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Abstract

Destruction of spermatogonial stem cells in juvenile men survivors of pediatric cancers leads to infertility as a side effect
of gonadotoxic therapies. Sperm freezing before cancer treatment is commonly used in the clinic for fertility preservation,
but this method is not applicable for prepubertal boys due to the lack of mature sperm. In these cases, cryopreservation of
testicular tissues is the only option for fertility preservation. Although controlled slow freezing (CSF) is the most common
procedure for testicular tissue cryopreservation, vitrification can be used as an alternative method. Controlled vitrification has
prevented cell damage and formation of ice crystals. Procedures were done easily and quickly with a brief exposure time to
high concentration of cryoprotectants without expensive equipment. Different studies used vitrification of testicular tissues
and they assessed the morphology of seminiferous tubules, apoptosis, and viability of spermatogonial cells. Transplantation
of vitrified testicular tissue into infertile recipient mice as well as in vitro culture of vitrified tissues was done in previous
studies and their findings showed complete spermatogenesis and production of mature sperm. Review articles usually have
compared controlled slow freezing with vitrification. In this review, we focused only on the vitrification method and its
results. Despite promising results, many studies have been done for finding an optimal cryopreservation protocol in order to
successfully preserve fertility in prepubertal boys.

Keywords Vitrification - Testicular tissue - Spermatogonial stem cells (SSCs) - Fertility preservation - Cryoprotectant
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Introduction temperatures [1]. Cryopreservation is the best method for

fertility preservation in patients suffering from cancer treat-

Cryopreservation is a common method for long-term in vitro
storage of organelles, cells, and tissues at an ultra-low
temperature (— 196 °C), which preserves tissues and cells
structurally and functionally. This method is widely used
to preserve various cells (such as gametes and stem cells),
embryos, and tissues by cooling the specimens to very low
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ment [2]. Survival rates and longevity of childhood cancer
have been increased up to higher than 80% by advancements
in diagnosis and therapeutic approaches in recent decades [3,
4]. The gonadotoxic treatments of chemotherapy and radio-
therapy revealed adverse side effects on testicular cells such
as Sertoli, Leydig, and spermatogonial stem cells (SSCs).
Therefore, fertility preservation of cancer survivors is taken
into consideration around the world [5-7]. Sperm freezing
is a well-established method to preserve fertility in adult
patients [8]. This method cannot be used in prepubertal
boys, because spermatogenesis does not begin until puberty.
Testicular tissue cryopreservation before gonadotoxic treat-
ments is an alternative process for fertility preservation in
patients that could not able to produce mature sperm [5,
9, 10]. SSC isolation by enzymatic digestion of testicular
tissues may affect cell viability, cell-cell interactions, and
consequently the cryopreservation procedure. In addition,
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isolation and in vitro proliferation of SSCs are complicated
processes prior to cryopreservation. Previous findings have
suggested cryopreservation of testicular tissue maintains cel-
lular viability and proliferation, cell to cell and cell to matrix
interactions, tissue construction, and architectural integrity
which play a key role in cellular signaling pathways. There-
fore, researchers have indicated that the testicular tissues
cryopreservation could be an appropriate approach for fertil-
ity preservation of cancer survivors [11-13].

Slow freezing and vitrification are various methods for
testicular tissue cryopreservation. Controlled slow freez-
ing (CSF or slow programmable freezing) supplemented by
dimethyl sulfoxide (Me,SO) as a penetrating cryoprotective
agent is the most common technique used for fertility pres-
ervation in humans [14-16]. Several studies have demon-
strated that CSF can be used successfully for testicular tis-
sue freezing and their results showed that the morphological
characteristics of seminiferous tubules were well-preserved
[17-20]. CSF is a complicated, time-consuming process
and requires expensive equipment. Vitrification is a simple,
novel, time-saving, and cost-effective method that has been
used as an alternative to CSF [21]. Vitrification of mamma-
lian tissues recently has gotten attention in human assisted
reproduction technologies (ART), generation of domestic
animals, and regenerative medicine [22, 23]. Most articles
have compared the results of vitrification with slow freez-
ing, and there is no review article that only has evaluated the
effects of vitrification on testicular tissue after thawing. In
this article, we focused on vitrification of human and animal
testicular tissues, the effects of vitrification on apoptosis,
in vitro propagation, viability, and spermatogenesis after
thawing.

What Is Vitrification?

