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In recent decades, there has been increasing attention toward the quality of life of breast cancer (BC) survivors. Meeting the growing expectations of fertility preservation and the generation of biological offspring remains a great challenge for these patients. Conventional strategies for fertility preservation such as oocyte and embryo cryopreservation are not suitable for prepubertal cancer patients or in patients who need immediate cancer therapy. Ovarian tissue cryopreservation (OTC) before anticancer therapy and autotransplantation is an alternative option for these specific indications but has a risk of retransplantation malignant cells. An emerging strategy to resolve these issues is by constructing an artificial ovary combined with stem cells, which can support follicle proliferation and ensure sex hormone secretion. This promising technique can meet both demands of improving the quality of life and meanwhile fulfilling their expectation of biological offspring without the risk of cancer recurrence.
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INTRODUCTION

Breast cancer (BC) is the most widespread cancer in female worldwide (1, 2). The incidence of this cancer has remarkably increased since the 1970's, with the greatest boost in patients of reproductive age (3). Owing to the diagnostic and therapeutic advances, the mortality rate of women with BC is decreasing yearly (4). The long-term side effect of BC treatment is impaired or even loss of reproductive function. Premature ovarian failure (POF) may lead to insomnia, vasomotor symptoms, and osteoporosis and significantly disturbs mental function that determines the quality of life (5). Therefore, the greatest concern of these young survivors is to preserve and maintain their fertility (6).



RISKS ON OVARIAN FUNCTION DURING THE TREATMENT OF BC

First, surgical treatment may directly cause the loss of ovarian function. For BC with BRCA mutation carriers, bilateral salpingo-oophorectomy is recommended by the American College of Obstetricians and Gynecologists (ACOG) for reducing the risk of ovarian cancer (hereditary breast-ovarian cancer syndrome; HBOC) (7). Because BC with a positive BRCA mutation has a greater impact on ovarian reserve after chemotherapy treatment (8). Second, chemotherapy has genotoxic side effects. It has immediate and long-term side effects on ovarian function. A woman has finite primordial follicles (about one million) derived from the proliferation of primordial germ cells (PGCs) in their ovaries at birth, that is called a resting pool. But 85% of follicles in the resting pool are atresia before birth. Primordial follicles are recruited and activated to grow from the resting pool, most of them gradually to be atresia, and eventually, only one will ovulate during every menstrual cycle. When primordial follicles are <1,500 in the resting pool, this woman may quickly undergo menopause and lose ovarian function (9). The first effect of chemotherapy on the ovarian is immediate. It is cytotoxicity to dividing cells, which may directly kill growing follicles and induce POF. Chemotherapy may also induce inflammation and destruction of vascular and stroma, which is harmful to the growth of the follicle. However, as long as there are enough primordial follicles in the resting pool, this phenomenon can be reversible after the cessation of chemotherapy (10). Another relative side effect of chemotherapy is the long-term effect on the resting pool. The acute decrease in growing follicles, which leads to the reduction of sex steroid hormones and inhibin, may activate primordial follicles in the resting pool, enhance the rate of recruitment, accelerate the depletion of the reserve, and finally lead to POF (6).

The side effect caused by chemotherapy is dependence on the drug category used, the total dose given, and the duration of treatment. Alkylating agent is the strongest gonadotoxic drug that is widely used in BC chemotherapy. Cyclophosphamide is an alkylating agent, due to its similar DNA interstrand crosslinking agents, which can block the division of cells. Cyclophosphamide also may induce the expression of H2AX, which can break the double-strand DNA of follicles (11). Doxorubicin (adriamycin) can cross the physiological barrier of the follicle, directly acts on the DNA of oocytes, and induces cell apoptosis. Moreover, follicles in the germinal vesicle (GV) stage were more vulnerable to this toxic effect (12). Antimetabolite cytotoxic drugs often used for BC therapy, for example, fluorouracil and epirubicin, which are specific to the S-phase of the cell cycle (DNA synthesis), and have a high risk of ovarian toxicity (6).

Thirdly, radiotherapy has detrimental effects on ovarian function. Follicle is strongly sensitive to ionizing radiation. It can directly or indirectly impair ovarian function. When radiation targeted the pelvis, abdomen, or total body, it will directly impair fertility. When ovary is put away from the radiation range, some escaping radiation will be scattered and will indirectly impair fertility (10). The frequency of POF after radiotherapy is related to the used dose of radiation. Whole irradiation doses at 3–5 Gy, 60% of the follicles are destroyed; with irradiation at doses of 5 Gy, 100% of the follicles are destroyed (10). When at doses of 20 Gy, 71% of women during childhood failed to enter puberty (13).

