSCs into an
allogenic or cadaver-derived testicular tissue before their organ culture at air-liquid
interphase (Gül et al. 2020; Sato et al. 2011). Studies have shown that xenoxenic
recipient testis can also be used for in vitro spermatogenesis from testicular stem
cells (Mohaqiq et al. 2019) but complete spermatogenesis depends on the compati-
bility of spermatogenic cycle and phylogenetic distance between the species
(Ntemou et al. 2019). Moreover, xenoxenic transplantation of SSCs for in vitro
spermatogenesis may pose possible risks of zoonotic disease transmission and
immunoreactions (Kaneko et al. 2013; Liu et al. 2016). An alternative to the
requirement of cadaver-derived or xenogenic testis could be the use of tissue-
engineered testicular constructs (Mohaqiq et al. 2019; Perrard et al. 2016; Rezaei
Topraggaleh et al. 2019; Vermeulen et al. 2018). It is possible that the SSCs can be
seeded into biomaterial-derived scaffolds and cultured ex vivo in an organotypic
air-liquid interphase to achieve in vitro spermatogenesis. Macroporous 3D scaffolds
have been developed using decellularized testicular matrix (DTM), which supported
the differentiation of spermatogonial cells up to post-meiotic stage (Rezaei
Topraggaleh et al. 2019). However, the testicular engineering approach for in vitro
spermatogenesis is still at its infancy and, till date, no study has reported the
production of fertile spermatozoa in both human and animals. A detailed review
on in vitro spermatogenesis can be found elsewhere (Ibtisham and Honaramooz
2020; Pelzman et al. 2020).

9.13 Application of Testicular Stem Cell Cryopreservation

Semen cryopreservation is the most convenient and the first choice for fertility
preservation in both human and animals. However, in instances wherein semen
cryopreservation is not possible due to non-availability of sperm (e.g. pre-pubertal
males, non-obstructive azoospermia etc.) or non-feasibility (e.g. posthumous repro-
duction, pre-meiotic barriers to spermatogenesis etc.), cryopreservation of testicular
stem cells, or testicular tissue enriched in SSCs, offers alternate and attractive
options. The latter is still under the experimental stage with limited demonstrated
clinical applications in large animals and human (Valli-Pulaski et al. 2019). Never-
theless, fertility preservation through cryopreservation of testicular stem cells is
indicated in both medical and non-medical conditions and, occasionally the only
choice (Table 9.1). Testicular stem cell cryopreservation can also be used to preserve
genetic resources of wild animals if sperm is not available (e.g. testis from morbid
wild animal) or are difficult to cryopreserve. Furthermore, cryopreservation is of
utmost importance for preservation of genetically modified testicular stem cells that
are meant for transgenic animal production by SSCT or ARTs. The complexity and
diversity of important applications of the testicular stem cell cryopreservation are
discussed below.
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Table 9.1 Indications and applications of testicular stem cells and their cryopreservation

Indications Applications Reasons

Banking of animal genetic
resources

� Rapid dissemination of
elite germplasm.
� International
transportation at low cost.
� Preservation of near-
threatened, vulnerable or
endangered species.

� Introduction of genetic variation,
minimization of inbreeding
depression in captive breeding and
resurrection of extinct and
threatened animals.

Transgenesis and gene
targeting

� Transgenic animal
production.
� Knock out animals.
� Knock in animals.

� Genetic manipulation of
testicular stem cells for production
of transgenic animals by SSCT.

Regenerative medicine � Deriving patient-
specific stem cells.
� Androgen
reconstitution.

� Isolation of pluripotent maGS
and GPS cells.
� SSCT.

In vitro spermatogenesis � Azoospermia. � Pre-meiotic barriers to
spermatogenesis.

Fertility restoration in males
with impaired
spermatogenesis

� Azoospermia.
� Cryptorchidism.
� Vasectomized
individuals.

� Pre- or post-meiotic barriers to
spermatogenesis.

Posthumous reproduction � Reproduction from
testicular tissue of
deceased animals or
human.

� Preservation of animal genetic
resources.
� Resurrection of extinct animal.
� Surgical removal of testicular
cells and tissues upon the death of
patients.