Vitrification is a physical mechanism in which a liquid
solution solidifies to achieve a glass-like vitreous condition
without ice formation [24]. Vitrification is a way for trans-
forming cell suspensions directly from the liquid phase to a
vitreous state by quick exposure to liquid nitrogen. Vitrifica-
tion may provide an alternative approach to slow freezing.
The ultra-fast cooling process of vitrification depends on
the close interaction between the vitrification solution con-
taining the cryoprotective agents and liquid nitrogen [25].
Exposure to high CPA concentrations at very low tempera-
tures with immediate rapid cooling avoids ice nucleation
in vitrification [34]. Equilibrium and nonequilibrium vit-
rification are two main vitrification approaches. The pres-
ence and composition of multimolar CPA mixtures into the
cell suspensions are necessary for equilibrium vitrification.
The nonequilibrium strategy categorized into two groups
of carrier-based and carrier-free schemes uses high cooling
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rate with high concentrations of CPA. The low probabil-
ity of chilling injuries resulted in comparatively high cell
survival rate [1, 26]. Vitrification requires a high viscosity
cryoprotectant (6—8 M) in order to avoid ice crystallization
during freezing [27, 28]. The cryoprotectant prevents freez-
ing damage caused by the cryopreservation process and
preserves cells at a very low temperature. CPAs have low
toxicity and should be able to penetrate cells [1]. Numerous
CPAs have been used to reduce the amount of ice crystal
formation according to cell types and cooling and warm-
ing rates [53]. On the other hand, sample size, cooling rate,
warming rate, and CPA concentrations should be calibrated
according to various cell types and tissue contents to gain
the highest survival rate [34, 51]. It is possible to categorize
CPAs into two groups: (1) permeating cryoprotectants and
(2) non-permeating cryoprotectants [1, 29].

Permeating CPAs are small molecules such as Me,SO,
glycerol, and 1,2-propanediol (PrOH); they can infiltrate
plasma membrane and build hydrogen bonds with water
molecules to reduce the freezing point, and prevent the
occurrence of intracellular and extracellular ice crystals [30,
31]. Mixture of ethylene glycol (EG) and Me,SO is the most
common permeating CPAs for vitrification of reproductive
tissues [32]. Since high amount of one permeating CPA is
considered much more toxic, mixture of two or more per-
meating CPAs is generally used and thereby reduces cyto-
toxicity [33-35]. The combination of several CPAs is suc-
cessfully used in vitrification of embryo, ovary, testis, and
articular cartilage [36-39].

Non-permeating CPAs are large molecules; they could
not pass across the plasma membrane and remain in the
extracellular matrix during freezing to support glass for-
mation [32]. Sugars (e.g., sucrose, trehalose, and raffinose)
and high molecular weight polymers (e.g., polyvinyl pyr-
rolidone and Ficoll) are non-permeating CPAs. They are
relatively less toxic as compared to permeating CPAs. Their
application leads to increased viscosity, allowing the use of
small amounts of permeating CPAs without reducing the
vitrification quality [40]. Sugars have several functions in
the vitrification processes. They usually increase the vis-
cosity of the vitrification solution and glass transition tem-
perature needed for vitrification of extracellular solution.
This process decreases the development of extracellular ice
crystallization which causes cryoinjury in living cells [32,
40]. Sugars preserve cells from freezing damage through
hydrogen bond formation and binding to cell membranes.
For example, trehalose combines with the plasma membrane
phospholipids, makes vitreous shells around the cells, and
protects them from extracellular ice crystallization [41]. Dif-
ficult diffusion of CPA into multiple tissues is also a serious
problem in cryopreservation of ovarian or testicular tissues
that different cell types are tightly connected. Proper thick-
ness of tissue sections and suitable frozen time in the range
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of 10-20 min are necessary for effective cryopreservation
[42-44].