Finally, risk of POF caused by chemotherapy is dependence on the female's age at breast cancer treatment. More than 80% of childhood cancer survivors have long-term survival into adulthood. These survivors have a 1.48-fold higher risk of POF than their siblings (14). Anti-Müllerian hormone (AMH) was detected falling rapidly in both prepubertal and pubertal girls undergoing cancer therapy (15). Another risk of POF is age-related resting pool decline on the number of primordial follicles. Because female cancer survivors are often advised to postpone pregnancy due to the risk of recurrence. For example, BC survivors with hormone receptor-positive are advised to delay pregnancy for up to 10 years after chemotherapy (6).



STRATEGIES FOR FERTILITY PRESERVATION


Medical Gonadoprotection

Medical gonadoprotection through ovarian suppression using GnRHa (gonadotropin-releasing hormone agonists) can inhibit the maturation of oocyte. Its molecular structure is similar to native GnRH but has a higher affinity to receptors. In the beginning, it can flare up the ovarian hormone secretion (LH, FSH). After 7 days, the reduction of functional GnRH receptor may decrease the release of LH and FSH, which leads to the decrease of primordial follicles' recruitment and development. So, GnRHa administer should start 7 days before chemotherapy and continues until the end of therapy (16). The decrease of ovarian hormone secretion can downregulate blood supply to the utero-ovarian, thereby reducing the drug entering the ovaries. The use of GnRH analogs to protect ovarian function during chemotherapy treatment is controversial (17, 18). It can interfere with anticancer therapy (19), and it also may induce reversible menopausal symptoms (20). An analysis by Lambertini et al. showed a higher pregnancy rate in women undergoing chemotherapy combined with GnRHa. But this result is still not ideal, the pregnancy rate in the chemotherapy-GnRHa group is only 9.2%, whereas in the chemotherapy-alone group is 5.5% (21). Hence, for patients with BC undergoing fertility preservation, GnRHa can only be used as an additional treatment to oocyte–embryo cryopreservation, but it cannot replace it.



Oocyte–Embryo Cryopreservation in Patients With BC

Although young women with BC face challenges in fertility, there are still many data showing that patients with a history of BC successfully conceive and do not relapse, even in patients with BC with estrogen receptor (ER)-positive (22) or germline BRCA mutations (23). Fertility restoration by oocytes and embryos cryopreservation should be highlighted for young BC women before anticancer therapy. Many studies have shown that the storage duration of cryopreservation had no negative effects on clinical outcomes (24, 25). Additionally, the pregnancy rate in frozen-thawed embryo transfer is even higher than fresh embryo transfer (26). It is established that fertility preservation and reproducible method can be safely and efficiently without being interfered with by anticancer treatments (27, 28). But it has some limitations. For embryo cryopreservation, it requires sperm to fertilize, which is difficult and unacceptable for single BC women. Oocyte and embryo cryopreservation need ovarian stimulation to retrieve mature oocytes, which may be considered contraindicated for patients with BC due to its high levels of estradiol generated by stimulation. Ovarian stimulation is also not feasible for patients with BC in childhood or prepubertal girls. In addition, the ovarian stimulation cycle usually takes 7–14 days, and there is a risk of ovarian hyperstimulation. If ovarian hyperstimulation occurs, it will take another 7–14 days to recover. These may delay the timing of anticancer treatment, which is not suitable for patients with who need immediate anticancer treatment (29).



Ovarian Tissue Cryopreservation

Ovarian tissue cryopreservation (OTC) before anticancer therapy and autotransplantation after healed is an emerging and successful method for young BC females that has produced more than 180 babies (16). OTC is a surgical method that can be carried out at any stage of BC, it not only can preserve fertility, but also restore endocrine function, produce a natural level of hormones, and have been considered as an established strategy for young patients with BC in many countries (30). OTC does not need ovarian stimulation nor require sperm and can be performed in aged 0–40 years, especially for children without delay the timing for anticancer therapy. Gellert et al. review data about 328 women who underwent autologous retransplantation of ovarian tissue, nearly 95% restored hormonal function, 72% recovered fertility function, and 40% were pregnant (31). Pacheco et al. also recorded a 65% of endocrine renovation and produced a 37% of pregnancy rate in patients with OTC and autotransplantation (32). The pregnancy and birth by OTC are increasing steadily and are exceeded 200 of live birth (33).

