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Fertility preservation for prepubertal male patients undergoing gonadotoxic therapies, potentially depleting spermatogonial cells, is an expanding necessity, yet most of the feasible options are still in the experimental phase. We present our experience and a summary of current and novel possibilities regarding the different strategies to protect or restore fertility in young male patients, before proceeding with chemotherapy or radiotherapy for malignances or other diseases. Adult oncological patients should always be counselled to cryopreserve the semen before starting treatment, however this approach is not suitable for prepubertal boys, who aren’t capable to produce sperm yet. Fortunately, since the survival rate of pediatric cancer patients has skyrocketed in the last decade and it’s over 84%, safeguarding their future fertility is becoming a major concern for reproductive medicine. Surgical and medical approaches to personalize treatment or protect the gonads could be a valid first step to take. Testicular tissue autologous grafting or xenografting, and spermatogonial stem cells (SSCs) transplantation, are the main experimental options available, but spermatogenesis in vitro is becoming an intriguing alternative. All of these methods feature both strong and weak prospects. There is also relevant controversy regarding the type of testicular material to preserve and the cryopreservation methods. Since transplanted cells are bound to survive based on SSCs number, many ways to enrich their population in cultures have been proposed, as well as different sites of injection inside the testis. Testicular tissue graft has been experimented on mice, rabbits, rhesus macaques and porcine, allowing the birth of live offspring after performing intracytoplasmic sperm injection (ICSI), however it has never been performed on human males yet. In vitro spermatogenesis remains a mirage, although many steps in the right direction have been performed. The manufacturing of 3D scaffolds and artificial spermatogenetic niche, providing support to stem cells in cultures, seems like the best way to further advance in this field.
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Introduction

The increasing incidence of cancer during childhood and the rising survival rate, currently estimated around 84% after 5 years from diagnosis (1), is leaving behind a large population of young male patients whose fertility is at stake (2, 3). The most common cancers in children are leukemias, lymphomas, tumors involving the brain or CNS, bone or soft tissue sarcomas, germ cell tumors, and embryonal tumors (4)

In adult patients, cryopreservation of seminal fluid is a safe and proven approach to preserve fertility prior to initiating gonadotropic treatments and should be routinely proposed by the caregiver in consultation with a reproductive medicine specialist (5, 6). Pre-pubertal patients are not capable yet of producing spermatozoa; therefore, this approach is not sustainable in their course of treatment (7, 8).

Although several valid studies have been published in recent years regarding methods to protect or restore fertility in children, and some practices are now likely to be ready for clinical use, these options still remain exclusive to the experimental field.

It is estimated that about half of adult patients with an history of pediatric malignancy will have difficulty conceiving children, with a major impact on their quality of life (9–11).

A variety of oncological treatments could threaten testicular function (12–16), such as surgery, chemotherapy, radiotherapy, or combination therapy, with potential synergistic effects in causing gonadal toxicity. In the pre-pubescent male patient, the seminiferous tubules are populated by Spermatogonial Stem Cells (SSCs) which, being actively proliferating, are particularly sensitive to damage by chemotherapy or radiotherapy (17, 18). A fraction of SSCs is not rapidly proliferating and constitutes a reserve of stem cells. Such cells, referred as A dark spermatogonia or State 0 SSCs, have been widely investigated over the years and are expressed in higher percentage in the testis of humans and non-human primates than in rodents (22% vs 0.3%). These SSCs are less chemosensitive, but their damage might lead to a condition of irreversible infertility, as the pool of SSCs is no longer able to proliferate and subsequently differentiate (19, 20).

Several chemotherapeutic agents have been associated with risk of testicular toxicity, mainly alkylating agents (19–21), platinum agents (22, 23) or cytarabine (21). Therapy with cyclophosphamide or the combination of chlormethine and procarbazine may cause alterations in spermatogenesis, and this risk increases as the dose increases (21). Other chemotherapies that may be implicated in spermatogenesis damage include ifosfamide, busulfan/cyclophosphamide or fludarabine/melphalan, used in some protocols for Hematopoietic stem-cell transplantation (HSCT) conditioning, although studies that evaluate the specific adverse effects for some of them are lacking and their toxicity is only deemed as probable (21). Risk assessment of the impact of chemotherapy on spermatogenesis is not straightforward, as many protocols involve the administration of several drugs together or in combination with radiotherapy, and the patient’s age and follow-up time are also relevant, given the potential recovery of spermatogenetic capacity after a period of time. Even taking all these elements into account, individual patient variability and genetic predisposition may play a major role in the gonadotoxic effect of therapy (21).

Leydig cells are more resistant to the toxic action of chemotherapeutic agents and their function is generally preserved (24). Combined treatments with alkylating agents and pelvic radiotherapy, however, may impair their function, bringing to a clinical condition characterized by increased LH and decreased Testosterone (25). Pre- hematopoietic cell transplantation conditioning protocols and treatments including chemotherapy and irradiation are generally capable of damaging both germ cells and Leydig cells (26, 27).

Given their known toxicity, alkylating agents are used with caution in pediatric oncology protocols, either by attempting to reduce the cumulative dose or by choosing drugs with a more favorable harmful profile (28), but this is often not feasible in cancer in advanced stages. The risk of testicular toxicity increases when multiple alkylating agents are used together, when treatments are prolonged, or when the patient is young (28).

Several scores such as alkylating agent dose (AAD) (29) or cyclophosphamide equivalent dose (CED) (30) are available to quantify exposure to alkylating agents and assess the risk of potential adverse events, but they do not account for all drugs currently in use. The recovery of spermatogenesis after therapy depends on the ability of quiescent SCCs to survive and resume differentiation, so the duration of azoospermia increases progressively depending on the extent of damage and the scarcity of the residual stem cell population (31).

Radiation therapy is also capable of damaging the delicate SCCs, as the germinal epithelium is very sensitive to radiation. Cranial radiotherapy could also damage the hypothalamic-pituitary region and cause a form of central hypogonadism, triggered by impaired stimulation of the testis by the lack of LH and FSH. Even doses of 0.1 Gy can temporarily alter spermatogenesis (32, 33), while doses greater than 6 Gy permanently damage the subject’s spermatogenetic capacity causing irreversible azoospermia (34). Gonadotoxic protocols include abdomen, pelvis, and total body irradiation, total node irradiation, and cranial radiotherapy, which can cause alterations in the pituitary- testicle axis, leading to hypogonadotropic hypogonadism if administered at doses above 35-40 Gy (21). Leydig cells are more resistant to these effects, but even fractional doses of testicular irradiation of 12 Gy can increase LH values in pre-pubertal patients, thus suggesting a toxic effect (35). Doses greater than 20 Gy generally require hormone replacement therapy to achieve normal pubertal development. In the adult male, however, the irreversibly toxic dose is greater than 30 Gy (36).

The overall gonadotoxic effect of radiation therapy is related to total dose, irradiated volume, fractionated dose, and patient age (37).

Green et al. (38) demonstrated that patients exposed at pre-pubescent age to testicular radiotherapy at cumulative doses > 7.5 Gy, an AAD > 2, or treatment with procarbazine or high dose of cyclophosphamide showed reduction in their ability to procreate. Specifically, patients included in the study who survived childhood cancers were half as likely to produce offspring as their siblings (Hazard Ratio of pregnancy of 0.56 versus 0.91). Treatment doses and patterns are relevant to this risk, as is age at the diagnosis.

Unilateral orchiectomy for the treatment of testicular tumors can reduce the number of germ cells available, but it is not generally associated with azoospermia. An observational study showed that 85% of patients who underwent unilateral orchiectomy were able to procreate during the subsequent 11-year follow-up (13). The combination of surgical treatment, chemotherapy and radiation therapy increases the risk of long-term gonadotoxicity in the child.

Preserving and protecting the fertility of young cancer patients is now a shared goal within their treatment plan, but nevertheless many doubts still remain about which strategies should be proposed to the patient and family, as many approaches are still considered in the experimental and research phase.

Current guidelines (5, 6) recommend informing the patient and family about the potential infertility risk of planned therapies and referring them to a reproductive medicine specialist at the earliest possible opportunity, to help them to evaluate the available options for preserving future fertility (Figure 1).




Figure 1 | Current approaches to preserve and restore fertility in prepubertal males undergoing cancer treatment. On the left side: current clinical approaches available before and during treatment. On the right side: experimental methods, mainly tested on animal models (including rodents, non human primates and others) or in vitro. *Cryopreservation of testicular material is only available in selected centers during experimental protocols.





Pharmacological Approaches to Preserve Testicular Function

One of the hypothesized gonadoprotective strategies is the use of molecules capable of inhibiting the pituitary secretion of LH and FSH, the hormones that stimulate the testis to produce testosterone and spermatozoa. Agonists or antagonists of the pituitary receptor of GnRH are able to block this hormonal production, generating a state of hypogonadotropic hypogonadism that could be exploited to protect the gonads. However, the use of GnRH agonist or antagonist for gonado-protective purposes during or before treatment for neoplasms does not appear to be useful in humans, and it is not recommended in ASCO guidelines. Such a strategy had appeared promising following some studies in rats (39–41) in which administration of GnRH before, during, or after therapy with alkylating agents or radiotherapy resulted in a marked increase in proliferating germ cells and a resumption of spermatogenic capacity. A similar effect has not been demonstrated in humans in several studies in which GnRH antagonist was associated with Testosterone (42–45). A single study (46) in which only Testosterone was administered showed positive results, although under conditions, as in the treatment of nephrotic syndrome and during therapy with cyclophosphamide alone (46). Several studies in nonhuman primates have confirmed this disappointing fact (47). However, GnRH agonist treatment seems to have a positive effect on the success of SCC transplantation, as proven in rats (48, 49). Testosterone suppression induced by such treatment, however, may induce an increased immune response (50), and this may justify the conflicting data obtained in the same pre-transplant treatment in nonhuman primates (47).

Some in vivo and in vitro studies in animal models have tested the protective effect of anti-apoptotic substances, such as sphingosine-1-phosphate (51) or immunomodulatory substances such as AS101 (52). In mice, these compounds offer some testicular protection against radiation or cyclophosphamide damage, but no relevant effect has been demonstrated in humans so far. Similar approaches have been used to test the protective effect of L- Carnitine (53), and several antioxidant substances, including curcumine nanocrystals (54), Moringa oleifera (55), alpha-tocopherol-succinate (56) and ascorbic acid (57), all tested on the gonads of cyclophosphamide-exposed rodents, with encouraging results but yet to be proven in humans.

The rationale behind the use of these substances is that some chemotherapy drugs, such as cyclophosphamide, are capable of generating radical oxygen species (ROS) and causing cellular apoptosis or altering DNA synthesis (51–56). Oxidative stress can activate enzymes such as sphingomyelinases, which can release ceramide from cell membranes and trigger cell apoptosis, and substances such as S1P might inhibit this specific process (51). A different detrimental effect of some chemotherapy drugs is the fragmentation of cellular DNA, resulting in an abnormal chromatin structure, a condition that reduces seminal quality and is known to decrease fertility (52). Immunomodulatory substances capable of limiting this alteration would be very useful for their gonadoprotective action. On the other hand, the administration of substances with antioxidant power may be able to reduce the oxidative stress produced by chemotherapic agents such as cyclophosphamide, which also seems to be able to damage the structure of the blood-testis barrier, altering the expression of Occludin proteins, produced by Sertoli cells (53).

To understand how to pharmacologically protect the testis in pre-pubertal children, it is thus essential to study the mechanisms involved in cytotoxic damage and survival of the SSCs population, as well as understanding the functioning of the complex spermatogenetic niche (Figure 2). The ability of germinal spermatogonial cells to ensure a continuous population of cells that can differentiate is essential for spermatogenic capacity (58). Several studies have investigated the recovery capabilities of spermatogonial stem cells after chemotherapeutic damage (59, 60). Many papers published by Parker et al. (61, 62) have focused on the effect of glial cell line- derived neurotrophic factor (GDNF) produced by Sertoli cells and essential for the survival of SSCs. GDNF is a member of the TGF-β superfamily, and by binding to its receptor and RET/GFRA1 on SCCs it regulates their survival and differentiation (63, 64).