Vitrification History

During the last years, cryobiology and in vitro fertilization
(IVF) have progressed in parallel to each other [44]. Kinetic
vitrification was introduced by Father Basile J. Luyet, a
Biology Professor. Luyet demonstrated that solutions could
become solidified in ultra-high cooling rates and form amor-
phous glassy solid without any crystal formation, and then
making a transparent glassy phase; this transparent stage was
called “vitrification” [45]. Limited success in vitrification of
chick hearts and neural tissue explants was revealed in 1950s
[46]. In 1965, it was reported that the guinea pig uterine
could be stored at—79° C in a liquid state by using DMSO.
The uterine would regain its contractile activity after warm-
ing but intracellular ice formation is reported at temperatures
lower than — 79 °C [47, 48]. The first successful vitrification
of living cells was demonstrated in 1968; glycerol as a cryo-
protectant was introduced for vitrification of erythrocytes
in this study. According to electron microscopy analysis,
ice crystals formed neither outside nor inside the cells [49].
High concentration of cryoprotectant agents was applied.
In 1978, ice formation kinetics in these cryoprotectants was
a new achievement in vitrification of tissues and cells [50].
Based on this study, the combination of CPAs could facili-
tate vitrification and reduce the cryoprotectant toxicity.
Another study suggested that 55% v/v Me2SO was an
optimal concentration for successful vitrification of the
entire organs [34]. Preservation of complete tissue/organ was
performed in another study and it was reported that ice crys-
tal formation in the extracellular medium could be entirely
suppressed by high concentration of CPAs. This experiment
proposed a different method for vitrification and believed
that both cooling and warming rates are essential factors for
suppression of ice crystal formation and ensuring prosperous
cryopreservation outcome [26]. In 1984, for the first time it
was reported that the vitrification procedure could be used
for cryopreservation of rabbits’ kidney [34]. In the last years,
many ART laboratories have established successful oocyte
and embryo vitrification. So far, in vivo organ function after
vitrification was demonstrated in a few animals [51, 52].
From 1990 to 1998, researchers focused on high concen-
tration of cryoprotectants and used a combination of per-
meable and nonpermeable CPAs for embryo vitrification to
reduce cryoprotectant toxicity [33, 53-55]. The first vitrifi-
cation procedure was performed using a conventional straw
device and results displayed significant outcomes compared
to slow freezing processes regarding live birth. Open pulled
straw (OPS) device was invented in cattle in 1998 and results
reported higher pregnancy rate by using a small amount of

cryoprotectants [56]. The birth of a healthy baby from a vit-
rified oocyte was first recorded in 1999; researchers vitrified
oocytes using ethylene glycol and sucrose in an OPS [57].
New devices and solutions were introduced by the commer-
cial industry in the mid-2000s and they accelerated the use
of vitrification in IVF laboratory clinics [58, 59].

Microdroplet vitrification was created in 2006; the micro-
droplet size was 1-2 pL and they were immediately plunged
into liquid nitrogen containing a small amount of cryopro-
tectants [60]. The solid surface vitrification (SSV) proce-
dure was introduced in 2010, and results of this experiment
demonstrated high survival rate of oocyte and cryopreserved
ovarian tissue [61]. Mazur et al. and Seki et al. are the pio-
neers of modern cryobiology; they have clearly showed that
rapid to ultra-rapid warming is the primary determinant
condition [62, 63]. A cryotech vitrification tool has been
used since 2013 and resulted in 100% survival rate of bovine
embryos following thawing [64]. Cryotech needs a small
volume of cryoprotectants and enables vitrification of oocyte
and embryo at any level of development. This tool is suc-
cessful and findings revealed high survival rates [48, 65].
Similar to cryopreservation of human ovarian tissue, pres-
ervation of testicular tissue attracted significant attention in
prepubertal boys who do not generate mature spermatozoa.
Due to a lower success rate in post thaw cellular integrity,
a successful cryopreservation method for testicular tissue
is a cryobiological problem. Human reproductive tissue
cryopreservation is used for three target groups: prepuber-
tal persons (males and females), women without spouses,
and patients that cannot detain cancer therapy for ovarian
stimulation in IVF [66, 67].

Effective Factors in Vitrification Process

1. Cooling and Warming Rates

Vitrification efficacy is indeed determined by the two most
relevant parameters for optimum performance of cryopreser-
vation. High freezing rate is essential for cell survival and
appropriate vitrification process. This can be done by direct
interaction between the sample and liquid nitrogen or indi-
rect contact when sample is enclosed by a closed container.
Optimal cooling rate resulted in complete water migration
out of the cells and vitrification of extracellular environ-
ment [68, 69]. Proper warming rate is another important fac-
tor in order to increase cell viability after vitrification. Fast
warming has been used in most studies, by plunging cells
immediately into the warming solution. In order to mini-
mize osmotic shock, it is important to conduct this procedure
using a set of media with gradual decrease of the osmotic
pressure [26, 70].
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2. Concentration of the Cryoprotectants

For attaining high cooling speeds, it is necessary to use high
concentrations of cryoprotectants that limit crystallization.
The critical concentration of cryoprotectants is needed for
vitrification. Osmotic or chemical toxicity is one of the most
detrimental consequences in some cryoprotectants [50]. Tox-
icity can be minimized by reducing either the temperature of
the vitrification solution or the cryoprotectant exposure time.
Moreover, replacement of penetrating cryoprotectants with
non-permeating sugars and polymers can decrease cytotoxic
effects [13, 30].

3. Sample Volume

The sample size should be reduced (i.e., < 1 pL) to decrease
the vapor coat size, increase the cooling rate, and ensure
that the sample has been enclosed by liquid instead of vapor.
Special carriers are used for vitrification to minimize the
vitrification solution and sample volume. Also, these car-
riers can increase cooling rate [50]. Recently, developing
nano- and micro-scale techniques have enabled the handling
of picoliter to nanoliter sample sizes. OPS, electron micros-
copy grids, Cryotop, and gel loading tip are examples of
this method [28].