The risk of reimplanting residual neoplastic cells in ovarian tissue is a major safety issue (34). Ovary contaminated by BC is not uncommon, and nearly 13–47% of BCs have ovarian metastases (35). These cases were asymptomatic and often diagnosed accidentally based on autopsy or ovarian surgery, which suggests that the incidence of ovarian metastasis was underestimated (36). Both invasive lobular carcinoma and invasive ductal carcinoma in BC were reported about BC cells metastasizing to the ovaries (35). Besides, ER-positive BC and BC with axillary lymph node metastasis are positively correlated with ovarian metastasis (36). Furthermore, BC at stages III–IV and inflammatory BC are more likely to have ovarian metastasis (37). Hence, the OTC strategy for fertility preservation in young BC females should be aware and handled with caution due to the higher risks of ovarian metastasis and cancer recurrence. In these patients, the emerging technology of artificial ovary which can be an ideal alternative strategy to preserve and restore fertility should be emphasized.



Artificial Ovary

Considering the risk of reimplanting the metastasis BC cell by autotransplant OTC, artificial ovary as a promising fertility-restoring alternative approach has been investigated by many research groups from worldwide (38, 39). Although this strategy remains challenging for clinical use, promising results have been reported in animal models. Laronda et al. isolated follicles from cryopreserved human ovarian tissues to form an artificial ovary and transplanted them into ovariectomized adult mice. A number of 6 out of 7 ovariectomized mice with artificial ovary implanted had recovered hormone cycle in 4 weeks (38). Kniazeva et al. extracted follicles from young female mice and encapsulated them into an artificial ovary, mice for subsequent transplantation and mated. Nearly 33% of female mice deliver offspring (39). The main target function of the artificial ovary is to prevent reimplantation of malignant BC cells and mimic the function of the ovary. It can offer BC women opportunities to have their genetic offspring and recover endocrine function without cyclic hormone replacement therapy.



Management for Creating a Safe Artificial Ovary

Breast cancer cells spread through lymphatic and blood vessels to invasive the ovaries and colonize (37). Follicles in ovary are surrounded by a basement membrane as a protective barrier to avoid direct contact with blood vessels, capillaries, and white blood cells which can protect follicles from being contaminated by malignant BC cells (34). Follicles also is a functional unit in ovary secreting hormones and regulating the menstrual cycle. Hence, preserving follicles is a fundamental part of safely preserving reproductive function. Fortunately, primordial follicles in resting pool population in the outer cortical region of ovary and these stages of follicles are most stable for cryopreservation due to the absence of spindle, zona pellucida, and the smallest of follicular size (40). Theoretically, a small biopsy of ovarian cortex is enough for cryopreservation, because there are numerous follicles in the resting pool in the cortex. But to increase the success rate of fertility preservation, 1/2–2/3 of the cortex from one ovary should be cryopreserved in BC cases (41). Therefore, ovarian cortex cryopreservation is stable, and its isolation for retrieval follicles is a safe and well-preserved fertility function without metastasis by BC malignant cells.

To retrieve the most quality and quantity of follicles, several follicle isolation methods have been proposed and tested due to the fibrous structure of ovarian cortex. The mechanical isolation method was first used for follicle isolation and is the best method to preserve the morphology of follicles. It can generate follicles with intact basement membrane and less granulosa cell loss. But mechanical isolation is a laborious process that takes a long time, only a small part of the follicles can be isolated, and most of them remain in the tissues (42). Enzymatic digestion is an alternative approach including collagenase, Liberase, and TDE enzyme can isolate the greatest quantity of follicles, but most of them were granulosa cell lost or membrane damaged because the enzyme can digest the extracellular matrix and degrade the basement membrane (43, 44). The most effective method is the combination of mechanical isolation and enzymatic digestion yielding high quality and quantity of follicles (45, 46). Chiti et al. use a modified protocol by filtering the digestion solution every 30 min. After filtering, the isolated follicles were picked up and the remaining fragments were redigested until completely digested. This modified protocol can fully digest all types of ovarian tissue with a good preserve of isolated follicles from prolonged exposure to enzyme solution which may toxic and damage for follicles (46).