Figure 2 | Known gonadotoxic damage of cancer treatments and potential pharmacological approaches. On the left side: the major effects with which various chemotherapeutic agents could impair testicular function. On the right side: potential pharmacological approaches that have been tested so far, with more or less promising results in protecting the male gonad.



Evidence in mice suggest that GDNF expression levels decrease with ageing, while it might increase with stem cell depletion (65). After a treatment with low dose busulfan, GDNF expression was found to be increased and that might be necessary to restore the pool of SSCs and their subsequent proliferation (65).

However, when this factor is lacking, the germline population gradually declines, reducing its replication and increasing downstream differentiation, down to a condition where the tubules are populated solely by Sertoli cells (SCO) (61). Providing GDNF stimulation again may allow for a new expansion of the cell pool (62).

One of the potential ways in which chemotherapeutic agents might reduce GDNF expression is through DNA methylation, the main epigenetic mechanism capable of affecting male fertility. Several agents, including cisplatin (66) and doxurubicin (67) have been proven to induce important epigenetic modifications to cellular DNA. Methylation of some sequences called CpG islands, rich in dinucleotides composed of Cytosine and Guanine, is able to block access to transcription factors and reduce the expression of some genes (68, 69). This would make the employ of some demethylating agents promising, such as eicosapentaenoic acid (EPA) which is able to activate several enzymes that can counteract cytosine methylation, promoting the re-expression of silenced genes (69).

Our group has studied the effect of cisplatin, doxurubicin, and 4-Hydroperoxycyclophosphamide, chemotherapeutics known to be gonadotoxic, in vitro on pre-pubescent porcine Sertoli cells (70), a model known to be adequate for toxicity study (71). Drug exposure resulted in reduced expression of the GDNF gene and protein, as well as reduced expression of AMH and Inhibin B, which are markers of function in pre-pubertal Sertoli cells. In cultures treated with high dose of cisplatin and EPA, there was a recovery of GDNF, AMH and Inhibin B expression, showing a protective effect on the male gonad. Treatment with cisplatin and d 5-aza-2’-deoxy- cytidine, a known demethylating agent used in several chemotherapy protocols, allowed to obtain similar results, supporting the hypothesis of the ability of EPA to protect against epigenetic alterations of DNA and opening the future to further studies to evaluate the effect of this substance on the human pre-pubescent testis.

Despite promising evidence in animal models, guidelines do not currently include the use of protective substances during cancer therapy in children (5, 6).



Surgical Approaches to Preserve Testicular Function

Pediatric testicular tumors are rare nosological entities, the most common being germ cell tumors, but they can occur bilaterally and synchronous or metachronous in up to 5% of cases (72). In such cases, a treatment with enucleation of the neoplasm (73, 74) instead of a total bilateral orchidectomy can be considered, if the tumor is of a small size and it is confined to the testis. Careful follow-up is necessary, as there is a risk of recurrence after enucleation of about 5%. The same approach is possible with Leydig cell tumors, in which the risk of recurrence after conservative treatment appears low (75).

There are several clinical cases reported in the literature, the first dating back to more than 30 years (76), in which a testicular transposition was performed to protect the residual gonad from adjuvant radiotherapy treatment. The healthy testis was transposed at the inguinal (77), abdominal (78) or leg region (79) and then repositioned in the scrotum at the end of therapy. It is interesting to note that in one clinical case report (80), the testis was able to resume spermatogenesis during the following months after post-traumatic repositioning in a subcutaneous pocket at tight level.

In cases of scrotal neoplasia in which extensive excision of skin and muscle layers is necessary, displacement of the testis in the contralateral hemiscrotum has been attempted to preserve its function (81). However, such approaches should be considered experimental and are not currently recommended in guidelines until further investigation (5, 6).



Cryopreservation: Testicular Tissue Or Cell Suspension

Young peripubertal patients might be able to produce spermatozoa and a semen sample can be obtained as early as 12 years old (82). Once spermatogenesis is initiated, seminal parameters are comparable to those of adult patients (83, 84). In younger patients, in whom the sperm production has not started yet or who for whatever reason are unable to produce seminal fluid, only experimental approaches are available, such as preservation of testicular tissue obtained by biopsy or orchiectomy, when required for the treatment course of the clinical condition.

The experience of several centers both in Europe (85) and in the USA (86) is remarkable with respect to the possibility of cryopreserving pre-pubescent testicular tissue for use in approaches aimed at restoring fertility in the future. Proposed freezing protocols are numerous (86–92), including fast or slow freezing and the use of various cryoprotectants. Most centers employ slow freezing combined with the use of Dimethylsulfoxide (DMSO) to protect cells from damage (88, 93) while other facilities use DMSO and sucrose, DMSO and human serum albumin or DMSO & ethylene glycol (93). Some studies have alternatively tested vitrification, a protocol of ultrarapid freezing associated with different concentrations of cryo-protective substances, with the aim of preventing the formation of ice crystals (94).

This approach appears promising, but further studies are needed to verify its actual superiority. It is also possible to choose to freeze a testicular cell suspension, which would reduce some complications due to the freezing of a macroscopic tissue sample, such as creating an uneven cellular cooling rate. This procedure would not allow to preserve the spermatogenetic niche in its entirety (95, 96) and has also been studied in humans less intensively (97). Freezing cells rather than tissue fragments will make it impossible to employ some techniques, such as testicular graft transplantation or tissue culture, whereas a cryopreserved tissue fragment could undergo further enzymatic digestion to obtain SSCs and other testicular cells (98). It is essential to improve the freezing protocol, trying to reduce the generation of alterations in thawed sperm quality (99).

A questionnaire proposed to 24 facilities by the European Society for Human Reproduction and Embryology (ESHRE) in 2012 reported that several centers in Europe offered this possibility and have already involved 260 young patients (85). A subsequent survey in 2019 (86) brought the number of patients involved up to 1033, more than a 4-fold increase. Numerous hospital facilities in the US (86) are currently able to cryopreserve testicular tissue, and the current goal is to create networks with a well-defined common protocol to offer this possibility to as many patients as possible. It is also important to note that approximately one third of the patients enrolled had already started cycles of gonadotoxic chemotherapy, which can potentially compromise the quality of the preserved tissue.

Current guidelines (5, 6) recommend that cryopreservation of testicular tissue be performed only during approved clinical trials or experimental protocols.



Fertility Restoration Employing Testicular Tissue


Testicular Tissue Transplantation

One of the potential options to restore fertility in a patient undergoing gonadotoxic therapies is the transplantation of previously frozen testicular tissue. This option has been under investigation for several years and numerous studies have been published on animals, the majority of which have tested testicular tissue xenograft into adult immunodeficient nude mice. Xenotransplantation of pre-pubescent human testicular tissue into laboratory animals is not a technique that is expected to be employed to restore fertility in patients undergoing gonadotoxic therapies, due to the high risk of zoonosis transmission (100), nevertheless it is useful to study the mechanisms of transplantation and the survival of spermatogonial cells after it has been performed. Moreover, this technique could be in the future exploited to exclude the presence of neoplastic cells contamination in the testicular tissue, in preparation for a future autograft in the patient (101)

Data is available regarding xenotransplantation of tissue obtained from goats, pigs, mice (102), horses (103), cats (104), cattle (105), rhesus monkeys (106), dogs (107), hamsters (108), and rabbits (109). In all these species, once the transplanted tissue was recovered from mice and analyzed, complete donor spermatogenesis was demonstrated, and in some of these experiments (109–113) live and healthy progeny has been obtained.

Despite the undoubtedly promising results, several questions remain to be clarified. Studies that have performed xenografts of pre-pubertal human testicular tissue (92, 100, 114) have not shown appearance of complete spermatogenesis yet. There could be several obstacles, including placement of the transplant in an ectopic or orthotopic location. Early attempts at xenotransplantation, both from human and animal donors, were almost all placed in the ectopic site, but transplantation placed in the testicular site has been shown to have a higher probability of survival and maturation, probably on account of the different local temperature (114, 115). In contrast, whether the tissue is fresh or thawed from previous cryopreservation does not seem to make a difference (116, 117).

Xenograft experiments from pre-pubescent human donors have, however, demonstrated prolonged (up to 9 months) survival of SSCs and Sertoli cells, and obtained secondary spermatocytes (114) or spermatid- like cells (92).

Nevertheless, the survival of spermatogonial cells in transplants is not high (117) and it seems to be closely related to the future of tissue vascularization, which must proceed with capillary formation that is supplied by host vessels (118), since the graft is transplanted without any vascular anastomoses. To improve tissue survival, several approaches with pro-angiogenic,anti-apoptotic and anti-oxidant molecules have been attempted. The use of recombinant FSH (119) and Testosterone (120) has not shown encouraging results on testicular graft survival.

Bovine testicular tissue treated with vascular endothelial growth factor (VEGF) at the time of implantation in mice (121) was heavier at recovery than the untreated control and showed a higher percentage of seminiferous tubules containing differentiated cells. Since the early approaches, numerous experiments have begun to treat the tissue with VEGF, whether in the context of autografts in mice (122), bovine tissue xenografts (123), and even pre-pubescent human testis xenografts (124).

On the pre-pubescent human testis, in vitro pretreatment with VEGF appears to increase vascularization and survival of SSCs and seminiferous tubule integrity (124). Subsequent experiments (122) on autograft in mice tested the combined effect of VEGF and platelet-derived growth (PDGF) nanoparticles, showing that the combination of the two factors appears to further improve vascularization. The use of necrosis inhibitor substances also seems promising (125).

Autotransplantation, the method more desirably applicable to pre-pubertal patients undergoing gonadotropic therapies, has been tested on nonhuman primates (111, 126, 127). These studies demonstrated on marmosets (126) better survival of transplants at the orthopedic site, which achieved complete spermatogenesis, probably because of reduced scrotal temperature compared with other body regions, and better results of tissues taken from pre-pubertal animals compared with adults, perhaps because of greater resistance to hypoxia. A study in rhesus monkeys (127) showed the achievement of complete spermatogenesis after orthotopic autotransplantation of testicular tissue, subjected to cryopreservation for a period longer than two years. A subsequent study in rhesus monkeys (111) showed complete spermatogenesis obtained from autologous transplants of testicular tissue placed subcutaneously either in the scrotum or behind the back, cryopreserved or fresh. Spermatozoa were also shown to fertilize oocytes, and via ICSI viable and healthy offspring were generated.

In a study of autotransplantation of testicular tissue in mice (128), alginate-encapsulated tissue with or without the addition of VEGF nanoparticles also appeared to improve spermatogonial recovery post-transplantation.

It should be emphasized that testicular tissue transplantation is not able to restore fertility in the recipient in the absence of medically assisted procreation, since it has not been proven that the graft is able to create anastomoses with the seminal tract, thus leading to ejaculation of spermatozoa with seminal fluid and fertilization during natural sexual intercourse. As today, these methods appear to be entirely experimental and have not yet been tested on human patients, either pre-pubescent or adult.



Spermatogenesis In Vitro From Testicular Tissue

Achieving spermatogenesis in vitro from testicular tissue would allow to avoid the risks related to other methods, in particular the transmission of zoonosis via xenografts (100) and the possible neoplastic contamination of tissues obtained from cancer patients (101, 129–132). This approach has been studied for many years (133, 134), but it is still experimental, and the current goal is to optimize culture systems in order to further progress in this direction (135).

In mouse, in vitro spermatogenesis has been obtained from testicular tissue cultures (135–137) and these spermatozoa were found to be able of fertilizing embryos and producing healthy offspring. Sato et al’s (137) experiments developed a culture system called “in vitro transplantation” (IVT), in which SSCs from one donor are injected into the empty seminiferous tubules of another animal, and the result is incubated in a culture system. In other studies (138) the air- liquid interphase method has been used, obtaining competent spermatozoa capable of generating healthy and fertile offspring, even exploiting previously cryopreserved tissue. The quality of spermatozoa obtained with such cultures has been evaluated (139), showing that the majority of them are characterized by normal haplody, non-fragmented DNA and condensed chromatin.

Full in vitro spermatogenesis was reached even in bovine (140) and rat (141) testicular tissue culture

Obtaining human spermatozoa in vitro has proven more challenging. Numerous attempts have been made to understand the best culture conditions of testicular fragments (142), investigating proper temperature, serum, and wheter gonadotropin stimulation is necessary.