Testicular Tissue Vitrification

Several studies have recently used vitrification meth-
ods in cryopreservation of prepubertal testicular tissues
in animal models (Table 1) [13, 39, 71-74] and humans
[75-78]. These studies have shown that vitrification is a
proper alternative technique to slow freezing [72, 75, 76,
78]. Ice crystal injury was eliminated in vitrification due
to glassy solid state without intracellular crystal formation
using high concentrations of cryoprotectants [79]. Some
researchers prefer to use vitrification for testicular tissue
cryopreservation due to lack of ice crystal formation, cost-
effectiveness, and shorter procedure time (30 min versus 3
to 4 h) as compared to slow freezing [7]. Studies showed
that complete spermatogenesis was seen in seminiferous
tubules after warming, so vitrification is a suitable method
for testicular tissue cryopreservation [80-82]. Despite
the impressive results of vitrification in different studies,
the application of this method in the cryopreservation of
human samples is still in the experimental stage and further
examinations are needed [7, 76]. Significant advancements
have been made in vitrification agents and elimination of
cross-contamination during the last 20 years. This method
was utilized efficaciously for cryopreservation of stem
cells, embryos, and cell-matrix systems [57, 83-86].
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Can Apoptosis Take Place After Testicular
Tissue Vitrification and Warming?

Under normal circumstances, apoptosis in testicular germ
cells has been displayed to play a main role in controlling
spermatogenesis and testicular tissue homeostasis. However,
the high rate of apoptosis may induce harmful consequences
in the male reproductive system [87]. Apoptosis is related to
the expression of apoptotic factors such as caspase, Apaf-1,
NF-KB, P53, death receptors, and anti-apoptotic factors such
as BCL-2 [88-90].

Apoptosis is necessary for the maintenance of the SSC
pool because it is involved in both mitotic and meiotic divi-
sions. Any failure during consecutive divisions induced
apoptosis to remove cells with genetic defects [91]. The
mechanism of apoptosis mostly consists of two principal
pathways, the extrinsic pathway or death receptor and the
intrinsic mitochondrial pathway [92]. Apoptosis is distin-
guished by disorders in cell membrane integrity, cell con-
traction, cell to cell interactions, and degradation of chro-
matin as well as disintegrity in mitochondrial membrane,
realization of cytochrome c into cytosol, cytoplasmic vacu-
olization, and cell decompression into membrane-bound
residues called apoptotic bodies, which ultimately absorbed
by phagocytic cells [93, 94]. Exposure of phosphatidylserine
to the outer plasma membrane, caspase cascades activation,
and the DNA cleavage are biochemical reactions during
cell death [95]. In the extrinsic pathway, activation of death
receptors (such as Fas, TNF) causes activation of the initiator
caspase 8. Intrinsic or mitochondrial reactions are regulated
by BCL2 family members, which enhanced mitochondrial
membrane permeability and then release cytochrome C into
the cytosol. Cytochrome C is involved in the formation of
apoptosome complexes with Apaf-1, and induces caspase 9
activation. Activated caspase in intrinsic and extrinsic path-
ways upregulates caspase 3 and thus increases the occur-
rence of apoptosis [89, 91, 96]. P53 is a tumor suppressor
and involved in apoptosis. Cell cycle arrest, DNA repair, and
gene transcription associated with apoptosis are the central
role of p53 [97]. Only a few studies have investigated the
effect of vitrification on testicular cell apoptosis. Melatonin
reduced the apoptotic index (TUNEL assay) in vitrified mice
neonate testis [98]. It was also reported that an appropriate
dose of antioxidants in vitrification medium of testicular
grafts increased survival rate of spermatogenic cell lines;
it also indicated that cytotoxic effects to SSCs in vitrified
testes were decreased [98, 99]. Melatonin actually displayed
a double role as a reactive oxygen (ROS) scavenger and a
regulator of cell proliferation [100]. Vitrification of testicular
tissue in the presence of melatonin did not really increase the
expression of apoptotic genes (such as Bax and Fas) [100].
Recently, it has been shown that the use of DMSO during
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vitrification triggers early apoptotic pathways with a high
expression of Fas-L and Fas in testicular tissue within the
first 3 h of in vitro culture. Results stated an increase in the
expression of BAX and reduction in the expression of BCL2
in vitrification groups. These findings suggested the role of
pS53-independent intrinsic pathway in apoptosis induction
[101]. Expression of proteins involved in the autophagic pro-
cess or apoptosis after vitrification of murine testicular tissue
was revealed in another study [102]. In the current research,
a small number of TUNEL-positive cells per seminiferous
tubule were detected following the vitrification and in vitro
culture of testicular tissues. In this study, the phagocytic
activity of Sertoli cells directly promotes germ cell apoptosis
via the extrinsic pathway involving Fas-L. These findings
have proposed that the phagocytic function of the Sertoli
cells was maintained even after vitrification. Similar to this
study, in 2016 it was reported that 53p pathway signaling has
not been influenced by in vitro spermatogenesis following
vitrification [101, 102]. High doses of cryoprotectants are
necessary for vitrification, but usually lead to the activation
of genes involved in the apoptotic pathway [103]. Interest-
ingly, experiments in 2019 observed that expression of BAX
increased after a 24-h in vitro culture. According to these
results, apoptosis pathways are more associated with subop-
timal culture conditions rather than vitrification alone [104].