Ageing � Aged males. � Reduced sperm count.
� Impaired fertility and fecundity.
� Accumulation of spontaneous
mutations.
� Pregnancy complications, birth
defects and neurological disorders
in offspring.

Gender reassignment � Males undergoing
gender reassignment.

� Gender dysphoria or failure of
the process.

Fertility preservation in
pre-pubertal males
expecting gonadotoxic
treatment

� Cancer. � Gonadotoxicity of radiation and
chemotherapy.

Fertility restoration in males
expecting bone marrow
transplantation

� Sickle cell anaemia.
� Thalassemia.
� Drepanocytosis.
� Idiopathic medulla
aplasia.
� Chronic
granulomatous disease.

� Gonadotoxicity of
pre-conditioning radiation and
chemotherapy.

(continued)
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9.14 Fertility Restoration in Males with Pre- and Post-meiotic
Barriers to Spermatogenesis

Among various causes of male infertility such as obstruction to vas deference,
orchitis, hormonal disorders, etc., spermatogenic defects contribute ~70 to 90% to
male infertility. In livestock animals such as cattle and buffalo, this is generally
handled by use of donor-derived frozen-thawed sperm for artificial insemination.
However, preservation of male infertility become pertinent in elite bulls, race horses
of high genetic merit, pets, and wild animals. In such cases, cryopreservation of
testicular stem cells can be envisaged as a powerful tool for preservation and
restoration of male fertility. The testicular stem cells may be isolated from the
testicular biopsy and cryopreserved by freezing or vitrification to restore the fertility
by SSCT or other ARTs. More importantly, cryobanking of testicular stem cells may
offer fertility solutions for azoospermic males with defective or immature spermato-
genesis due to congenital or acquired conditions. In such cases, the testicular stem
cells can be isolated from biopsied testicular tissue and differentiated in vitro to
produced spermatozoa for ICSI or ROSI.

Cryptorchidism could be yet another reason that may necessitate cryopreservation
of testicular stem cells in males of high genetic merit or transgenic animals. Testis
that fails to descent into extra-abdominal scrotum undergoes a progressive reduction
in germ cells, defective germ cell maturation and testicular dysfunction due to
thermal stress (Docampo and Hadziselimovic 2015; Lee and Coughlin 2001). In
such cases, testicular stem cells may be isolated from testis at an early stage, before
the herald of the germ cell degeneration, and cryopreserved for restoration of fertility
by in vitro spermatogenesis or ectopic grafting (Makala et al. 2015; Wyns et al.
2007). In cryptorchidism, the possibility of fertility restoration by transplantation of
cryopreserved testicular stem cells is very bleak because of simultaneous impairment

Table 9.1 (continued)

Indications Applications Reasons

Fertility preservation and
restoration in males with
infectious diseases

� Immunodeficiency
viruses (e.g. HIV, CIV,
FIV etc.).

� Impaired fertility.
� Sexual transmission of pathogen.

Fertility preservation and
restoration in males with
autoimmune diseases

� Systemic sclerosis.
� Systemic lupus
erythematosus.
� Crohn’s disease.

� Abnormal semen parameters,
erectile dysfunction and ejaculation
failures.
� Gonadotoxicity of radiation and
chemotherapy before bone marrow
transplantation.

Fertility restoration in males
with genetic diseases

� Klinefelter syndrome. � Progressive degeneration of
SSCs and impaired
spermatogenesis at a later stage
of life.
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of somatic cell (Leydig cells, Sertoli cells) functionality. Thus, in vitro spermato-
genesis is necessary to restore fertility from cryopreserved testicular stem cells.

Castration and vasectomy are effective methods of neutering in animals for
making them docile. Vasectomy is also practiced in adult human for sterilization.
There may be instances (e.g. death of the offspring) wherein reversal of male fertility
is desired. However, the success of vasovasostomy or epididymovasostomy reversal
procedure varies with the duration of vasectomy and may even fail (Fuchs and Burt
2002). Semen or testicular tissue freezing before vasectomy could be an option in
such instances. The testicular stem cells, isolated from cryopreserved testicular
tissue, can be used for restoration of fertility.