So far, postmeiotic haploid cells have been obtained from pre-pubescent human testicular tissue fragments, both in organotypic culture (143) and exploiting a 3D culture system (144). One study (145) obtained haploid spermatids from SSCs obtained from testes of cryptorchid patients cultured in 2D systems enriched with arachidonic acid and stem cell factor (SCF). Such spermatids were able to fertilize murine oocytes by Microinjection of round spermatids (ROSI).

Recreating the complex microenvironment of the spermatogenic niche seems to be essential to achieve progress (135, 146) so there has been a clear shift towards 3D culture systems over the old 2D systems. Also, the potential of the culture to generate an intact and functioning blood-testicular barrier (147) seems to be relevant, as occurs in vivo during puberty.




Fertility Restoration Employing Cell Suspension


SSCS Transplantation

Different approaches exploiting testicular cell suspension are under study. A promising one is SSCs autotransplantation. This mechanism has been described since 1994 in mice (148) and over the years has been the subject of numerous studies on different experimental animals, also it appears to be the only one potentially able to restore fertility without the need to employ medically assisted procreation. The ability to colonize seminiferous tubules, as well as the possibility to initiate spermatogenesis, is related to the amount of SSCs transplanted (149). Furthermore, it has been estimated that only 10% of transplanted spermatogonial stem cells are able to form colonies (149). Such cells are rare, representing approximately 1 in 3500 cells in the adult mouse testis (150), and the amount of testicular tissue that can be harvested in the pre-pubescent would not be sufficient to provide an adequate number of cells.

For this reason, several methods have been developed to generate efficient culture systems of SSCs, amplifying their number in vitro before transplantation, and this approach has been initially studied in mice (151). The collected testicular tissue undergoes enzymatic digestion in several steps according to well- defined protocols (152, 153) and great attention has been paid to find a method that allows to efficiently isolate SCCs as soon as this stage (154).

A further complication is the difficulty in identifying SSCs, based on the markers they express and the proteins they produce (155, 156) since a large proportion of them are also expressed by testicular somatic cells and differentiating them appears complex (157). The ability to characterize these cells, purify and amplify them is essential for successful colonization of the seminiferous tubules in the recipient. Stage- specific embryonic antigen-4 (SSEA-4) (158) is one of the many promising markers of this cell population. However, in recent studies, this marker has shown reduced expression in quiescent State 0 cells, making SSEA-4 less suitable for the isolation of SSCs. The search for the most appropriate marker remains ongoing (159).

Many potential growth factors to achieve adequate proliferation of these cells have been extensively evaluated (160–163), including proposed leukemia inhibitory factor (LIF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), Insulin like grow factor 1 (IGF-1), Colony stimulating factor 1 (CSF-1) and the importance of GDNF, and the possible addition of its soluble receptor alpha-1 in culture has been demonstrated (160). The required growth factors appear to be identical in rats and mice (164) and therefore some kind of conservation between species has been hypothesized.

In vitro proliferation of SSCs obtained from different animals, including mice and rats (151, 164, 165) porcine (166), cattle (167) and tree shrew (168), has been achieved. The same approach has allowed in vitro proliferation of human SSCs, taken from testicular tissue obtained from pre-pubertal patients during orchidopexy (169), for cryopreservation in cancer patients (170) or from adult patients undergoing orchiectomy (171), from patients with obstructive or non-obstructive azoospermia (172) or from deceased organ donors (158).

Using subcultures, human adult SSCs were cultured and propagated up to 28 weeks and their numbers increased more than 18,000-fold (171). The proliferation capacity of SSCs from pre-pubertal patients seems to be even higher (169). Nevertheless, the long-term fate of SSCs cultures seems unclear. Several promising studies have been carried out to elucidate the best culture conditions, but many of them have not characterized SSCs with suitable surface markers, nor defined the ideal conditions for promoting the development of cells at different stages of maturation. More recent work has been able to identify the full gene expression of SSCs and to assess the molecular pathways activated in their proliferation. This approach appears useful for better understanding their development and improve our culture system (173).

Cancer patients, especially those with hematological diseases, may harbor neoplastic infiltrates in the testicle, as shown in pre-treatment biopsies of children with Acute Lymphocytic Leukemia (174). Such neoplastic cells if transplanted can give rise to new neoplasms (101, 129–132) so it is essential to ensure purification of the SSCs sample. It has been proven that in rats it is enough to transplant in the testis only 20 leukemic cells, mixed with germ cells, to initiate a relapse of the disease (175).

The most studied mechanics so far are culture systems (176), Fluorescence-activated cell sorting (FACS) (129, 130, 132), and Magnetic-activated cell sorting (MACS) (131, 177) but their evaluation has shown conflicting and sometimes not sufficient results to ensure the safety of the method, making further studies necessary.

The first approach for SSCs transplantation was characterized by multiple microinjections into the seminiferous tubules of the recipient mouse (148), a procedure that required open surgery with exteriorization of the testis and reflection of the vaginal tunica. Afterwards, different approaches were tried on dissected mouse, bovine, monkey and human testes (178), attempting injection of SSCs into the efferent duct or into rete testis network under ultrasound guidance, the latter method being the most promising. Some studies on human testis obtained from cadavers have tested injections of contrast agent (179) or murine SSCs (180, 181) to study the best possible operating conditions, showing that a single injection into rete testis network seems to be effective (179) and that it is necessary to find the right filling pressure, perhaps using an infusion pump, to adequately fill the tubules and reduce fluid leaking into the testicular interstitium (180, 181).

Allografting of SSCs has been tested in sheep (182), goats (183), and nonhuman primates (47, 184), generating healthy live offspring. Only one human clinical trial is reported (185), in which some adult patients who had cryopreserved SSCs prior to chemo-radiotherapy treatment underwent transplantation of such cells with intra-testicular injections. Unfortunately, there are no reports on subsequent follow-up and their seminal parameters (186).

The main doubts to be dispelled, concern the safety of these protocols and the absence of major alterations in the progeny. In mouse SSCs allografts, first and second-generation offspring appear to develop with comparable weight and height to controls and do not appear to show differences in methylation patterns of maternal, paternal, or non-imprinted genes (187). However, seminal parameters after transplantation were worse than controls, with reduced sperm concentration and motility (188). A subsequent study on a similar murine allograft showed no notable genetic alterations in either spermatozoa or progeny (189), such as chromosome number alterations, deletions, or amplifications.



in vitro Spermatogenesis From SSCS and From De Novo Testicular Morphogenesis

Cryopreserved or fresh SSCs suspension could also be used to try to achieve in vitro-spermatogenesis, in specific culture systems. A type of approach is developing culture systems in which injecting SSCs, exploiting different types of matrixes, such as soft agar or methylcellulose (190) or microfuidic system (191) that allowed to obtain functioning spermatozoa in some studies.

The construction of testicular organoids (192) seems promising to create the right supportive environment for the development of SSCs. A wide variety of proposals is available, including models relying on extracellular matrix (ECM) (193) or ECM- free (194), the use of microwells (195) or 3D printing with particular bio-inks (196). A scaffold-based and scaffold-free approach has also been applied to generate human testis organoids (197) and this strategy opens the way to new future prospectives.

A different method that has been studied, is performing, under the back skin of immunodeficient mice, a graft of testicular cell suspension containing other cells besides SSCs, including Sertoli cells, Leydig cells and peritubular myoid cells, in a definite proportion (198). Such a cell mix seems to be able to organize into a testis-like structure, via a complex process that has been named de novo testicular morphogenesis, generating a spermatogenic niche and recovering steroidogenic capacity, up to complete spermatogenesis (198). This approach has been studied utilizing cells obtained from rodents (199, 200) zebrafish (201), sheep (202) and cattle (203), as well as from pigs (198, 204). Some of these studies have included the cell suspension in matrices as scaffolds to support their growth (205, 206). Seminiferous tubule formation has also been noted after cell suspension grafting inside the testis of rhesus monkeys (207) with resumption of donor spermatogenesis.

This possibility seems to be very interesting to study the interactions between different testicular cell types and to better understand the mechanisms of gonadal development (203, 205).




Conclusion: Future Challenges and Promising Methods

During the last years we have witnessed a swift progress in studies regarding potential approaches to preserve and restore male fertility, but few of these methods are currently clinically applicable in the prepubertal oncological patient. Current clinical guidelines and approaches involve prompt counseling with a reproductive medicine specialist, reduction of gonadotoxicity of the chosen therapy when possible, and potential participation in experimental protocols where offered.

Cryopreservation of testicular tissue or cell suspension is offered in the context of experimental protocols in several centers around the world, which have developed shared methods and a considerable experience on this field, however there is still no certainty about which are the best methods and the potential damage to sperm quality. Cryopreserved testicular material, either tissue fragment or cell suspension, has shown in several experimental animals the ability to re-initiate spermatogenesis and even to generate healthy living offspring, but there is not yet sufficient evidence in humans. Out-of-body approaches, such as in vitro spermatogenesis, are promising but early in their development. We believe that there is a need to pursue these approaches, while continuing to evaluate the potential efficacy of numerous chemicals and pharmacological substances that could help to protect the delicate prepubescent testis from the insult of oncological therapies.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This research was founded by Fondazione CARIT Cassa di Risparmio di Terni, code or Project FCTR21UNIPG. EE is a recipient of an University of Perugia PhD research grant



References

1. American Cancer Society. Cancer Facts & Figures 2021. Atlanta, Ga: American Cancer Society (2021).

2. Howell, SJ, and Shalet, SM. Testicular Function Following Chemotherapy. Hum Reprod Update (2001) 7:363–9. doi: 10.1093/humupd/7.4.363

3. Byrne, J, Mulvihill, JJ, Myers, MH, Connelly, RR, Naughton, MD, Krauss, MR, et al. Effects of Treatment on Fertility in Long-Term Survivors of Childhood or Adolescent Cancer. N Engl J Med (1987) 317:1315–21. doi: 10.1056/NEJM198711193172104

4. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2016. CA Cancer J Clin (2016) 66:7–30. doi: 10.3322/caac.21332

5. Oktay, K, Harvey, BE, and Loren, AW. Fertility Preservation in Patients With Cancer: Asco Clinical Practice Guideline Update Summary. J Oncol Pract (2018) 14:381–5. doi: 10.1200/JOP.18.00160

6. Tozawa, A, Kimura, F, Takai, Y, Nakajima, T, Ushijima, K, Kobayashi, H, et al. Japan Society of Clinical Oncology Clinical Practice Guidelines 2017 for Fertility Preservation in Childhood, Adolescent, and Young Adult Cancer Patients: Part 2. Int J Clin Oncol (2022) 27:281–300. doi: 10.1007/s10147-021-02076-7

7. Wallace, WHB. Oncofertility and Preservation of Reproductive Capacity in Children and Young Adults. Cancer (2011) 117:2301–10. doi: 10.1002/cncr.2604521

8. Mitchell, RT, Nahata, L, and Quinn, GP. Fertility Preservation: Don’t Forget the Boys. BMJ (2017) 356:j495. doi: 10.1136/bmj.j495

9. Green, D, Galvin, H, and Horne, B. The Psycho-Social Impact of Infertility on Young Male Cancer Survivors: A Qualitative Investigation. Psychooncology (2003) 12:141–52. doi: 10.1002/pon.622

10. Wasilewski-Masker, K, Seidel, KD, Leisenring, W, Mertens, AC, Shnorhavorian, M, Ritenour, CW, et al. Male Infertility in Long-Term Survivors of Pediatric Cancer: A Report From the Childhood Cancer Survivor Study. J Cancer Surviv (2014) 8:437–47. doi: 10.1007/s11764-014-0354-6

11. Kaatsch, P. Epidemiology of Childhood Cancer. Cancer Treat Rev (2010) 36:277–85. doi: 10.1016/j.ctrv.2010.02.003

12. Hensle, TW, Burbige, KA, Shepard, BR, Marboe, CC, Blanc, WA, and Wigger, JH. Chemotherapy and its Effect on Testicular Morphology in Children. J Urol (1984) 131:1142–4. doi: 10.1016/s0022-5347(17)50847-2

13. Huddart, RA, Norman, A, Moynihan, C, Horwich, A, Parker, C, Nicholls, E, et al. Fertility, Gonadal and Sexual Function in Survivors of Testicular Cancer. Br J Cancer (2005) 93:200–7. doi: 10.1038/sj.bjc.6602677

14. Ash, P. The Influence of Radiation on Fertility in Man. Br J Radiol (1980) 53:271–8. doi: 10.1259/0007-1285-53-628-271

15. Shalet, SM. Effect of Irradiation Treatment on Gonadal Function in Men Treated for Germ Cell Cancer. Eur Urol (1993) 23:148–51. doi: 10.1159/000474584

16. Kinsella, TJ, Trivette, G, Rowland, J, Sorace, R, Miller, R, Fraass, B, et al. Long-Term Follow-Up of Testicular Function Following Radiation Therapy for Early-Stage Hodgkin’s Disease. J Clin Oncol (1989) 7:718–24. doi: 10.1200/JCO.1989.7.6.718

17. De Rooij, DG, Creemers, LB, den Ouden, K, and Izadyar, F. Spermatogonial Stem Cell Development. In:  FFG Rommerts, and KJ Teerds, editors. Testicular Tangrams, 1st, vol. 15 . Berlin/Heidelberg, Germany: Springer Press (2002). p. 121–38.