Testicular Tissue Culture After Vitrification
and Warming

Cryopreserved testicular tissues can be cultured in vitro to
produce sperm for fertility recovery in infertile cancer survi-
vor patients. In vivo differentiation of SSCs can be obtained
by autograft or xenograft transplantation [105]. Autotrans-
plantation of cryopreserved testicular tissue is not recom-
mended to prevent the potential reintroduction of malignant
cells during autotransplantation, especially in leukemia
patients [82, 106]. Xenografting also is associated with seri-
ous problems such as the transmission of DNA fragments
or viruses of the gametes derived from animal donor [107].

In Vitro Culture

Previous experiments have revealed that three dimensional
and organotypic culture systems provided successful forma-
tion of spermatozoa from prepubertal testes [16, 108, 109].
Unlike the culture of testicular cell suspension, the organo-
typic culture system provides higher preservation of tissue
architecture and complex cellular interactions. Genetic and
epigenetic abnormalities are both likely involved during
in vitro spermatogenesis. Intact niche of spermatogonial
cells and proper interactions between different testicular
cells are significant advantages of the organotypic culture.

According to previous experiments, addition of 10—6 mol/L
retinol to the culture medium of fresh or cryopreserved tes-
ticular tissues enhances SSC differentiation and meiosis
initiation [102, 105, 110, 111]. Functional spermatozoa are
obtained recently from fresh [112], slow frozen, and vitri-
fied prepubertal mice testicular tissue (Table 1) [16, 82].
Another study assessed vitrification of both human and mice
testicular tissues. The histomorphometric evaluation of cryo-
preserved prepubertal testicular tissues and characteristics of
seminiferous tubules were performed. Results indicated that
organotypic culture of vitrified SSCs for 10 days maintained
their proliferating capacity [39, 75]. The levels of testoster-
one and inhibin B were measured after the organotypic cul-
ture of vitrified human testicular tissues for 9 days. Results
exhibited that production of testosterone decreased while
the production of inhibin B was unchanged; they concluded
inefficacy of culture conditions for Leydig cell growth [13].
Similarly, previous findings displayed reduced levels of
hormones [17], but adequate testosterone generation was
reported in 2008 [20]. In another study, a SSV technique has
been used for mouse testicular tissue cryopreservation. Tes-
ticular tissues can be preserved after warming for 30 days. In
addition, the presence of spermatozoa and functional Leydig
cells was indicated. Also, the number of spermatozoa per
milligram of tissue in the vitrification group was greater than
in the CSF group. Results indicated that the morphological
abnormalities and the proportion of pyknotic seminiferous
tubules in the vitrification group were smaller than in the
CSF group [16].

The longest period of testicular tissue culture follow-
ing vitrification was reported in 2014 (Table 1). Vitrified
testicular tissues were cultured on agarose gel for 52 days;
their results confirmed the presence of spermatogenesis.
Micro-insemination of round spermatids and sperm leads
to production of offspring which consequently confirmed
sperm functionality [82]. Expression of apoptotic genes
was investigated after vitrification and short-term culture
(for 20 h) of mouse testicular tissue. Findings proposed
that the initiation of apoptosis following vitrification
likely occurred by p53 transcription-independent path-
way [101]. The expressions of the fundamental compo-
nents of blood testis barrier (BTB) including CLDN11,
CX43, and ZO-1 were evaluated for 4 weeks of organo-
typic culture after SSV, maturation of Sertoli cells, and
progression of spermatogenesis investigated in this study
[111]. Their results showed that in vitro spermatogenesis
performed completely and the construction of the BTB
could not interfere with SSV protocols [111]. The effect
of fast warming (50 c for 5 s) on cat testicular tissues after
vitrification was investigated. After 5 days of organotypic
culture, results showed increased survival and reanima-
tion of vitrified prepubertal testicular tissue. Also, viabil-
ity and differentiation of germ cells after vitrification and
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appropriate warming were reported [113]. The effects of
vitrification on cell membrane integrity and expression of
genes which participated in cell proliferation and stress
response, as well as somatic and germ cell specific mark-
ers, were assessed 2 and 24 h after warming and in vitro
organ culture [104].