9.15 Male Fertility in Ageing

Cryopreservation of testicular stem cells may also be warranted in non-medical
reasons such as ageing. It can offer the opportunity for restoration of fertility in
males who have become aged or in cases of postponed parenthood. The later can also
be applied for obtaining offspring from animals that have stopped ejaculation or are
unsuitable for breeding due to ageing. Recent studies have shown that reduction in
sperm count can occur with increasing age (Brandt et al. 2019; Levine et al. 2017)
and therefore, can reduce the fertility and fecundity. Sperm from aged individuals
also increases the risk of pregnancy complications, accumulation of spontaneous
mutations, birth defects and neurological disorders in offspring (Su et al. 2015;
Taylor et al. 2019). Thus, preservation of testicular stem cells may become necessary
in such cases.

9.16 Posthumous Reproduction

Cryopreservation of testicular cells offers an opportunity to obtain live offspring
from deceased individuals in both human and animals. The sperm or testicular tissue
can be collected from peri- or post-mortem males and cryopreserved for future
procreation of offspring (Check et al. 2002). It human, it has been applied in rare
circumstances of unexpected death of the male partner, and birth of live offspring
have been reported (Batzer et al. 2003; Check et al. 2002) although it poses several
ethical and legal challenges to both the family and the society at large (Hurwitz and
Batzer 2004).

In animals, cryopreservation of testicular specimens offers opportunity for post-
humous reproduction in elite bulls or from testicular tissue samples that may have
been found accidently from wild animals. The testicular stem cells, combined with
in vitro spermatogenesis or testicular transplantation in recipient testis, can restore
fertility. The success of such procedure, however, depends on the availability of live
testicular stem cells and/or precursor cells and reduces with the increase in the
duration of sample collection (Batzer et al. 2003). Depending on the availability of
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the cell type and their viability, the collected sample may be used for IVF, ICSI,
ROSI or in vitro spermatogenesis.

9.17 Fertility Preservation and Restoration in Pre-pubertals
with Oncological Conditions

Testicular dysfunction can occur due to testicular cancer as well as non-testicular
neoplasm such as leukaemia. The oncological conditions may either have a direct
effect on gonadal function or may indirectly cause testicular dysfunction due to
prolonged hyperthermia, cytokine storm, cachexia and nutritional deficiencies of
vitamins, minerals and trace elements, etc. (Dohle 2010). While most cancer cases
(e.g. leukaemia) remain to have high mortality rate, many neoplastic conditions
(e.g. Hodgkin’s lymphoma, testicular tumours) may eventually result in the long-
term survival of patients upon treatment (Crha et al. 2009). Unfortunately, radiation
and chemotherapy for cancer treatment are generally cytotoxic to rapidly dividing
cells, including testicular stem cells, and predispose the surviving males to testicular
failure and infertility (Duca et al. 2019). In human, radiation and chemotherapy have
been reported to result in azoospermia in ~25% of cancer cases (Green et al. 2010)
although such systematic studies on infertility analysis in animals are lacking. Thus,
cryopreservation of germ cells is crucial for fertility preservation and restoration in
cancer patients expecting gonadotoxic treatment. The semen, cryopreserved prior to
initiation of gonadotoxic treatment could be used for treatment of infertility. How-
ever, this option is not available in pre-pubertal and paediatric males, which have not
yet begun their sperm production. In such cases, cryopreservation of testicular stem
cells, or testicular tissue enriched in SSCs, are the only options for fertility preserva-
tion and restoration (Lakhoo et al. 2019). The transplantation of cryopreserved
testicular stem cells, isolated from the patient’s own testis, allows autologous
transplantation, and thereby, not only avoids potential immune rejection but also is
ethically acceptable. Thus, isolation, cryopreservation, and testicular transplantation
of SSCs are increasingly proposed as a method of choice for restoration of fertility in
cancerous individuals in which SSC populations is expected to deplete due to
radiation or chemotherapy. Several studies have shown very encouraging results
of autologous SSCT in rodents and primates (Ginsberg et al. 2010). However, it is
yet to be applied in large animals and human due to several unresolved technical and
safety concerns.