18. Jahnukainen, K, Ehmcke, J, Hou, M, and Schlatt, S. Testicular Function and Fertility Preservation in Male Cancer Patients. Best Pract Res Clin Endocrinol Metab (2011) 25:287–302. doi: 10.1016/j.beem.2010.09.007

19. Delessard, M, Saulnier, J, Rives, A, Dumont, L, Rondanino, C, and Rives, N. Exposure to Chemotherapy During Childhood or Adulthood and Consequences on Spermatogenesis Ad Male Fertility. Int J Mol Sci (2020) 21:1454. doi: 10.3390/ijms21041454

20. Fayomi, AP, and Orwig, KE. Spermatogonial Stem Cells and Spermatogenesis in Mice, Monkeys and Men. Stem Cell Res (2018) 29:207–14. doi: 10.1016/j.scr.2018.04.009

21. Skinner, R, Mulder, RL, Kremer, LC, Hudson, MM, Constine, LS, Bardi, E, et al. Recommendations for Gonadotoxicity Surveillance in Male Childhood, Adolescent, and Young Adult Cancer Survivors: A Report From the International Late Effects of Childhood Cancer Guideline Harmonization Group in Collaboration With the PanCareSurFup Consortium. Lancet Oncol (2017) 18:e75–90. doi: 10.1016/S1470-2045(17)30026-8

22. Tian En, L, Brougham, MFH, Wallace, WHB, and Mitchell, RT. Impacts of Platinum-Based Chemotherapy on Subsequent Testicular Function and Fertility in Boys With Cancer. Hum Reprod Update (2020) 26:874–85. doi: 10.1093/humupd/dmaa04

23. Favareto, APA, Fernandez, CDB, Fossato da Silva, DA, Anselmo-Franci, JA, and De Grava Kempinas, W. Persistent Impairment of Testicular Histology and Sperm Motility in Adult Rats Treated With Cisplatin at Peri-Puberty. Basic Clin Pharmacol Toxicol (2011) 109:85–96. doi: 10.1111/j.1742-7843.2011.00688.x

24. Shalet, SM, Tsatsoulis, A, Whitehead, E, and Read, G. Vulnerability of the Human Leydig Cell to Radiation Damage is Dependent Upon Age. J Endocrinol (1989) 120:161–5. doi: 10.1677/joe.0.1200161

25. Ridola, V, Fawaz, O, Aubier, F, Bergeron, C, de Vathaire, F, Pichon, F, et al. Testicular Function of Survivors of Childhood Cancer: A Comparative Study Between Ifosfamide- and Cyclophosphamide-Based Regimens. Eur J Cancer (2009) 45:814–8. doi: 10.1016/j.ejca.2009.01.002

26. Stukenborg, JB, Jahnukainen, K, Hutka, M, and Mitchell, RT. Cancer Treatment in Childhood and Testicular Function: The Importance of the Somatic Environment. Endocr Connect (2018) 7:R69–87. doi: 10.1530/EC-17-0382

27. Müller, J. Impact of Cancer Therapy on the Reproductive Axis. Horm Res (2003) 59 Suppl 1:12–20. doi: 10.1159/000067835

28. Hudson, MM. Reproductive Outcomes for Survivors of Childhood Cancer. Obstet Gynecol (2010) 116:1171–83. doi: 10.1097/AOG.0b013e3181f87c4b

29. Green, DM, Liu, W, Kutteh, WH, Ke, RW, Shelton, KC, Sklar, CA, et al. Cumulative Alkylating Agent Exposure and Semen Parameters in Adult Survivors of Childhood Cancer: A Report From the St Jude Lifetime Cohort Study. Lancet Oncol (2014) 15:1215–23. doi: 10.1016/S1470-2045(14)70408-5

30. Green, DM, Nolan, VG, Goodman, PJ, Whitton, JA, Srivastava, D, Leisenring, WM, et al. The Cyclophosphamide Equivalent Dose as an Approach for Quantifying Alkylating Agent Exposure: A Report From the Childhood Cancer Survivor Study. Pediatr Blood Cancer (2014) 61:53–67. doi: 10.1002/pbc.24679

31. Meistrich, ML, Wilson, G, Brown, BW, da Cunha, MF, and Lipshultz, LI. Impact of Cyclophosphamide on Long-Term Reduction in Sperm Count in Men Treated With Combination Chemotherapy for Ewing and Soft Tissue Sarcomas. Cancer (1992) 70:2703–12. doi: 10.1002/10970142(19921201)70:11<2703::aid-cncr2820701123>3.0.co;2-x

32. Hahn, EW, Feingold, SM, Simpson, L, and Batata, M. Recovery From Aspermia Induced by Low-Dose Radiation in Seminoma Patients. Cancer (1982) 50:337–40. doi: 10.1002/1097-0142(19820715)50:2<337::aid-cncr2820500229>3.0.co;2-6

33. Rowley, MJ, Leach, DR, Warner, GA, and Heller, CG. Effect of Graded Doses of Ionizing Radiation on the Human Testis. Radiat Res (1974) 59:665–78. doi: 10.2307/3574084

34. Centola, GM, Keller, JW, Henzler, M, and Rubin, P. Effect of Low-Dose Testicular Irradiation on Sperm Count and Fertility in Patients With Testicular Seminoma. J Androl (1994) 15:608–13. doi: 10.1002/j.1939-4640.1994.tb00507.x

35. Sklar, C. Reproductive Physiology and Treatment-Related Loss of Sex Hormone Production. Med Pediatr Oncol (1999) 33:2–8. doi: 10.1002/(sici)1096-911x(199907)33:1<2::aid-mpo2>3.0.co;2-7

36. Izard, MA. Leydig Cell Function and Radiation: A Review of the Literature. Radiother Oncol (1995) 34:1–8. doi: 10.1016/0167-8140(94)01501-s

37. Gleeson, HK, and Shalet, SM. The Impact of Cancer Therapy on the Endocrine System in Survivors of Childhood Brain Tumours. Endocr Relat Cancer (2004) 11:589–602. doi: 10.1677/erc.1.00779

38. Green, DM, Kawashima, T, Stovall, M, Leisenring, W, Sklar, CA, Mertens, AC, et al. Fertility of Male Survivors of Childhood Cancer: A Report From the Childhood Cancer Survivor Study. J Clin Oncol (2010) 28:332–9. doi: 10.1200/JCO.2009.24.9037

39. Shetty, G, and Meistrich, ML. Hormonal Approaches to Preservation and Restoration of Male Fertility After Cancer Treatment. J Natl Cancer Inst Monogr (2005) 34:36–9. doi: 10.1093/jncimonographs/lgi002

40. Meistrich, ML, and Kangasniemi, M. Hormone Treatment After Irradiation Stimulates Recovery of Rat Spermatogenesis From Surviving Spermatogonia. J Androl (1997) 18:80–7. doi: 10.1002/j.1939-4640.1997.tb01879.x

41. Kurdoglu, B, Wilson, G, Parchuri, N, Ye, W-S, and Meistrich, ML. Protection From Radiation-Induced Damage to Spermatogenesis by Hormone Treatment. Radiat Res (1994) 139:97–102. doi: 10.2307/3578738

42. Waxman, JH, Ahmed, R, Smith, D, Wrigley, PF, Gregory, W, Shalet, S, et al. Failure to Preserve Fertility in Patients With Hodgkin’s Disease. Cancer Chemother Pharmacol (1987) 19:159–62. doi: 10.1007/BF00254570

43. Redman, JR, and Bajorunas, DR. Suppression of Germ Cell Proliferation to Prevent Gonadal Toxicity Associated With Cancer Treatment. In: Workshop on Psychosexual and Reproductive Issues Affecting Patients With Cancer. New York: American Cancer Society (1987). p. 90–94.

44. Fosså, SD, Klepp, O, and Norman, N. Lack of Gonadal Protection by Medroxyprogesterone Acetate-Induced Transient Medical Castration During Chemotherapy for Testicular Cancer. Br J Urol (1988) 62:449–53. doi: 10.1111/j.1464-410x.1988.tb04395.x

45. Kreuser, ED, Hetzel, WD, Hautmann, R, and Pfeiffer, EF. Reproductive Toxicity With and Without LHRHA Administration During Adjuvant Chemotherapy in Patients With Germ Cell Tumors. Horm Metab Res (1990) 22:494–8. doi: 10.1055/s-2007-1004954

46. Masala, A, Faedda, R, Alagna, S, Satta, A, Chiarelli, G, Rovasio, PP, et al. Use of Testosterone to Prevent Cyclophosphamide-Induced Azoospermia. Ann Intern Med (1997) 126:292–5. doi: 10.7326/0003-4819-126-4-199702150-00005

47. Shetty, G, Mitchell, JM, Lam, TNA, Phan, TT, Zhang, J, Tailor, RC, et al. Postpubertal Spermatogonial Stem Cell Transplantation Restores Functional Sperm Production in Rhesus Monkeys Irradiated Before and After Puberty. Andrology (2021) 9:1603–16. doi: 10.1111/andr.13033

48. Ogawa, T, Dobrinski, I, Avarbock, MR, and Brinster, RL. Leuprolide, a Gonadotropin-Releasing Hormone Agonist, Enhances Colonization After Spermatogonial Transplantation Into Mouse Testes. Tissue Cell (1998) 30:583–8. doi: 10.1016/s0040-8166(98)80039-6

49. Dobrinski, I, Ogawa, T, Avarbock, MR, and Brinster, RL. Effect of the GnRH-agonist Leuprolide on Colonization of Recipient Testes by Donor Spermatogonial Stem Cells After Transplantation in Mice. Tissue Cell (2001) 33:200–7. doi: 10.1054/tice.2001.0177

50. Gubbels Bupp, MR, and Jorgensen, TN. Androgen-Induced Immunosuppression. Front Immunol (2018) 9:794. doi: 10.3389/fimmu.2018.00794

51. Suomalainen, L, Pentikäinen, V, and Dunkel, L. Sphingosine-1-phosphate Inhibits Nuclear Factor Kappab Activation and Germ Cell Apoptosis in the Human Testis Independently of its Receptors. Am J Pathol (2005) 166:773–81. doi: 10.1016/s0002-9440(10)62298-5

52. Carmely, A, Meirow, D, Peretz, A, Albeck, M, Bartoov, B, and Sredni, B. Protective Effect of the Immunomodulator AS101 Against Cyclophosphamide-Induced Testicular Damage in Mice. Hum Reprod (2009) 24:1322–9. doi: 10.1093/humrep/den481

53. Cao, Y, Wang, X, Li, S, Wang, H, Yu, L, and Wang, P. The Effects of L-Carnitine Against Cyclophosphamide-Induced Injuries in Mouse Testis. Basic Clin Pharmacol Toxicol (2017) 120:152–8. doi: 10.1111/bcpt.12679

54. Poojary, KK, Nayak, G, Vasani, A, Kumari, S, Dcunha, R, Kunhiraman, JP, et al. Curcumin Nanocrystals Attenuate Cyclophosphamide-Induced Testicular Toxicity in Mice. Toxicol Appl Pharmacol (2021) 433:115772. doi: 10.1016/j.taap.2021.115772

55. Nayak, G, Rao, A, Mullick, P, Mutalik, S, Kalthur, SG, Adiga, SK, et al. Ethanolic Extract of Moringa Oleifera Leaves Alleviate Cyclophosphamide-Induced Testicular Toxicity by Improving Endocrine Function and Modulating Cell Specific Gene Expression in Mouse Testis. J Ethnopharmacol (2020) 259:112922. doi: 10.1016/j.jep.2020.112922

56. Ghosh, D, Das, UB, and Misro, M. Protective Role of Alpha-Tocopherol-Succinate (provitamin-E) in Cyclophosphamide Induced Testicular Gametogenic and Steroidogenic Disorders: A Correlative Approach to Oxidative Stress. Free Radic Res (2002) 36:1209–18. doi: 10.1080/1071576021000016472

57. Das, UB, Mallick, M, Debnath, JM, and Ghosh, D. Protective Effect of Ascorbic Acid on Cyclophosphamide- Induced Testicular Gametogenic and Androgenic Disorders in Male Rats. Asian J Androl (2002) 4(3):201–7.