Ensuring the safety of the follicular isolation procedure without metastasis by malignant cells is a crucial step for the artificial ovary because both follicles and BC cells are involved in the digested solution. During the follicular retrieval process, follicles may also contaminate by malignant cells and replant into the artificial ovary. Soares et al. transplanted 100 leukemic cells inside an artificial ovary and grafted it into mice, none showed any sign of leukemia after 20 weeks, with reassurance by IHC and PCR method which showed all negative in the recovered ovary. It appears that grafting 100 leukemic cells is insufficient to induce leukemia (47). Meanwhile, further verified through 3 washes of follicles can effectively eliminate malignant cells without affecting the viability of follicles (48), and repeated experiments by multicolor flow cytometry (MFC) also confirmed this result (49).



Management for Creating a Functional Artificial Ovary

Folliculogenesis is a complex regulated by interaction among follicles, ovarian cells, and environmental (50). Mimicking the natural environment of the follicle to support follicle survival and development is vital for creating a functional artificial ovary. Isolated primordial follicles that are fragile need a scaffold to support three-dimensional structure (51). Interestingly, isolated follicles cultured in alginate scaffold together with theca and stromal cells had higher survival and development rates, which indicate that extracellular scaffold together with other cells as their native tissue microenvironment benefits follicle growth. Growing follicles with multilaminar structures can grow up in such tissue engineering scaffolds (52). Hence, for constructing an artificial ovary, we need a suitable scaffold that can maintain follicular three-dimensional structure and with other cells or factors which could allow follicle-cell-matrix dynamic signal communications to lead to an ovary-like environment (Figure 1).


[image: Figure 1]
FIGURE 1. Protocol for constructing an artificial ovary combined with stem cells for patients with BC to preserve fertility and restore endocrine function. (I) If the patient is prepubertal or requires immediate chemotherapy with a potential risk of transmitting malignant cells, ovarian tissue slices are removed and long-term cryopreserved in liquid nitrogen. After thawing, follicles can be isolated from ovarian tissue and then embedded inside a scaffold, we called it “artificial ovary.” (II) Patient-specific induced stem cells, such as PGCs, ESCs, and OSCs, can be differentiated to form follicles and embedded into an artificial ovary. OSCs and MSCs can also be directly placed inside the artificial ovary without differentiation. (III) Other additives can also be added into the artificial ovary, such as ovarian cells, growth factors (VEGF, bFGF), and apoptosis suppression factor (S1P). Finally, this transplantable and functional artificial ovary can be grafted to the ovarian medulla or implantation in a specially created peritoneal window.




Design a Suitable Scaffold for Artificial Ovary

The ultimate goal of artificial ovaries is to be retransplanted into the human body, so its ingredients must be biosafety and tolerable by the human body. The diameter of follicles' folliculogenesis from the primordial stage is 19–30 μm to the mature stage 100–110 μm, so this scaffold should be degradable for follicle growth and migration. Additionally, it also should be high-temperature resistance due to the human body temperature (34). In addition, follicles need signal communication with cells and their environment, and this 3D matrix should be high penetrated to allow the diffusion of nutrients and signal pass in and out the scaffold. Isolated follicles were fragile but it is stable while embedded in a 3D scaffold and is convenient and safe to manipulate and handle without disrupting the follicular structure (53). Overall, this 3D scaffold should be (i) biosafety and tolerable by the human body, (ii) resistant to the human body temperature, (iii) liable for cell adhesion, proliferation, and differentiation, and (iv) allow the dissemination of nutrients, growth factors, and oxygen. Tissue engineering using biomaterial supporting artificial ovary varies from natural (collagen, plasma clot, alginate, fibrin, decellularized tissues, etc.) to synthetic polymer (polyethylene glycol, 3D printing ovary, etc.) with promising and encouraging outcomes conducted in animal research models. Natural polymers are not rigid enough to support the mechanical structure, but it is superior for cell adhesion, migration, and signal communication. Synthetic polymers are superior for supporting mechanical properties when grafted in the human body, but they lack molecules for cell adhesion which is not conducive for nutrient exchange and signal crosstalk (54).