One of the biggest safety concerns with SSC cryopreservation and autologous
transplantation in cancer cases has been the potential risk of reintroducing cancerous
cells upon SSCT. Experiments have shown that presence of 20 cancerous cells in
cryopreserved testicular cells from leukemic rats was enough to re-establish malig-
nancy in 3 out of 5 non-leukemic recipient rats (Jahnukainen et al. 2001). Thus,
purification of SSCs from contaminating cancerous cells is necessary prior to their
SSCT in treated and cured cancer cases (Hermann et al. 2011). Purification of SSCs
may be achieved by fluorescence-activated cell sorting (FACS) or magnetic-assisted
cell sorting (MACS) using specific antibodies for cancerous cells (e.g. CD4 for
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T-cell leukaemia) (Fujita et al. 2006; Geens et al. 2007; Hou et al. 2007, 2009; Tian
et al. 2019). Long-term culture of testicular cells in SSC-selective media that does
not support cancer cell growth has also been tried for elimination of cancerous cells
(Sadri-Ardekani and Atala 2014). However, sorting of cells by FACS or MACS or
their selective culture in SSC-selective media were met with limited success for
clinical use (Geens et al. 2007; Hou et al. 2007, 2009).

A practical and feasible alternative to FACS or MACS-based elimination of
cancerous cells for SSCT could be in vitro spermatogenesis of spermatozoa and
production of offspring by IVF, ICSI or ROSI (Yokonishi et al. 2014). The
cryopreserved SSCs can be seeded into allogenic, xenogenic or a cadaver-derived
testicular tissue and organ cultured at air-liquid interphase for in vitro spermatogen-
esis (Gül et al. 2020; Ntemou et al. 2019; Sato et al. 2011). Unfortunately, this later
strategy has not been optimized in most animal species and human. An alternative to
the requirement of donor-derived testicular tissue for in vitro spermatogenesis could
be the use of biomaterial-derived tissue-engineered testes (Mohaqiq et al. 2019;
Perrard et al. 2016; Rezaei Topraggaleh et al. 2019). However, complete in vitro
spermatogenesis in tissue engineered testis remains to be demonstrated (Mohaqiq
et al. 2019; Portela et al. 2019).

9.18 Fertility Preservation and Restoration in Non-oncological
Diseases

Non-oncological diseases such as autoimmune diseases, haematological disorders,
spinal cord injuries, severe trauma to testis, etc. may result in testicular dysfunction
and ejaculatory failure. Autoimmune diseases such as systemic lupus erythematosus,
multiple sclerosis, and Crohn’s disease are also often associated with abnormal
semen parameters, erectile dysfunction and ejaculation failures (Fode et al. 2012).
Further, preconditioning chemotherapy or whole-body irradiation before bone mar-
row transplantation in these patients entails a high risk of gonadal dysfunction
(Snowden et al. 2017). In human, ~85% of patients experienced azoospermia after
preconditioning chemotherapy or radiation for bone marrow transplantation
(Anserini et al. 2002). Similarly, 3 out of 5 pre-pubertal individuals, who underwent
hematopoietic stem cell transplantation for sickle cell anaemia, experienced azoo-
spermia (Lukusa et al. 2009). Thus, in such cases, in the absence of semen for
cryopreservation, banking of testicular stem cells, or testicular tissue enriched in
SSCs, is recommended prior to corresponding therapies.

Cryopreservation of testicular stem cells is also an alternative to semen preserva-
tion in individuals affected with serious infectious diseases with potential of trans-
mission via semen or during mating (e.g. immunodeficiency viruses). The repeat
sperm washing procedure may reduce the pathogen load but remains a risk to the
offspring as well as sero-negative partner, even from males with undetectable serum
load of pathogen (Nicopoullos et al. 2011). Further, the duration of infection,
patient’s age, immune status, treatment regimen, etc. also reduces the semen volume,
sperm concentration, sperm viability and their fertilizability (Bujan et al. 2007;
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Wang et al. 2014). On the other hand, unlike semen, the testicular stem cells can be
screened extensively before in vitro spermatogenesis or SSCT to reduce the risk of
disease transmission. The repeat sub-culture steps, differentiation protocols and
advanced molecular tools for detection and sorting of purified population of testicu-
lar stem cells can significantly reduce or remove the risk of disease transmission
altogether.