58. Caires, K, Broady, J, and McLean, D. Maintaining the Male Germline: Regulation of Spermatogonial Stem Cells. J Endocrinol (2010) 205:133–45. doi: 10.1677/JOE-09-0275

59. La, HM, Mäkelä, JA, Chan, AL, Rossello, FJ, Nefzger, CM, Legrand, JMD, et al. Identification of Dynamic Undifferentiated Cell States Within the Male Germline. Nat Commun (2018) 9:2819. doi: 10.1038/s41467-018-04827-z

60. Carrieri, C, Comazzetto, S, Grover, A, Morgan, M, Buness, A, Nerlov, C, et al. A Transit-Amplifying Population Underpins the Efficient Regenerative Capacity of the Testis. J Exp Med (2017) 214:1631–41. doi: 10.1084/jem.20161371

61. Parker, N, Falk, H, Singh, D, Fidaleo, A, Smith, B, Lopez, MS, et al. Responses to Glial Cell Line-Derived Neurotrophic Factor Change in Mice as Spermatogonial Stem Cells Form Progenitor Spermatogonia Which Replicate and Give Rise to More Differentiated Progeny. Biol Reprod (2014) 91:92. doi: 10.1095/biolreprod.114.119099

62. Parker, N, Laychur, A, Sukwani, M, Orwig, KE, Oatley, JM, Zhang, C, et al. Spermatogonial Stem Cell Numbers are Reduced by Transient Inhibition of GDNF Signaling But Restored by Self-Renewing Replication When Signaling Resumes. Stem Cell Rep (2021) 16:597–609. doi: 10.1016/j.stemcr.2021.01.015

63. Naughton, CK, Jain, S, Strickland, AM, Gupta, A, and Milbrandt, J. Glial Cell-Line Derived Neurotrophic Factor-Mediated RET Signaling Regulates Spermatogonial Stem Cell Fate. Biol Reprod (2006) 74:314–21. doi: 10.1095/biolreprod.105.04736530

64. Jing, S, Wen, D, Yu, Y, Holst, PL, Luo, Y, Fang, M, et al. Gdnf-Induced Activation of the Ret Protein Tyrosine Kinase is Mediated by GDNFR-alpha, a Novel Receptor for GDNF. Cell (1996) 85:1113–24. doi: 10.1016/s0092-8674(00)81311-2

65. Sakai, M, Masaki, K, Aiba, S, Tone, M, and Takashima, S. Expression Dynamics of Self-Renewal Factors for Spermatogonial Stem Cells in the Mouse Testis. J Reprod Dev (2018) 64:267–75. doi: 10.1262/jrd.2018-015

66. Quintanilha, JCF, Saavedra, KF, Visacri, MB, Moriel, P, and Salazar, LA. Role of Epigenetic Mechanisms in Cisplatin-Induced Toxicity. Crit Rev Oncol Hematol (2019) 137:131–42. doi: 10.1016/j.critrevonc.2019.03.00436

67. Hanf, A, Oelze, M, Manea, A, Li, H, Münzel, T, and Daiber, A. The Anti-Cancer Drug Doxorubicin Induces Substantial Epigenetic Changes in Cultured Cardiomyocytes. Chem Biol Interact (2019) 313:108834. doi: 10.1016/j.cbi.2019.108834

68. Davis, CD, and Uthus, EO. Dna Methylation, Cancer Susceptibility, and Nutrient Interactions. Exp Biol Med (2004) 229:988–95. doi: 10.1177/153537020422901002

69. Kläver, R, Tüttelmann, F, Bleiziffer, A, Haaf, T, Kliesch, S, and Gromoll, J. Dna Methylation in Spermatozoa a as a Prospective Marker in Andrology. Andrology (2013) 1:731–40. doi: 10.1111/j.2047-2927.2013.00118.x

70. Arato, I, Ceccarelli, V, Mancuso, F, Bellucci, C, Lilli, C, Ferolla, P, et al. Effect of EPA on Neonatal Pig Sertoli Cells “In Vitro”: A Possible Treatment to Help Maintain Fertility in Pre-Pubertal Boys Undergoing Treatment With Gonado-Toxic Therapies. Front Endocrinol (Lausanne) (2021) 12:694796. doi: 10.3389/fendo.2021.694796

71. Luca, G, Mancuso, F, Calvitti, M, Arato, I, Falabella, G, Bufalari, A, et al. Long-Term Stability, Functional Competence, and Safety of Microencapsulated Specific Pathogen-Free Neonatal Porcine Sertoli Cells: A Potential Product for Cell Transplant Therapy. Xenotransplantation (2015) 22(4):273–83. doi: 10.1111/xen.12175

72. Zequi Sde, C, da Costa, WH, Santana, TB, Favaretto, RL, Sacomani, CA, and Guimaraes, GC. Bilateral Testicular Germ Cell Tumours: A Systematic Review. BJU Int (2012) 110:1102–9. doi: 10.1111/j.1464-410X.2012.11056.x

73. Zhu, L, Chen, G, Shen, Y, Wang, X, Gao, L, Zhao, Y, et al. Infantile Synchronous Primary Bilateral Testicular Germ Cell Tumor: A Case Report and Review of the Literature. Transl Androl Urol (2019) 8:540–7. doi: 10.21037/tau.2019.09.21

74. Heidenreich, A, Weissbach, L, Höltl, W, Albers, P, Kliesch, S, Köhrmann, KU, et al. Organ Sparing Surgery for Malignant Germ Cell Tumor of the Testis. J Urol (2001) 166:2161–5. doi: 10.1016/s0022-5347(05)65526-7

75. Suardi, N, Strada, E, Colombo, R, Freschi, M, Salonia, A, Lania, C, et al. Leydig Cell Tumour of the Testis: Presentation, Therapy, Long-Term Follow-Up and the Role of Organ-Sparing Surgery in a Single-Institution Experience. BJU Int (2009) 103:197–200. doi: 10.1111/j.1464-410X.2008.08016.x

76. Cheng, BS, King, LR, and Kinney, TR. Testicle Transposition in Children Who Undergo Low-Pelvic or Scrotal Irradiation. Urology (1987) 1987:39–41.

77. Hussein, AA, Tran, ND, and Smith, JF. Fertility Preservation for Boys and Adolescents Facing Sterilizing Medical Therapy. Transl Androl Urol (2014) 3:382–90. doi: 10.3978/j.issn.2223-4683.2014.11.06

78. Acosta, JM, Tiao, G, Stein, JE, and Mahour, GH. Temporary Relocation of Testes to the Anterior Abdominal Wall Before Radiation Therapy of the Pelvis or Perineum. J Pediatr Surg (2002) 37:1232–3. doi: 10.1053/jpsu.2002.34488

79. Grüschow, K, Kyank, U, Stuhldreier, G, and Fietkau, R. Surgical Repositioning of the Contralateral Testicle Before Irradiation of a Paratesticular Rhabdomyosarcoma for Preservation of Hormone Production. Pediatr Hematol Oncol (2007) 24:371–7. doi: 10.1080/08880010701394998

80. Allegretti, E, Luca, G, Arato, I, Falabella, G, Garolla, A, Maffia, R, et al. Full Restoration of Spermatogenesis and Male Fertility After Post-Traumatic Ectopic Testis Implant. Ann Ital Chir (2014) 85:S2239253X14021860.

81. Arango, O, Bielsa, O, Lorente, JA, De Leon, E, and Mas, AG. Hemiscrotectomy With Contralateral Testicular Transposition for Scrotal Cancer. J Urol (2002) 168:1406–7. doi: 10.1097/01.ju.0000026387.51062.26

82. Bahadur, G, Spoudeas, H, Davies, MC, and Ralph, D. Factors Affecting Sperm Banking for Adolescent Cancer Patients. Arch Dis Child (2006) 91:715–716.

83. Ried, HL, Zietz, H, and Jaffe, N. Cryopreservation of Semen From Adolescent Patients With Malignancies. Med Pediatr Oncol (1997) 28:322–3. doi: 10.1002/(sici)1096-911x(199704)28:4<322::aid-mpo16>3.0.co;2-e

84. Kamischke, A, Jürgens, H, Hertle, L, Berdel, WE, and Nieschlag, E. Cryopreservation of Sperm From Adolescents and Adults With Malignancies. J Androl (2004) 25:586–92. doi: 10.1002/j.1939-4640.2004.tb02829.x

85. Picton, HM, Wyns, C, Anderson, RA, Goossens, E, Jahnukainen, K, Kliesch, S, et al. A European Perspective on Testicular Tissue Cryopreservation for Fertility Preservation in Prepubertal and Adolescent Boys. Hum Reprod (2015) 30:2463–75. doi: 10.1093/humrep/dev190

86. Valli-Pulaski, H, Peters, KA, Gassei, K, Steimer, SR, Sukhwani, M, Hermann, BP, et al. Testicular Tissue Cryopreservation: 8 Years of Experience From a Coordinated Network of Academic Centers. Hum Reprod (2019) 34:966–77. doi: 10.1093/humrep/dez043

87. Keros, V, Hultenby, K, Borgström, B, Fridström, M, Jahnukainen, K, and Hovatta, O. Methods of Cryopreservation of Testicular Tissue With Viable Spermatogonia in Pre-Pubertal Boys Undergoing Gonadotoxic Cancer Treatment. Hum Reprod (2007) 22:1384–95. doi: 10.1093/humrep/del508

88. Keros, V, Rosenlund, B, Hultenby, K, Aghajanova, L, Levkov, L, and Hovatta, O. Optimizing Cryopreservation of Human Testicular Tissue: Comparison of Protocols With Glycerol, Propanediol and Dimethylsulphoxide as Cryoprotectants. Hum Reprod (2005) 20:1676–87. doi: 10.1093/humrep/deh797

89. Curaba, M, Poels, J, van Langendonckt, A, Donnez, J, and Wyns, C. Can Prepubertal Human Testicular Tissue be Cryopreserved by Vitrification. Fertil Steril (2011) 95:2123.e9–12. doi: 10.1016/j.fertnstert.2011.01.014

90. Poels, J, Van Langendonckt, A, Many, MC, Wese, FX, and Wyns, C. Vitrification Preserves Proliferation Capacity in Human Spermatogonia. Hum Reprod (2013) 28:578–89. doi: 10.1093/humrep/des455

91. Kvist, K, Thorup, J, Byskov, AG, Høyer, PE, Møllgård, K, and Yding Andersen, C. Cryopreservation of Intact Testicular Tissue From Boys With Cryptorchidism. Hum Reprod (2006) 21:484–91. doi: 10.1093/humrep/dei331

92. Wyns, C, Van Langendonckt, A, Wese, FX, Donnez, J, and Curaba, M. Long-Term Spermatogonial Survival in Cryopreserved and Xenografted Immature Human Testicular Tissue. Hum Reprod (2008) 23:2402–14. doi: 10.1093/humrep/den272

93. Goossens, E, Jahnukainen, K, Mitchell, RT, van Pelt, A, Pennings, G, Rives, N, et al. Fertility Preservation in Boys: Recent Developments and New Insights. Hum Reprod Open (2020) 2020(3):hoaa016. doi: 10.1093/hropen/hoaa016