In Vivo Culture

Some experts claim that implantation is the most possible way
to assess the reproductive capability of a frozen-thawed testis
organ [98]. Small fragments of testicular tissues were autografted
or xenografted into immunodeficient mice [114]. In this respect,
several studies evaluated progression of spermatogenesis in vitri-
fied testicular tissue after xenografting to nude mice (Table 1) [72,
71, 80, 81, 115]. Similar to results of slow freezing, normal cel-
lular organization and tubular consistency of prepubertal mouse
testicular tissue were observed after xenotransplantation of vitrified
testicular fragments for 4 months [72].

The viability and functionality of vitrified-warmed neo-
natal mouse testicular tissues 3 months after transplanta-
tion were investigated in 2018. Findings revealed that high
levels of cryoprotectants improved vitrification but resulted
in lower androgen concentrations, which may be related
to Leydig cell damage [115]. Piglet testicular tissues were
vitrified in an experiment in 2013, and results reported the
longest duration of transplantation (almost 1 year). They
have produced porcine offspring using sperm obtained from
immature testicular fragments after cryopreservation and
transplantation into recipient immunodeficient mice [81].

Spermatogenesis After Vitrification

The main task after vitrification is to establish optimal
conditions for the resumption of spermatogenesis by tes-
ticular tissues. Isolation of late-stage male germ cells (i.e.,
elongated spermatid, spermatozoa) from frozen-thawed
testicular tissues has been beneficial for fertility preserva-
tion [114, 116]. Restoration of spermatogenesis can typi-
cally be achieved by in vivo or in vitro culture of vitrified
tissues summarized in Table 1.

In Vivo Spermatogenesis

Some researchers believed that transplantation is the only
practical method to determine the reproductive capacity of
frozen-thawed testicular tissues [98] and much more benefi-
cial results were obtained via an association between cryo-
preservation procedures and in vivo culture of transplanted
testis[114, 117].

Abrishami et al. was one of the pioneers for xenograft-
ing testicular tissues after vitrification into nude mice and
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porcine. Vitrified testicular fragments revealed normal sper-
matogenesis which led to production of round and elongated
spermatids. Integrity in germinal epithelium of seminiferous
tubules without histological disruption was reported under
light microscopy evaluation after vitrification [80].

Several studies evaluated spermatogenesis after vitrifi-
cation and transplantation of testicular tissues, including
Hemadi et al. (2011) [98] in mice, Baert et al. (2012) [72] in
mice, Kaneko et al. (2013, 2017) [81, 118] in pig, Pukazhen-
thi et al. (2015) [119] in lamb, Yamini et al. (2016) [120] in
mice, and Yildiz et al. (2018) [115] in mice (Table 1). These
studies displayed that recovery of spermatogenesis after
transplantation was observed in seminiferous tubules. Sper-
matozoa were successfully obtained in studies of Kaneko
et al. [81] and Yildiz et al. [115].

Investigation of spermatogenesis after xenotransplanta-
tion of human vitrified testicular tissues was only performed
by an experiment in 2013. They compared the vitrification
with slow freezing and their results showed the proliferation
of SSCs after vitrification and successful orthotopic xeno-
graft into nude mice for 6 months. Moreover, they believed
that SSCs were able to initiate spermatogenesis, but germ
cells arrested at the pachytene spermatocytes have been
reported [77]. Unfortunately, SSC numbers during slow
freezing, vitrification, and fresh graft were significantly
reduced as compared to non-grafted tissues. These results
indicated that the xenotransplantation and cryopreserva-
tion protocol could be involved in the reduction of SSCs
after transplantation [77]. The mean number of seminifer-
ous tubules decreased and only type A spermatogonia are
seen in the treated grafts after transplantation [77, 98]. The
successful connection between recipient blood circulatory
system and transplanted tissue as well as proper nutrient,
oxygen, and hormone supply confirmed the achievement of
the xenotransplantation [121]. Another study discovered that
the number of SSCs in melatonin-treated grafts was higher
than in other groups after transplantation of testicular tissue
[99].

A variety of theories have been proposed to describe SSC
loss, delayed maturation, and limited development of cryo-
preserved testicular tissue after implantation. They included
the following:

1. Proper graft size is important for the vitrification
method. Tissue degradation increases with the size of
fragments due to decrement in penetration rate, which
results in overexposure of surface cells to cryoprotect-
ants [40].