Cryopreservation of testicular stem cells may also be warranted for fertility
preservation prior to pre-conditioning radiation or chemotherapy for bone marrow
transplantation in non-infectious genetic diseases such as sickle cell anaemia, thal-
assemia, Drepanocytosis, idiopathic medulla aplasia, chronic granulomatous dis-
ease, etc. It may also be required for early preservation of male fertility in genetic
diseases such as Klinefelter syndrome in which degeneration of germ cells is seen at
a later stage of life. In Klinefelter syndrome, the loss of SSCs may start at
pre-pubertal stage and meiotic arrest is seen at the later stage of life due to aneuploid
spermatogonia (Vialard et al. 2012; Wikström and Dunkel 2008). Thus, in such
genetic diseases, it becomes imperative to cryopreserve testicular stem cells at an
early stage of life. Since individuals with Klinefelter syndrome have fibrosed and
hyalinized seminiferous tubules, which may not support spermatogenesis upon
SSCT, in vitro spermatogenesis of cryopreserved testicular stem cells will be of
immense utility (Braye et al. 2019; Wikström and Dunkel 2008). Importantly,
transplantation of autologous cryopreserved testicular stem cells in genetic diseases
such as Klinefelter syndrome of AZF mutations will not prevent the vertical trans-
mission of mutations or genetic diseases to the progeny per se. However, genetic
correction of GS cells using gene editing technologies such as CRISPR-Cas9 is a
possibility in future for generation of mutation-free spermatozoa and healthy fertile
offspring.

9.19 Animal Transgenesis and Genome Editing

Manipulation of testicular stem cells has immense potential for transgenic animal
production. This is of particular importance in livestock animal species such as cattle
and pigs in which existing methods of transgenesis are not efficient. Moreover, it can
be combined with newer genome editing tools such as Zinc Finger Nucleases
(ZFNs), Transcription Activator-Like Effector Nucleases (TALENs) and Clustered
Regularly Interspaced Short Palindromic Repeats-Cas9 (CRISPR-Cas9) system for
knock-in and knock-out animal production for understanding the gene function
through gain-of-function and loss-of-loss function studies (Koppes et al. 2020;
Park et al. 2017; Zhang et al. 2020). These genetically engineered stem cells are
created through a lengthy and cumbersome process and are novel to be
cryopreserved for later use. An improper cryopreservation protocol for these geneti-
cally modified testicular stem cells can ruin the work of several months and years.

The application of genome editing tools is also expected to broaden the applica-
tion of testicular stem cell cryopreservation to radically change our approach for
infertility treatment. The CRISPR-Cas9 system has been successfully applied to
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testicular stem cells for genetic correction and production of disease-free individuals
or for treatment of infertility through correction of underlying genetic mutation
(Wu et al. 2015). Cryopreservation of these gene edited cells is essential for
preservation of mutation-free testicular stem cells until the individuals are ready
for transplantation. Nevertheless, the genome editing tools require refinements and
remain a farfetched goal for both animal and human. The current application of these
genome editing is restricted to their application in the generation of model animals
for unravelling the gene function.