94. Li, YX, Zhou, L, Lv, MQ, Ge, P, Liu, YC, and Zhou, DX. Vitrification and Conventional Freezing Methods in Sperm Cryopreservation: A Systematic Review and Meta-Analysis. Eur J Obstet Gynecol Reprod Biol (2019) 233:84–92. doi: 10.1016/j.ejogrb.2018.11.028

95. Zarandi, NP, Galdon, G, Kogan, S, Atala, A, and Sadri-Ardekani, H. Cryostorage of Immature and Mature Human Testis Tissue to Preserve Spermatogonial Stem Cells (Sscs): A Systematic Review of Current Experiences Toward Clinical Applications. Stem Cells Cloning (2018) 11:23–38. doi: 10.2147/SCCAA.S137873

96. Pelzman, DL, Orwig, KE, and Hwang, K. Progress in Translational Reproductive Science: Testicular Tissue Transplantation and In Vitro Spermatogenesis. Fertil Steril (2020) 113:500–9. doi: 10.1016/j.fertnstert.2020.01.038

97. Yango, P, Altman, E, Smith, JF, Klatsky, PC, and Tran, ND. Optimizing Cryopreservation of Human Spermatogonial Stem Cells: Comparing the Effectiveness of Testicular Tissue and Single Cell Suspension Cryopreservation. Fertil Steril (2014) 102:1491–1498.e1. doi: 10.1016/j.fertnstert.2014.07.1250

98. Kanbar, M, de Michele, F, and Wyns, C. Cryostorage of Testicular Tissue and Retransplantation of Spermatogonial Stem Cells in the Infertile Male. Best Pract Res Clin Endocrinol Metab (2019) 33:103–15. doi: 10.1016/j.beem.2018.10.003

99. MacKenna, A, Crosby, J, Huidobro, C, Correa, E, and Duque, G. Semen Quality Before Cryopreservation and After Thawing in 543 Patients With Testicular Cancer. JBRA Assist Reprod (2017) 21:31–4. doi: 10.5935/1518-0557.20170009

100. Goossens, E, Geens, M, De Block, G, and Tournaye, H. Spermatogonial Survival in Long-Term Human Prepubertal Xenografts. Fertil Steril (2008) 90:2019–22. doi: 10.1016/j.fertnstert.2007.09.044

101. Hou, M, Andersson, M, Eksborg, S, Söder, O, and Jahnukainen, K. Xenotransplantation of Testicular Tissue Into Nude Mice can be Used for Detecting Leukemic Cell Contamination. Hum Reprod (2007) 22:1899–906. doi: 10.1093/humrep/dem085

102. Honaramooz, A, Snedaker, A, Boiani, M, Schöler, H, Dobrinski, I, and Schlatt, S. Sperm From Neonatal Mammalian Testes Grafted in Mice. Nature (2002) 418:778–81. doi: 10.1038/nature00918

103. Rathi, R, Honaramooz, A, Zeng, W, Turner, R, and Dobrinski, I. Germ Cell Development in Equine Testis Tissue Xenografted Into Mice. Reproduction (2006) 131:1091–8. doi: 10.1530/rep.1.01101

104. Snedaker, AK, Honaramooz, A, and Dobrinski, I. A Game of Cat and Mouse: Xenografting of Testis Tissue From Domestic Kittens Results in Complete Cat Spermatogenesis in a Mouse Host. J Androl (2004) 25:926–30. doi: 10.1002/j.1939-4640.2004.tb03163.x

105. Oatley, JM, de Avila, DM, Reeves, JJ, and McLean, DJ. Spermatogenesis and Germ Cell Transgene Expression in Xenografted Bovine Testicular Tissue. Biol Reprod (2004) 71:494–501. doi: 10.1095/biolreprod.104.027953

106. Honaramooz, A, Li, MW, Penedo, MC, Meyers, S, and Dobrinski, I. Accelerated Maturation of Primate Testis by Xenografting Into Mice. Biol Reprod (2004) 70:1500–3. doi: 10.1095/biolreprod.103.025536

107. Abrishami, M, Abbasi, S, and Honaramooz, A. The Effect of Donor Age on Progression of Spermatogenesis in Canine Testicular Tissue After Xenografting Into Immunodeficient Mice. Theriogenology (2010) 73:512–22. doi: 10.1016/j.theriogenology.2009.09.035

108. Schlatt, S, Kim, SS, and Gosden, R. Spermatogenesis and Steroidogenesis in Mouse, Hamster and Monkey Testicular Tissue After Cryopreservation and Heterotopic Grafting to Castrated Hosts. Reproduction (2002) 124:339–46. doi: 10.1530/rep.0.1240339

109. Shinohara, T, Inoue, K, Ogonuki, N, Kanatsu-Shinohara, M, Miki, H, Nakata, K, et al. Birth of Offspring Following Transplantation of Cryopreserved Immature Testicular Pieces and in-Vitro Microinsemination. Hum Reprod (2002) 17:3039–45. doi: 10.1093/humrep/17.12.3039

110. Liu, Z, Nie, YH, Zhang, CC, Cai, YJ, Wang, Y, Lu, HP, et al. Generation of Macaques With Sperm Derived From Juvenile Monkey Testicular Xenografts. Cell Res (2016) 26:139–42. doi: 10.1038/cr.2015.112

111. Fayomi, AP, Peters, K, Sukhwani, M, Valli-Pulaski, H, Shetty, G, Meistrich, ML, et al. Autologous Grafting of Cryopreserved Prepubertal Rhesus Testis Produces Sperm and Offspring. Science (2019) 363:1314–9. doi: 10.1126/science.aav2914

112. Schlatt, S, Honaramooz, A, Boiani, M, Schöler, HR, and Dobrinski, I. Progeny From Sperm Obtained After Ectopic Grafting of Neonatal Mouse Testes. Biol Reprod (2003) 68:2331–5. doi: 10.1095/biolreprod.102.014894

113. Nakai, M, Kaneko, H, Somfai, T, Maedomari, N, Ozawa, M, Noguchi, J, et al. Production of Viable Piglets for the First Time Using Sperm Derived From Ectopic Testicular Xenografts. Reproduction (2010) 139:331–5. doi: 10.1530/REP-09-0509

114. Van Saen, D, Goossens, E, Bourgain, C, Ferster, A, and Tournaye, H. Meiotic Activity in Orthotopic Xenografts Derived From Human Postpubertal Testicular Tissue. Hum Reprod (2011) 26:282–93. doi: 10.1093/humrep/deq321

115. Ntemou, E, Kadam, P, Van Saen, D, Wistuba, J, Mitchell, RT, Schlatt, S, et al. Complete Spermatogenesis in Intratesticular Testis Tissue Xenotransplants From Immature non-Human Primate. Hum Reprod (2019) 34:403–13. doi: 10.1093/humrep/dey373

116. Van Saen, D, Goossens, E, De Block, G, and Tournaye, H. Regeneration of Spermatogenesis by Grafting Testicular Tissue or Injecting Testicular Cells Into the Testes of Sterile Mice: A Comparative Study. Fertil Steril (2009) 91:2264–72. doi: 10.1016/j.fertnstert.2008.02.100

117. Wyns, C, Curaba, M, Martinez-Madrid, B, Van Langendonckt, A, François-Xavier, W, and Donnez, J. Spermatogonial Survival After Cryopreservation and Short-Term Orthotopic Immature Human Cryptorchid Testicular Tissue Grafting to Immunodeficient Mice. Hum Reprod (2007) 22:1603–11. doi: 10.1093/humrep/dem062

118. Schlatt, S, Westernströer, B, Gassei, K, and Ehmcke, J. Donor-Host Involvement in Immature Rat Testis Xenografting Into Nude Mouse Hosts. Biol Reprod (2010) 82:888–95. doi: 10.1095/biolreprod.109.082073

119. Van Saen, D, Goossens, E, Haentjens, P, Baert, Y, and Tournaye, H. Exogenous Administration of Recombinant Human FSH Does Not Improve Germ Cell Survival in Human Prepubertal Xenografts. Reprod BioMed Online (2013) 26:286–98. doi: 10.1016/j.rbmo.2012.11.013

120. Poels, J, Abou-Ghannam, G, Herman, S, Van Langendonckt, A, Wese, FX, and Wyns, C. In Search of Better Spermatogonial Preservation by Supplementation of Cryopreserved Human Immature Testicular Tissue Xenografts With N-acetylcysteine and Testosterone. Front Surg (2014) 1:47. doi: 10.3389/fsurg.2014.00047

121. Schmidt, JA, de Avila, JM, and McLean, DJ. Effect of Vascular Endothelial Growth Factor and Testis Tissue Culture on Spermatogenesis in Bovine Ectopic Testis Tissue Xenografts. Biol Reprod (2006) 75:167–75. doi: 10.1095/biolreprod.105.049817

122. Del Vento, F, Poels, J, Vermeulen, M, Ucakar, B, Giudice, MG, Kanbar, M, et al. Accelerated and Improved Vascular Maturity After Transplantation of Testicular Tissue in Hydrogels Supplemented With VEGF- and PDGF-Loaded Nanoparticles. Int J Mol Sci (2021) 22:5779. doi: 10.3390/ijms22115779

123. Caires, KC, de Avila, J, and McLean, DJ. Vascular Endothelial Growth Factor Regulates Germ Cell Survival During Establishment of Spermatogenesis in the Bovine Testis. Reproduction (2009) 138:667–77. doi: 10.1530/REP-09-0020

124. Ntemou, E, Kadam, P, Van Laere, S, Van Saen, D, Vicini, E, and Goossens, E. Effect of Recombinant Human Vascular Endothelial Growth Factor on Testis Tissue Xenotransplants From Prepubertal Boys: A Three-Case Study. Reprod BioMed Online (2019) 39:119–33. doi: 10.1016/j.rbmo.2019.02.012

125. Del Vento, F, Vermeulen, M, Ucakar, B, Poels, J, des Rieux, A, and Wyns, C. Significant Benefits of Nanoparticles Containing a Necrosis Inhibitor on Mice Testicular Tissue Autografts Outcomes. Int J Mol Sci (2019) 20:E5833. doi: 10.3390/ijms20235833

126. Luetjens, CM, Stukenborg, JB, Nieschlag, E, Simoni, M, and Wistuba, J. Complete Spermatogenesis in Orthotopic But Not in Ectopic Transplants of Autologously Grafted Marmoset Testicular Tissue. Endocrinology (2008) 149:1736–47. doi: 10.1210/en.2007-1325

127. Jahnukainen, K, Ehmcke, J, Nurmio, M, and Schlatt, S. Autologous Ectopic Grafting of Cryopreserved Testicular Tissue Preserves the Fertility of Prepubescent Monkeys That Receive Sterilizing Cytotoxic Therapy. Cancer Res (2012) 72:5174–8. doi: 10.1158/0008-5472.CAN-12-1317

128. Poels, J, Abou-Ghannam, G, Decamps, A, Leyman, M, Ad, R, and Wyns, C. Transplantation of Testicular Tissue in Alginate Hydrogel Loaded With VEGF Nanoparticles Improves Spermatogonial Recovery. J Control Release (2016) 234:79–89. doi: 10.1016/j.jconrel.2016.05.037

129. Dovey, SL, Valli, H, Hermann, BP, Sukhwani, M, Donohue, J, Castro, CA, et al. Eliminating Malignant Contamination From Therapeutic Human Spermatogonial Stem Cells. J Clin Invest (2013) 123:1833–43. doi: 10.1172/JCI65822

130. Fujita, K, Ohta, H, Tsujimura, A, Takao, T, Miyagawa, Y, Takada, S, et al. Transplantation of Spermatogonial Stem Cells Isolated From Leukemic Mice Restores Fertility Without Inducing Leukemia. J Clin Invest (2005) 115:1855–61. doi: 10.1172/JCI24189

131. Geens, M, Van de Velde, H, De Block, G, Goossens, E, Van Steirteghem, A, and Tournaye, H. The Efficiency of Magnetic-Activated Cell Sorting and Fluorescence-Activated Cell Sorting in the Decontamination of Testicular Cell Suspensions in Cancer Patients. Hum Reprod (2007) 22:733–42. doi: 10.1093/humrep/del418