2. Residual cryoprotectant in the vitrified-warmed tissues
after washing exhibited cytotoxic effects; some studies
believed that cryopreservation decreased the spermato-
genic potential of implanted testicular tissues and leads
to SSC dysfunction [122, 123]. However, another study
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showed that cryoinjury caused by cryopreservation did
not compromise the in vivo developmental potential of
testicular tissues [72].

3. Ischemic injury of grafted testicular tissue prior to
revascularization caused tissue necrosis or induction of
apoptosis [77, 124]. Some researchers considered higher
level of apoptosis after transplantation on the first 3 days
which decreased within 2-3 weeks. Ischemia-reperfu-
sion injury is associated with severe damage to SSC
niche and the interstitial vascular system; both of them
are essential for preserving functional SSCs and tissue
stability [19, 125, 126].

4. Another factor is the host environmental efficiency. The
hypothalamic-pituitary—gonadal axis of the recipient
mouse regulated the endocrine function of implanted
testicular tissue [127]. This theory was confirmed by
findings in pigs and monkeys, where exogenous gonado-
tropins increased the testicular tissue graft maturation
and differentiation in recipient mice [126, 128].

In Vitro Spermatogenesis

Many studies have examined in vitro culture of vitrified tes-
ticular tissues, but only a few focused on the spermatogenesis
ability of vitrified testicular samples in vitro (Table 1). As
previously mentioned, mice vitrified testicular tissues cultured
on agarose gel and production of haploid spermatozoa was
reported [82]. In 2015, the formation of flagellate spermatozoa
and functional Leydig cells after organotypic culture of vitri-
fied mice testicular tissue using the SSV process for 30 days
was demonstrated [16]. Findings of another study using the
SSV technique showed the formation of round and elongated
spermatids after organotypic culture of vitrified samples for
4 weeks [111]. Finally, DNA methylation and histone modifi-
cations were assessed in vitrified mouse prepubertal testicular
tissues. They also cultured mouse vitrified testicular tissues
at a gas-liquid interface system for 30 days and their results
confirmed formation of spermatozoa (Table 1) [105].

Human Testicular Tissue Vitrification

Cryopreservation of testicular cells and tissues has become a
common strategy in the field of infertility [129]. Vitrification
has developed from experimental studies to a standard cryo-
preservation procedure for human reproductive cells and tis-
sues, specifically for oocytes, zygotes, and blastocysts. But
this method is still considered experimental in the context
of human testicular tissue. More experiments are needed for
the optimization of cryopreservation process and the devel-
opment of appropriate strategies in order to produce sperm
from cryopreserved tissue or cells [130, 131]. No studies
have reported the production of sperm after transplantation

or in vitro culture of prepubertal human testis tissue or SSCs
[130]. Only a few studies have been conducted on the vitri-
fication of human testicular tissues (Table 2).

So far, various researches focused on the vitrification of
human testicular tissues [75-77, 132]. The mixture of perme-
able (ET and Me,SO) and nonpermeable (sucrose) cryopro-
tectants was used for vitrification of testicular tissues. Curaba
et al. [75] only used two permeable cryoprotectants (ET and
Me,S0O). We recently know that the use of non-permeating
and permeating CPAs in vitrification of mammalian tissue
reduces the cytotoxicity of permeating CPAs and increases
vitrification clinical outcomes, especially in vitrification of
oocyte and embryo [133]. However, the results of this study
were promising; they demonstrated this technique could pro-
tect the integrity of human STs, and also support proliferation
and viability of SSCs in organotypic culture system [75].

In another study, cryopreservation of adult human testicu-
lar tissues using four different methods of controlled slow
freezing (CSF), uncontrolled slow freezing (USF), solid
surface vitrification (SSV), and direct cover vitrification
(DCV) was investigated. According to their results, SSV
reduced spermatogonia numbers in testicular tissues. They
believed that it is created by the mechanical forces and cel-
lular stress produced by extracellular ice formation. They
recommended the use of USF instead of CSF for human
testicular tissue banking, due to the effective results [76].
In 2014, cryoprotectant formulation similar to a previous
study in 2013 was applied [76]. They investigated the effects
of slow freezing and vitrification on ROS production. They
discovered that slow freezing was more successful than
vitrification because vitrification increased significantly
reactive oxygen levels than slow freezing [132]. Poels and
colleagues [77] were the only authors that xenografted the
immature human testicular tissue after vitrification and they
investigated the spermatogenesis resumption. Their results
reported that spermatogenesis arrests at the pachytene stage
[77]. Because of limited studies in vitrification of human
testicular tissues, cryopreservation of human testicular tissue
in the clinic generally requires additional research.