Collagen and plasma clot was the first natural scaffolds used to embedded isolated primordial follicles. Telfe et al. isolated follicles from mice and cultured them in a collagen matrix for 5 days and then grafted them to ovariectomized mice. Follicle can develop to a mature stage and can produce hormones enough to support vaginal opening and cornification of vaginal epithelium in ovariectomized mice after 5 days of transplant, and blood vessels also appear in the grafted gel. Mature follicles that are extracted from this grafted gel can be harvested and finally resulted in the embryo through in vitro fertilization (55). In the same year, Gosden et al. isolated primordial follicles from infant mice and culture in a plasma clot and then transferred them back into a vacant periovarian capsule which was immediately formed after ovariectomy. All stages of follicular maturation can be seen in the grafted clot, eleven of fifteen mice were pregnancies, and 2 mice produced offspring (56). Dolmans et al. isolated human primordial follicles, embedded in plasma clot, and xenotransplanted to immunodeficient mice. Secondary stage and antral follicles can be found in clots after 5 months of transplanted, but plasma clots were degraded quickly leading to a large number of follicle losses (57, 58). Hence, the contraction and deformation characteristics of collagen or plasma clot scaffolds are difficult to manipulate, and follicles are easy to lose which has limited their application to load-bearing tissues in the human body (34, 54).

Alginate is a polysaccharide-based natural polymer derived from algae, and the rigidity of alginate can avoid structure from being degraded. Rios et al. encapsulated isolated follicles from mice into alginate matrix and transplanted them back into ovariectomy mice. Many follicles can develop into antral follicles and even mature follicles which can be successfully fertilized by intracytoplasmic sperm injection (ICSI) (59). It is reported that embedded isolated human primordial follicles in alginate gel and culture in vitro for 8 days, follicles can develop, and some of them can reach the preantral stage (60). But when the culture in vitro for a longer time (>30 days), follicles grow to the antral stage, but many of them were degenerated and stopped growing after further culture (61), since human follicles are larger than mouse follicles, alginate is rigid and cannot be degraded without alginate lyase, which can limit the further growth of follicles and also not conducive for vascularization (62).

Fibrin is another natural polymer to replace plasm colt, fibrinogen and thrombin are the main components of fibrin, and their concentration determines the porosity and hardness of fibrin. Fibrin has high bioadhesion with minimal inflammation after being grafted into the human body and has been widely used for tissue engineering. Paulini et al. isolated human primordial follicles encapsulate in fibrin gel and xenografted in mice, and many of the follicles can grow into the second stage after 7 days of xenografted (63). Long-term (21 days) culture in fibrin gel of isolated mice primordial follicles can also be developed into the antral stage, and hormone levels can be detected in the mice (64). But fibrin has a higher degradation rate in the human body, due to the inherent plasmin and other inhibitors in the human body, follicles will lose the support of the architecture after the degradation. Fortunately, the degradation of fibrin is safe from toxic and can be naturally cleared by the human body (65). In the natural ovary, the outer cortex is more solid whereas the medulla is soft which can allow follicles to migrate from solid cortex to soft medulla (66). An interpenetrating network composed of fibrin-alginate was investigated for embedding mice secondly follicle for short-term culture and produced a higher meiotic rate of oocyte than alginate or fibrin along (67). Longer-term (30 days) cultures of isolated caprine follicles in a fibrin-alginate matrix have a higher maturation rate than alginate only (68). We can infer that a partially degraded fibrin-alginate matrix is beneficial for follicle survival and proliferation with adjustable rigidity and degradability.

Decellularized ovarian extracellular matrix is another natural matrix, obtained by removing the cellular components from the natural ovary, which can highly mimic the natural ovary in vivo allow cells to adhere and grow. Decellularized tissue has been tested in the liver (69), lung (70), and heart (71). Nevertheless, xenotransplantation may induce the immune reaction in the human body and should be paying more attention to further clinical application. Laronda et al. seeded isolated mice follicles into decellularized bovine ovary scaffolds and grafted them to normal ovariectomy mice with normal immune function. After 2 weeks of transplantation, an antral follicle can be discovered in grafted scaffold (38). Isolated mice follicles were also cultured in a decellularized porcine ovary and regrafted back natural pregnancy, and healthy offspring was generated in the POF mouse model after 100 days of graft (72). Hassanpour et al. decellularized the human ovary embedded with isolated rat follicles and grated back into a rat. Hormone and primordial or primary follicle-like structures were detected in this suitable cytocompatibility scaffold after 4 weeks of surgery (73). Pors et al. also successfully embedded isolated human follicles in a decellularized human scaffold and grated them back into a rat for 3 weeks (74). But xenogeneic scaffolds may induce a high risk of the immune response and also may induce some diseases, for example, viruses, or cell residues from the donor (75).