132. Hermann, BP, Sukhwani, M, Salati, J, Sheng, Y, Chu, T, and Orwig, KE. Separating Spermatogonia From Cancer Cells in Contaminated Prepubertal Primate Testis Cell Suspensions. Hum Reprod (2011) 26:3222–31. doi: 10.1093/humrep/der343

133. Steinberger, A, and Steinberger, E. Perloff Wh. Mammalian Testes in Organ Culture. Exp Cell Res (1964) 36:19–27. doi: 10.1016/0014-4827(64)90156-9

134. Tesarik, J, Bahceci, M, Ozcan, C, Greco, E, and Mendoza, C. Restoration of Fertility by in-Vitro Spermatogenesis. Lancet (1999) 353:555–6. doi: 10.1016/S0140-6736(98)04784-9

135. Oliver, E, and Stukenborg, JB. Rebuilding the Human Testis In Vitro. Andrology (2020) 8:825–34. doi: 10.1111/andr.12710

136. Sato, T, Katagiri, K, Yokonishi, T, Kubota, Y, Inoue, K, Ogonuki, N, et al. In Vitro Production of Fertile Sperm From Murine Spermatogonial Stem Cell Lines. Nat Commun (2011) 2:472. doi: 10.1038/ncomms1478

137. Sato, T, Katagiri, K, Kubota, Y, and Ogawa, T. In Vitro Sperm Production From Mouse Spermatogonial Stem Cell Lines Using an Organ Culture Method. Nat Protoc (2013) 8:2098–104. doi: 10.1038/nprot.2013.138

138. Yokonishi, T, Sato, T, Komeya, M, Katagiri, K, Kubota, Y, Nakabayashi, K, et al. Offspring Production With Sperm Grown In Vitro From Cryopreserved Testis Tissues. Nat Commun (2014) 5:4320. doi: 10.1038/ncomms5320

139. Oblette, A, Rives, N, Dumont, L, Rives, A, Verhaeghe, F, Jumeau, F, et al. Assessment of Sperm Nuclear Quality After In Vitro Maturation of Fresh or Frozen/Thawed Mouse Pre-Pubertal Testes. Mol Hum Reprod (2017) 23:674–84. doi: 10.1093/molehr/gax048

140. Kim, KJ, Kim, BG, and Kim, YH. Et al. In Vitro Spermatogenesis Using Bovine Testis Tissue Culture Techniques. Tissue Eng Regener Med (2015) 12:314–23. doi: 10.1007/s13770-015-0045-z

141. Liu, F, Cai, C, Wu, X, Cheng, Y, Lin, T, Wei, G, et al. Effect of KnockOut Serum Replacement on Germ Cell Development of Immature Testis Tissue Culture. Theriogenology (2016) 85:193–9. doi: 10.1016/j.theriogenology.2015.09.012

142. Medrano, JV, Vilanova-Pérez, T, Fornés-Ferrer, V, Navarro-Gomezlechon, A, Martínez-Triguero, ML, García, S, et al. Influence of Temperature, Serum, and Gonadotropin Supplementation in Short- and Long-Term Organotypic Culture of Human Immature Testicular Tissue. Fertil Steril (2018) 110:1045–1057.e3. doi: 10.1016/j.fertnstert.2018.07.018

143. de Michele, F, Poels, J, Vermeulen, M, Ambroise, J, Gruson, D, Guiot, Y, et al. Haploid Germ Cells Generated in Organotypic Culture of Testicular Tissue From Prepubertal Boys. Front Physiol (2018) 9:1413. doi: 10.3389/fphys.2018.01413

144. Abofoul-Azab, M, AbuMadighem, A, Lunenfeld, E, Kapelushnik, J, Shi, Q, Pinkas, H, et al. Development of Postmeiotic Cells In Vitro From Spermatogonial Cells of Prepubertal Cancer Patients. Stem Cells Dev (2018) 27:1007–20. doi: 10.1089/scd.2017.0301

145. Yang, S, Ping, P, Ma, M, Li, P, Tian, R, Yang, H, et al. Generation of Haploid Spermatids With Fertilization and Development Capacity From Human Spermatogonial Stem Cells of Cryptorchid Patients. Stem Cell Rep (2014) 3:663–75. doi: 10.1016/j.stemcr.2014.08.004

146. Stukenborg, JB, Wistuba, J, Luetjens, CM, Elhija, MA, Huleihel, M, Lunenfeld, E, et al. Coculture of Spermatogonia With Somatic Cells in a Novel Three-Dimensional Soft-Agar-Culture-System. J Androl (2008) 29:312–29. doi: 10.2164/jandrol.107.002857

147. de Michele, F, Poels, J, Giudice, MG, De Smedt, F, Ambroise, J, Vermeulen, M, et al. In Vitro Formation of the Blood-Testis Barrier During Long-Term Organotypic Culture of Human Prepubertal Tissue: Comparison With a Large Cohort of Pre/Peripubertal Boys. Mol Hum Reprod (2018) 24:271–82. doi: 10.1093/molehr/gay012

148. Brinster, RL, and Zimmermann, JW. Spermatogenesis Following Male Germ-Cell Transplantation. Proc Natl Acad Sci USA (1994) 91:11298–302. doi: 10.1073/pnas.91.24.11298

149. Dobrinski, I, Ogawa, T, Avarbock, MR, and Brinster, RL. Computer Assisted Image Analysis to Assess Colonization of Recipient Seminiferous Tubules by Spermatogonial Stem Cells From Transgenic Donor Mice. Mol Reprod Dev (1999) 53:142–8. doi: 10.1002/(SICI)1098-2795(199906)53:2<142::AID-MRD3>3.0.CO;2-O

150. Kerr, CL, Shamblott, MJ, and Gearhart, JD. Pluripotent Stem Cells From Germ Cells. Methods Enzymol (2006) 419:400–26. doi: 10.1016/S0076-6879(06)19016-3

151. Kanatsu-Shinohara, M, Ogonuki, N, Inoue, K, Miki, H, Ogura, A, Toyokuni, S, et al. Long-Term Proliferation in Culture and Germline Transmission of Mouse Male Germline Stem Cells. Biol Reprod (2003) 69:612–6. doi: 10.1095/biolreprod.103.017012

152. Maki, CB, Pacchiarotti, J, Ramos, T, Pascual, M, Pham, J, Kinjo, J, et al. Phenotypic and Molecular Characterization of Spermatogonial Stem Cells in Adult Primate Testes. Hum Reprod (2009) 24:1480–91. doi: 10.1093/humrep/dep033

153. Kossack, N, Meneses, J, Shefi, S, Nguyen, HN, Chavez, S, Nicholas, C, et al. Isolation and Characterization of Pluripotent Human Spermatogonial Stem Cell-Derived Cells. Stem Cells (2009) 27:138–49. doi: 10.1634/stemcells.2008-0439

154. Yang, Y, Yarahmadi, M, and Honaramooz, A. Development of Novel Strategies for the Isolation of Piglet Testis Cells With a High Proportion of Gonocytes. Reprod Fertil Dev (2010) 22:1057–65. doi: 10.1071/RD09316

155. He, Z, Kokkinaki, M, Jiang, J, Dobrinski, I, and Dym, M. Isolation, Characterization, and Culture of Human Spermatogonia. Biol Reprod (2010) 82:363–72. doi: 10.1095/biolreprod.109.078550

156. Zheng, Y, Thomas, A, Schmidt, CM, and Dann, CT. Quantitative Detection of Human Spermatogonia for Optimization of Spermatogonial Stem Cell Culture. Hum Reprod (2014) 29:2497–511. doi: 10.1093/humrep/deu232

157. Guo, J, Grow, EJ, Mlcochova, H, Maher, GJ, Lindskog, C, Nie, X, et al. The Adult Human Testis Transcriptional Cell Atlas. Cell Res (2018) 28:1141–57. doi: 10.1038/s41422-018-0099-2

158. Kokkinaki, M, Djourabtchi, A, and Golestaneh, N. Long-Term Culture of Human Ssea-4 Positive Spermatogonial Stem Cells (Sscs). J Stem Cell Res Ther (2011) 2:2488. doi: 10.4172/2157-7633.S2-003

159. Shami, AN, Zheng, X, Munyoki, SK, Ma, Q, Manske, GL, Green, CD, et al. Single-Cell RNA Sequencing of Human, Macaque, and Mouse Testes Uncovers Conserved and Divergent Features of Mammalian Spermatogenesis. Dev Cell (2020) 54:529–547.e12. doi: 10.1016/j.devcel.2020.05.010

160. Kubota, H, Avarbock, MR, and Brinster, RL. Growth Factors Essential for Self-Renewal and Expansion of Mouse Spermatogonial Stem Cells. Proc Natl Acad Sci USA (2004) 101:16489–94. doi: 10.1073/pnas.0407063101

161. Meng, X, Lindahl, M, Hyvönen, ME, Parvinen, M, de Rooij, DG, Hess, MW, et al. Regulation of Cell Fate Decision of Undifferentiated Spermatogonia by GDNF. Science (2000) 287:1489–93. doi: 10.1126/science.287.5457.1489

162. Huang, YH, Chin, CC, Ho, HN, Chou, CK, Shen, CN, Kuo, HC, et al. Pluripotency of Mouse Spermatogonial Stem Cells Maintained by IGF-1- Dependent Pathway. FASEB J (2009) 23:2076–87. doi: 10.1096/fj.08-121939

163. Oatley, JM, Oatley, MJ, Avarbock, MR, Tobias, JW, and Brinster, RL. Colony Stimulating Factor 1 is an Extrinsic Stimulator of Mouse Spermatogonial Stem Cell Self-Renewal. Development (2009) 136:1191–9. doi: 10.1242/dev.032243

164. Ryu, BY, Kubota, H, Avarbock, MR, and Brinster, RL. Conservation of Spermatogonial Stem Cell Self-Renewal Signaling Between Mouse and Rat. Proc Natl Acad Sci USA (2005) 102:14302–7. doi: 10.1073/pnas.0506970102

165. Hamra, FK, Chapman, KM, Nguyen, DM, Williams-Stephens, AA, Hammer, RE, and Garbers, DL. Self Renewal, Expansion, and Transfection of Rat Spermatogonial Stem Cells in Culture. Proc Natl Acad Sci USA (2005) 102:17430–5. doi: 10.1073/pnas.0508780102

166. Zhang, P, Chen, X, Zheng, Y, Zhu, J, Qin, Y, Lv, Y, et al. Long-Term Propagation of Porcine Undifferentiated Spermatogonia. Stem Cells Dev (2017) 26:1121–31. doi: 10.1089/scd.2017.0018

167. Aponte, PM, Soda, T, Teerds, KJ, Mizrak, SC, van de Kant, HJ, and de Rooij, DG. Propagation of Bovine Spermatogonial Stem Cells In Vitro. Reproduction (2008) 136:543–57. doi: 10.1530/REP-07-0419

168. Li, CH, Yan, LZ, Ban, WZ, Tu, Q, Wu, Y, Wang, L, et al. Long-Term Propagation of Tree Shrew Spermatogonial Stem Cells in Culture and Successful Generation of Transgenic Offspring. Cell Res (2017) 27:241–52. doi: 10.1038/cr.2016.156

169. Dong, L, Kristensen, SG, Hildorf, S, Gul, M, Clasen-Linde, E, Fedder, J, et al. Propagation of Spermatogonial Stem Cell-Like Cells From Infant Boys. Front Physiol (2019) 10:1155. doi: 10.3389/fphys.2019.01155

170. Sadri-Ardekani, H, Akhondi, MA, van der Veen, F, Repping, S, and van Pelt, AM. In Vitro Propagation of Human Prepubertal Spermatogonial Stem Cells. JAMA (2011) 305:2416–8. doi: 10.1001/jama.2011.791

171. Sadri-Ardekani, H, Mizrak, SC, van Daalen, SK, Korver, CM, Roepers-Gajadien, HL, Koruji, M, et al. Propagation of Human Spermatogonial Stem Cells In Vitro. JAMA (2009) 302:2127–34. doi: 10.1001/jama.2009.1689

172. Lim, JJ, Sung, SY, Kim, HJ, Song, SH, Hong, JY, Yoon, TK, et al. Long-Term Proliferation and Characterization of Human Spermatogonial Stem Cells Obtained From Obstructive and non-Obstructive Azoospermia Under Exogenous Feeder-Free Culture Conditions. Cell Prolif (2010) 43:405–17. doi: 10.1111/j.1365-2184.2010.00691.x

173. Tan, K, Song, HW, Thompson, M, Munyoki, S, Sukhwani, M, Hsieh, TC, et al. Transcriptome Profiling Reveals Signaling Conditions Dictating Human Spermatogonia Fate In Vitro. Proc Natl Acad Sci USA (2020) 117:17832–41. doi: 10.1073/pnas.2000362117

174. Kim, TH, Hargreaves, HK, Brynes, RK, Hawkins, HK, Lui, VK, Woodard, J, et al. Pretreatment Testicular Biopsy in Childhood Acute Lymphocytic Leukaemia. Lancet (1981) 2:657–8. doi: 10.1016/s0140-6736(81)90996-x

175. Jahnukainen, K, Hou, M, Petersen, C, Setchell, B, and Söder, O. Intratesticular Transplantation of Testicular Cells From Leukemic Rats Causes Transmission of Leukemia. Cancer Res (2001) 61:706–10.