Offspring Generation After Vitrification

Few researches have been conducted on offspring genera-
tion after vitrification. Only two studies evaluated the gen-
eration of live offspring after testicular tissue vitrification
and warming [81, 134]. Fertile sperm was obtained from
the organotypic culture of vitrified testicular tissues in the
previous research. Micro-insemination of round spermatids
and sperm resulted in offspring production. This study con-
cluded that slow freezing and vitrification were both useful
for cryopreservation of mouse testicular tissue. Produced off-
spring grew normally and progeny was generated upon natural
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mating [82]. Interestingly, they believed that the cryopreserva-
tion process is less important than the culture system factors
for spermatogenesis outcomes. In other words, proper culture
system is necessary for progression of spermatogenesis and
sperm production from cryopreserved testicular tissues [82].

Yokonishi et al. were able to achieve sperm and live birth
after in vitro culture of vitrified testicular fragments [82]. In
another study, vitrified immature pig testicular fragments
were transplanted to nude mice. Sperm obtained from recipi-
ent mice on days 230 to 250 generated sperm injected into
the porcine oocyte by micro-insemination and embryos
transferred to recipient gilts. Results of testicular graft histo-
morphometric analysis and levels of inhibin and testosterone
after vitrification and xenotransplantation exhibited no sig-
nificant differences between groups [81].

Comparison Between Vitrification and Slow
Freezing

CSF is the most common method for human fertility preserva-
tion [14, 15]. This procedure is also effective in animals [20,
135]. Vitrification is a revolutionary method for prepubertal
testicular tissue preservation that supports the ability of tis-
sues to trigger or complete spermatogenesis after warming
[77, 81, 82, 115]. Since vitrification is simpler than CSF and
does not require expensive instruments or a long procedure
time, it is a better method than CSF [7]. Several experiments
have shown that this method is preferable to CSF in regard
to the post-thaw cell viability, tubal integrity, morphological
alterations, and number of flagellated spermatozoa [7, 13, 16].

The analysis compared only slow freezing and vitrifica-
tion of testicular tissues in terms of spermatogonial viability,
but their functionality was not assessed [75, 77]. Some sci-
entists believed that vitrification is a safer method because
it prevents ice crystal formation and chilling injury [72, 75].

According to experiments of Beart et al. (2013) [76],
Tang et al. (2014) [132], Pukazhenthi et al. (2015) [119],
and Yildiz et al. (2018) [115], slow freezing is superior
to vitrification. The amounts of ROS and heme oxyge-
nase-1 gene expression in both the vitrification and slow
freezing groups were measured in previous experiments.
Results stated slow freezing induced HO-1 expression and
reduced ROS significantly than vitrification. This study
concluded that the slow freezing procedure was more effi-
cient than the vitrification [132]. After that, it is reported
that slow freezing of lamb testicular tissues was more effi-
cient than vitrification in cellular integrity, functionality,
and progression of spermatogenesis after xenotransplanta-
tion [119]. Similar to previous studies, results of another
experiment in 2018 showed that controlled-rate freezing
reduced cryoinjury of tissue constituents than vitrification
[115, 119, 132]. Findings of another study concluded that

spermatogenic ability was maintained by high concentra-
tions of vitrification solution although caused severe dam-
age to Leydig cells; consequently, lower androgenic activ-
ity was determined. Low to intermediate concentration of
cryoprotectants could not support post-thaw spermatogen-
esis probably due to tissue permeation failure [115].

Conclusion

Spermatogenesis is a sensitive and complicated process that
requires specific niche. This microenvironment may be dam-
aged after vitrification and warming. The principal purpose
of testicular tissue cryopreservation is to maintain immature
germ cells obtained from pubertal boys for the generation
of future offspring. Vitrification appears to be a promising
technology for fertility preservation of young boys as an
alternative to CSF. This approach does not require expensive
devices and can be performed even outside the laboratory
environment. Despite the promising results of vitrification,
numerous problems related to this procedure remained
unsolved. One problem is to establish an effective nontoxic
concentration of permeating and non-permeating CPAs for
mammalian tissues. Another problem is a controversy that
testicular tissue fragments or germ cell suspensions after
enzymatic digestion of testicular tissues were used for SSC
cryopreservation. Twenty years have been passed since the
first report of human immature testicular tissue cryopreser-
vation in prepubertal boys, but fertility restoration has not
been achieved yet. This is mainly related to the absence of
an optimal freezing—thawing protocol that supports isola-
tion, propagation, and transplantation of SSCs after cryo-
preservation. Although testicular tissue cryopreservation is
in the experimental stage, it is now highly considered and
ethically accepted. Various factors such as type of cryopro-
tectant agents and exposure time, size of testicular tissue
fragments, and freezing and warming rates play important
roles in successful vitrification; further studies are suggested
to be done for exact evaluation of these factors.
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