Synthetic polymer has its advantage compared to the natural polymer. It can tailor according to the different hardness of the natural ovary and meet the different clinical requirements (76). Polyethylene glycol (PEG) is widely used for engineering, and oxygen and carbon are the main components of PEG. Kim et al. use PEG hydrogels for embedding isolated mice follicles and grafted into ovariectomized mice, and each stage of follicles and corpora lutea can be discovered in scaffold after 30 days of grafting. Hormone levels improve significantly after 60 days of graft, and functioning blood vessels can also be detected in the scaffold (77). However, the degradation of PEG hydrogels is toxic, and the degradation products can easily cause immune response (78).

3D bioprinting can precisely adjust the pore size and thickness of the stent and can also control the rigid and other properties of the scaffold to meet the clinical needs. It can create the scaffold layer-by-layer to generate a tissue mimic structure (79). Laronda et al. use gelatin as 3D ink to print a scaffold crosslink with 250 μm diameter of the strut, 350 μm diameter of the pore. After seeding isolated mice follicles in 3D printed scaffold, the scaffold was grafted into ovariectomized mice and became vascularized after 7 days of implantation without additional exogenous angiogenic factors. Mature follicles can be found after 3 weeks of implantation, after 10 weeks, these grafted mice were mated, and each recipient mice have one or two litters (80). Other seeding isolated porcine follicles in a scaffold composed of gelatin together with poly(epsilon-caprolactone) (PCL), to construct a structure with 300 μm of pore size and 1 μm diameter of struts. After 10 days of in vitro culture, the follicle can adhere well to the stent with good development and a high survival rate (81).




ADDITIVES FOR TRANSPLANTABLE AND FUNCTIONAL ARTIFICIAL OVARY


Stem Cells for Generating New Oocytes in Artificial Ovary

Stem cell is an alternative source and promising strategy for constructing an artificial ovary with regenerative function. Pluripotent stem cells have self-renewal and differentiation functions. Additionally, a functional oocyte in mammals needs multiple steps of generation from a germ cell. Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can be induced to primordial germ cells (PGCs) or primordial germ cell-like cells (PGCLCs), in turn, differentiated to the oocyte. Female oogonial stem cells (OSCs) originate from very small embryonic-like (VSEL) stem cells that exist in the ovary and have the ability of oogenesis without inducing differentiation. In oogenesis, these differentiations becoming primary oocytes were also regulated by the environment in the artificial ovary on transplantation into the body.


Induced Pluripotent Stem Cells and Embryonic Stem Cells

Hayashi et al. induced iPSCs to perform PGCLCs and transplanted the PGCLCs into mice seminiferous tubules. After 10 weeks of transplantation, spermatogenesis was exhibited and can form an embryo followed by ICSI and successfully resulted in offspring (82). Subsequently, they derived female ESCs like ESCs and iPSCs to perform epiblast-like cells (EpiLCs) and further induce it to PGCLCs, later coculture it with embryonic gonadal somatic cells to form ovary in vitro and then transfer this artificial ovary to mice for oogenesis, follicles at GV stage were detected in 32 days after transplantation, and mature oocyte can be isolated at 53 days after transplantation, which can be well fertilized and generate offspring (83). Hence, ESCs–iPSCs can be a promising source for generating new oocytes for artificial ovaries. Despite these encouraging results, induced iPSCs may have a risk of mitochondrial mutations, and we should pay more attention to pathogenic mitochondrial DNA modifications after transplanting it in vivo (84).

Female oogonial stem cells that are extracted on the surface of the ovary can generate primordial follicles. Many studies have confirmed the existence of OSCs in the human ovarian cortex (85, 86). Compared to ESCs and iPSCs, OSCs initially arise from VSEL stem cells and have the ability of oogenesis without inducing differentiation (87). White et al. obtained OSCs from human ovaries and in vitro manipulation, and oocytes were generated after 2 weeks of xenotransplantation in mice (88). Zou et al. isolated OSCs from mice ovary and transplanted them into the ovary of POF mice which was induced by chemotherapy. Oocytes were detected in the recipient ovary after 8 weeks of transplantation, and offspring was generated after long-term transplanted (more than 15 weeks) (89). Another repeated study obtained OSCs from mice ovaries and grafted them into adult mouse intraovarian. Follicles can be successfully generated, and 15% of offspring was delivered after natural mating in these grafted mice (90).