Gene targeting and genome editing tools can also be used for differentiation and
in vitro spermatogenesis from cryopreserved testicular stem cells. Several molecules
such as SCF/c-kit system, Dazl RNA binding protein, cyclin D2 and D3 and retinoic
acid have been shown to promote differentiation of testicular stem cells. The SCF/c-
kit system upregulates cyclin D3 and promotes cell cycle progression in
spermatogonia through a rapamycin-sensitive PI3K/p70 S6 kinase pathway (Feng
et al. 2000). On the other hand, targeted disruption of Dazl (deleted in azoospermia-
like) RNA-binding protein inhibited the differentiation of Aal spermatogonia into
A1 (Schrans-Stassen et al. 2001) while transfection of ES cells with Daz gene family
(Dazl, Daz and Boule) promoted their in vitro differentiation into germ cell lineage
to form haploid gamete in both mouse (Yu et al. 2009) and human (Kee et al. 2009).
In another study, in vitro production of haploid sperm cells was shown to occur from
male germ cells of fetal cattle when they were treated with retinoic acid (Dong et al.
2010). There are several other factors such as cyclin-dependent kinases (cdks) and
cyclins (Sicinski et al. 1996; Tsutsui et al. 1999), Notch-1 signalling molecules
(Hofmann et al. 2005), which are involved in the differentiation of spermatogonia
but need further investigation for their application in establishing a system for
in vitro spermatogenesis from cryopreserved testicular stem cells.

9.20 Banking for Preservation and International Movement
of Animal Genetic Resources

Cryopreservation of testicular stem cells has immense utility in the banking of
animal genetic resources, rapid dissemination of elite germplasm and their interna-
tional transportation at low cost. In last few decades, the genetic diversity of both
domestic and wild animals has considerably declined due to rapid urbanization,
intensification of agriculture and deforestation (Kristensen et al. 2015). Therefore,
several countries have established cryobanks for storage of animal genetic resources
wherein cryopreservation of testicular stem cells has been viewed as an important
option when semen cryopreservation was not possible. Testicular cell and tissue
cryopreservation have also been used for preservation of near-threatened, vulnerable
or endangered species (Bashawat et al. 2020; da Silva et al. 2019). Use of sperm
from cryopreserved testes allows introduction of genetic variation and minimizes the
inbreeding depression in captive breeding. The testicular cells and tissue for cryo-
preservation can be obtained from living organisms as well as from accidently found
dead cadavers for resurrection of the species (Higaki et al. 2017). It has been
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successfully applied in preserving the testis of few endangered species such as
Cheetah (Acinonyx jubatus), Asiatic golden cat (Catopuma temminckii) (Bashawat
et al. 2020), Collared peccary (Pecari tajacu) (da Silva et al. 2019), Cyprinid
honmoroko (Gnathopogon caerulescens) (Higaki et al. 2017), Hog deer (Hyelaphus
porcinus), Barking deer (Muntiacus muntjak), Sambar deer (Rusa unicolor)
(Pothana et al. 2017) and Indian spotted mouse deer (Moschiola indica) (Pothana
et al. 2015).

9.21 Challenges and Future Perspectives

Cryopreservation of testicular stem cells suffers from sub-optimal cryopreservation
protocols. Most laboratories have borrowed and used the freezing or vitrification
protocols from somatic cells or embryonic stem cells to testicular stem cells.
Systematic studies on optimization of freezing and vitrification protocols have
been very limited and therefore, the viability remains to be low (typically,
50-60%) in most cases. While various factors such as rate of cooling, volume of
sample, hydrostatic pressure, type and concentration of CPA, duration of
CPA-exposure, use of ROS scavengers or anti-apoptotic agents, epigenetic
modifiers, etc. have been reported to affect the cryoinjuries to influence the success
of cryopreservation in various cell types, such studies on testicular stem cells have
been very limited. Furthermore, fertility preservation and restoration through cryo-
preservation of testicular stem cells also require costly and lengthy processes of stem
cell isolation, characterization and SSCT or in vitro spermatogenesis to be followed
by IVF, ICSI or ROSI (Costa et al. 2017; Hermann et al. 2007; Kim et al. 2015;
Pacchiarotti et al. 2013; Wu et al. 2012). Several studies have shown successful
cryopreservation of testicular stem cells, which could colonize in the empty seminif-
erous tubules of the recipient testis for donor-derived spermatogenesis and restora-
tion of male fertility (Kanatsu-Shinohara et al. 2003; Wu et al. 2012). However, such
studies are yet to be optimized for large animal species such as cattle, buffaloes, pigs,
sheep, goats, horses, dogs, cats, and most of the wild animals.