176. Sadri-Ardekani, H, Homburg, CH, van Capel, TM, van den Berg, H, van der Veen, F, van der Schoot, CE, et al. Eliminating Acute Lymphoblastic Leukemia Cells From Human Testicular Cell Cultures: A Pilot Study. Fertil Steril (2014) 101:1072–1078.e1. doi: 10.1016/j.fertnstert.2014.01.014

177. Geens, M, Goossens, E, and Tournaye, H. Cell Selection by Selective Matrix Adhesion is Not Sufficiently Efficient for Complete Malignant Cell Depletion From Contaminated Human Testicular Cell Suspensions. Fertil Steril (2011) 95:787–91. doi: 10.1016/j.fertnstert.2010.09.054

178. Schlatt, S, Rosiepen, G, Weinbauer, GF, Rolf, C, Brook, PF, and Nieschlag, E. Germ Cell Transfer Into Rat, Bovine, Monkey and Human Testes. Hum Reprod (1999) 14:144–50. doi: 10.1093/humrep/14.1.144

179. Ning, L, Meng, J, Goossens, E, Lahoutte, T, Marichal, M, and Tournaye, H. In Search of an Efficient Injection Technique for Future Clinical Application of Into Rhesus Testes: Infusion of Contrast Dyes in Isolated Cadaveric Human Testes. Fertil Steril (2012) 98:1443–8.e1. doi: 10.1016/j.fertnstert.2012.08.023

180. Faes, K, Lahoutte, T, Hoorens, A, Tournaye, H, and Goossens, E. In Search of an Improved Injection Technique for the Clinical Application of Spermatogonial Stem Cell Transplantation. Reprod BioMed Online (2017) 34:291–7. doi: 10.1016/j.rbmo.2016.12.007

181. Faes, K, Tournaye, H, Goethals, L, Lahoutte, T, Hoorens, A, and Goossens, E. Testicular Cell Transplantation Into the Human Testes. Fertil Steril (2013) 100:981–8. doi: 10.1016/j.fertnstert.2013.06.016

182. Herrid, M, Olejnik, J, Jackson, M, Suchowerska, N, Stockwell, S, Davey, R, et al. Irradiation Enhances the Efficiency of Testicular Germ Cell Transplantation in Sheep. Biol Reprod (2009) 81:898–905. doi: 10.1095/biolreprod.109.078279

183. Honaramooz, A, Behboodi, E, Megee, SO, Overton, SA, Galantino-Homer, H, Echelard, Y, et al. Fertility and Germline Transmission of Donor Haplotype Following Germ Cell Transplantation in Immunocompetent Goats. Biol Reprod (2003) 69:1260–4. doi: 10.1095/biolreprod.103.018788

184. Hermann, BP, Sukhwani, M, Winkler, F, Pascarella, JN, Peters, KA, Sheng, Y, et al. Spermatogonial Stem Cell Transplantation Into Rhesus Testes Regenerates Spermatogenesis Producing Functional Sperm. Cell Stem Cell (2012) 11:715–26. doi: 10.1016/j.stem.2012.07.017

185. Radford, J. Fertility After Treatment for Cancer. BMJ (1999) 319:9. doi: 10.1136/bmj.319.7215.935

186. Radford, J. Restoration of Fertility After Treatment for Cancer. Horm Res (2003) 59 Suppl 1:21–3. doi: 10.1159/000067840

187. Goossens, E, De Rycke, M, Haentjens, P, and Tournaye, H. DNA Methylation Patterns of Spermatozoa and Two Generations of Offspring Obtained After Murine Spermatogonial Stem Cell Transplantation. Hum Reprod (2009) 24:2255–63. doi: 10.1093/humrep/dep213

188. Goossens, E, Van Saen, D, and Tournaye, H. Spermatogonial Stem Cell Preservation and Transplantation: From Research to Clinic. Hum Reprod (2013) 28:897–907. doi: 10.1093/humrep/det039

189. Goossens, E, de Vos, P, and Tournaye, H. Array Comparative Genomic Hybridization Analysis Does Not Show Genetic Alterations in Spermatozoa and Offspring Generated After Spermatogonial Stem Cell Transplantation in the Mouse. Hum Reprod (2010) 25:1836–42. doi: 10.1093/humrep/deq108

190. Stukenborg, JB, Schlatt, S, Simoni, M, Yeung, CH, Elhija, MA, Luetjens, CM, et al. New Horizons for In Vitro Spermatogenesis? An Update on Novel Three-Dimensional Culture Systems as Tools for Meiotic and Post-Meiotic Differentiation of Testicular Germ Cells. Mol Hum Reprod (2009) 15:521–9. doi: 10.1093/molehr/gap052

191. Komeya, M, Hayashi, K, Nakamura, H, Yamanaka, H, Sanjo, H, Kojima, K, et al. Pumpless Microfluidic System Driven by Hydrostatic Pressure Induces and Maintains Mouse Spermatogenesis In Vitro. Sci Rep (2017) 7:15459. doi: 10.1038/s41598-017-15799-3

192. Alves-Lopes, JP, and Stukenborg, JB. Testicular Organoids: A New Model to Study the Testicular Microenvironment In Vitro. Hum Reprod Update (2018) 24:176–91. doi: 10.1093/humupd/dmx036

193. Brown, BN, and Badylak, SF. Extracellular Matrix as an Inductive Scaffold for Functional Tissue Reconstruction. Transl Res (2014) 163:268–85. doi: 10.1016/j.trsl.2013.11.003

194. Edmonds, ME, Forshee, MD, and Woodruff, TK. Extra Cellular Matrix-Based and Extra Cellular Matrix-Free Generation of Murine Testicular Organoids. J Vis Exp (2020) (164):e61403. doi: 10.3791/61403

195. Sakib, S, Yu, Y, Voigt, A, Ungrin, M, and Dobrinski, I. Generation of Porcine Testicular Organoids With Testis Specific Architecture Using Microwell Culture. J Vis Exp (2019) (152):e60387. doi: 10.3791/60387

196. Bashiri, Z, Amiri, I, Gholipourmalekabadi, M, Falak, R, Asgari, H, Maki, CB, et al. Artificial Testis: A Testicular Tissue Extracellular Matrix as a Potential Bio-Ink for 3D Printing. Biomater Sci (2021) 9:3465–84. doi: 10.1039/d0bm02209h

197. Baert, Y, Rombaut, C, and Goossens, E. Scaffold-Based and Scaffold-Free Testicular Organoids From Primary Human Testicular Cells. Methods Mol Biol (2019) 1576:283–90. doi: 10.1007/7651_2017_48

198. Dobrinski, I. De Novo Morphogenesis of Functional Testis Tissue After Ectopic Transplantation of Isolated Cells. Organogenesis (2007) 3:79–82. doi: 10.4161/org.3.2.4944

199. Gassei, K, Schlatt, S, and Ehmcke, J. De Novo Morphogenesis of Seminiferous Tubules From Dissociated Immature Rat Testicular Cells in Xenografts. J Androl (2006) 27:611–8. doi: 10.2164/jandrol.05207

200. Kita, K, Watanabe, T, Ohsaka, K, Hayashi, H, Kubota, Y, Nagashima, Y, et al. Production of Functional Spermatids From Mouse Germline Stem Cells in Ectopically Reconstituted Seminiferous Tubules. Biol Reprod (2007) 76:211–7. doi: 10.1095/biolreprod.106.056895

201. Kawasaki, T, Saito, K, Shinya, M, Olsen, LC, and Sakai, N. Regeneration of Spermatogenesis and Production of Functional Sperm by Grafting of Testicular Cell Aggregates in Zebrafish (Danio Rerio). Biol Reprod (2010) 83:533–9. doi: 10.1095/biolreprod.110.085159

202. Arregui, L, Rathi, R, Megee, SO, Honaramooz, A, Gomendio, M, Roldan, ER, et al. Xenografting of Sheep Testis Tissue and Isolated Cells as a Model for Preservation of Genetic Material From Endangered Ungulates. Reproduction (2008) 136:85–93. doi: 10.1530/REP-07-0433

203. Zhang, Z, Hill, J, Holland, M, Kurihara, Y, and Loveland, KL. Bovine Sertoli Cells Colonize and Form Tubules in Murine Hosts Following Transplantation and Grafting Procedures. J Androl (2008) 29:418–30. doi: 10.2164/jandrol.107.004465

204. Honaramooz, A, Megee, SO, Rathi, R, and Dobrinski, I. Building a Testis: Formation of Functional Testis Tissue After Transplantation of Isolated Porcine (Sus Scrofa) Testis Cells. Biol Reprod (2007) 76:43–7. doi: 10.1095/biolreprod.106.054999

205. Dores, C, and Dobrinski, I. De Novo Morphogenesis of Testis Tissue: An Improved Bioassay to Investigate the Role of VEGF165 During Testis Formation. Reproduction (2014) 148:109–17. doi: 10.1530/REP-13-0303

206. Gassei, K, and Orwig, KE. Experimental Methods to Preserve Male Fertility and Treat Male Factor Infertility. Fertil Steril (2016) 105:256–66. doi: 10.1016/j.fertnstert.2015.12.020

207. Shetty, G, Mitchell, JM, Lam, TNA, Wu, Z, Zhang, J, Hill, L, et al. Donor Spermatogenesis in De Novo Formed Seminiferous Tubules From Transplanted Testicular Cells in Rhesus Monkey Testis. Hum Reprod (2018) 33:2249–55. doi: 10.1093/humrep/dey316




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Eugeni, Arato, Del Sordo, Sidoni, Garolla, Ferlin, Calafiore, Brancorsini, Mancuso and Luca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-877537-g002.jpg
SSCs damage

DNA methylation

Trigger of
cell apoptosys

Decrease of
growth factors

Antioxidant substances

Anti-apoptotic substances

Immunodulatory substances

Demethylating agents

Hormone therapy






OEBPS/Images/fendo.2022.877537_cover.jpg
, frontiers | Frontiers in Endocrinology

Fertility Preservation and Restoration
Options for Pre-Pubertal Male
Cancer Patients: Current Approaches





OEBPS/Images/fendo-13-877537-g001.jpg
Pharmacological gonadal protection

Testicular tissue grafting

SSCs transplantation






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Fertility Preservation and Restoration Options for Pre-Pubertal Male Cancer Patients: Current Approaches

      

        		

          Introduction

        



        		

          Pharmacological Approaches to Preserve Testicular Function

        



        		

          Surgical Approaches to Preserve Testicular Function

        



        		

          Cryopreservation: Testicular Tissue Or Cell Suspension

        



        		

          Fertility Restoration Employing Testicular Tissue

        

          		

            Testicular Tissue Transplantation

          



          		

            Spermatogenesis In Vitro From Testicular Tissue

          



        



        



        		

          Fertility Restoration Employing Cell Suspension

        

          		

            SSCS Transplantation

          



          		

            in vitro Spermatogenesis From SSCS and From De Novo Testicular Morphogenesis

          



        



        



        		

          Conclusion: Future Challenges and Promising Methods

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