Another challenge with SSC-based fertility preservation is the low number of
viable cells in cryopreserved samples, which might be insufficient for restoration of
fertility by SSCT. Gonadal ablation of recipient testis by busulfan treatment or
irradiation can improve the colonization of transplanted SSCs into recipient testis
by depletion of endogenous SSCs (Shetty et al. 2018). However, it not only
compromises the viability and functionality of endogenous Sertoli and Leydig
cells in recipient testis but also may be lethal to animals due to possible aplacia in
bone marrow. Gonadal ablation of endogenous germ cells is also possible by
intratesticular injection of less toxic Dolichos biflorus agglutinin or aplantlectin,
which specifically binds to spermatogonia and eliminates endogenous germ cells
(Herrid et al. 2019) but remains less explored. Currently, gonadal ablation is
practiced only in cases where the goal is to verify the stemness of SSCs or to
produce transgenic animals via donor-derived spermatogenesis. In other studies,
attempts have also been made to improve the success of SSCT by specifically

148 T. Patra et al.



eliminating the endogenous germ cells using gene editing tools, without affecting the
stem cell niche. Knock out of Nanos2 by CRISPR/Cas9 system in boars resulted in
loss of germ cells without any adverse effect on interstitial cells (Park et al. 2017).
However, such knock out-mediated germ cell depletion requires extensive skills and
cost, and are not feasible in large animals and human.

In fertility restoration, a possible solution to low number of viable SSCs could be
their in vitro expansion prior to SSCT. However, in vitro cultured SSC may pose a
risk of genetic or epigenetic instability. Co-transplantation of SSCs with niche
components (e.g. Sertoli cells, Leydig cells) or mesenchymal stem cells (MSCs)
could also be an alternative to improve the efficiency of SSCT (Kadam et al. 2018,
2019). It has been shown that co-transplantation of SSCs with TGFβ1-treated MSCs
could improve the success of SSCT. In fact, co-transplantation of SSCs and MSCs
reduced the requirement of SSCs to half of its number (Kadam et al. 2019).

De novo formation of seminiferous tubules and in vitro spermatogenesis are also
emerging as a potential alternative to SSCT from cryopreserved testicular stem cells
(Patra et al. 2021; Shetty et al. 2018). In vitro spermatogenesis of sperm from
cryopreserved testicular stem cells has been demonstrated in rodents and primates
(Sato et al. 2011; Yokonishi et al. 2014). However, its usefulness and long-term
safety is yet to be confirmed in most of the other large animals and in human.

9.22 Conclusions

Cryopreservation of testicular stem cells is rapidly emerging as a potential approach
for preservation of fertility in both human and animals. It has also shown promising
results in preservation of germplasm in endangered wild animals for posthumous
reproduction and has become indispensable for preservation of fertility in
pre-pubertal or paediatric males. Recent development of air-liquid interphase culture
of testicular stem cells has resulted in in vitro spermatogenesis and may eliminate the
need of SSCT and potential risk of re-introducing malignant cells into pre-pubertal
individuals expecting gonadotoxic treatments. The combination of cryopreservation
protocols with in vitro spermatogenesis of testicular stem cells is thus, expected to
provide their bench top application in clinics. Although very few systematic studies
have been conducted for optimization of freezing or vitrification of testicular stem
cells, newer methods and strategies of cryopreservation are rapidly evolving. Results
from rodent studies are very promising and future research and clinical trials are
expected to provide better results in livestock animals and human. Further, rapid
advancements in genome editing tools such as CRISPR-Cas9 will broaden the
application of testicular stem cell cryopreservation to radically change our approach
for infertility treatment. However, cryopreservation protocols for testicular cells and
tissues are still sub-optimal and their success depends on several variable factors,
including species variation and lab-to-lab variations. The protocol for in vitro
spermatogenesis has also not been validated in human and large animals. Thus,
while promising results have been obtained in experimental animals, birth of live
offspring from pre-pubertal testes is not yet reported in human and large animals.
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Further studies are required for optimization of freezing and vitrification protocols
including the optimization of cooling rates, finding new substitutes for non-toxic
CPAs, standardization of solutions for freezing, equilibration and vitrification, and to
assess the long-term safety of the procedures in offspring derived from
cryopreserved testicular stem cells.
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