Mesenchymal stem–stromal cells (MSCs) that were obtained from the bone marrow have self-renewal potential without pluripotent function. It also can be retrieved from menstrual blood, cord blood, and adipose tissue as a paracrine provider to support stem cell growth and differentiation (91). Although it cannot directly differentiate to the oocyte, transplantation MSCs can secrete cytokines, signal, and growth factors to promote stem cells such as ESCs, iPSCs, and OSCs in artificial ovary differentiate into oocytes (92). MSCs can also simultaneously support nutrition and immune regulation for the ovary (93). It was reported that transplantation of MSCs can provide nearly 109 cytokines in the ovary to help recover follicles in POF patients (94). Wang et al. grafted green fluorescence protein (GFP, Genechem, China)-positive MSCs to the ovary and found that they gather in the interstitium instead of follicles in the grafted ovary (95). The umbilical cord (UC) is the most promising source of MSCs in humans (UC-MSCs) due to its low oncogenicity and rapid self-renewal. Yang et al. embedded human UC-MSCs into a collagen matrix and then transplanted it into POF mice. After 2 weeks of transplantation, hormone levels and follicles' number have risen significantly, and granulosa cell proliferation and ovarian angiogenesis were detected in the graft (96). Transplantation of MSCs can boost ovarian function and improve the success rate and outcome of the artificial ovary in vivo.




Ovarian Cell for Functional Artificial Ovary

An ovarian cell can support angiogenesis, and signal transduction of the artificial ovary is fundamental for follicle proliferation and maturation (97). Ovarian cells can secrete factors that can regulate the transformation of primordial follicles into primary follicles and simulate the microenvironment for follicle growth and survival proliferation (98). There is a positive correlation between the number of human ovarian stromal cells and endothelial cells, the area of angiogenesis, and the survival of follicles in the artificial ovary after transplantation in vivo (99). Dath et al. embedded isolated human stromal and endothelial cells together with follicles into plasma clots and xenografting in mice ovary. Fully vascularized stromal structure and higher scaffold degradation were detected in graft after short-term xenograft (100). Additionally, the best source for ovarian cells comes from fresh medulla part in the ovary after cancer remission, and this strategy not only can reduce the risk of reintroducing the malignant to the body, but it also can avoid the damaging effect of cryopreservation to ovarian cells. Because ovarian cells are sensitive to cryopreservation, chemotherapy has less effect on ovarian cells (97). Another source for the ovarian cell is the stem cell. Park et al. isolated stem cells from mice skin, and we can call it skin-derived stem cells (SSCs), induced SSCs differentiation to ovarian-cell-like cells, embedded in Matrigel scaffold, and then transplanted into ovariectomized mice. Estrus cycles were recovered, and follicles and blood vessels were found in the transplants after 8 weeks of transplantation (101).



Factors for Supporting the Artificial Ovary

Growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) can promote angiogenesis and decrease apoptosis for artificial ovary in vivo. Shikanov et al. embedded ovarian tissue together with VEGF in fibrin gel and grafted it back into bilateral ovariectomy mice. After 2 weeks of transplantation, a gel containing VEGF has two times as many survival follicles and blood vessels as the control group (102). Another study also encapsulated ovarian tissue together with bFGF in fibrin gel and then grafted it under the skin of mice. After 7 days of transplantation, the bFGF group has higher follicle survival and proliferation rate, lower follicle and ovarian cell apoptosis rate, and higher angiogenesis rate compared to the non-bFGF group (103).

Apoptosis suppression factor sphingosine-1-phosphate (S1P) is one of the apoptosis suppression factors that can induce cell survival and proliferation. It is a signaling sphingolipid that can act as an intracellular second messenger and extracellular ligand for G protein-coupled receptors. It also can regulate angiogenesis and vascular stability (104). Soleimani et al. reported that xenograft of human ovarian into severe combined immunodeficient (SCID) mice together with S1P. After 10 days of transplantation, vascular density, angiogenic, and proliferation of ovarian cells were increased significantly in graft, with lower follicle apoptotic compared to the control group (104). Another research embedded follicles together with S1P and VEGF into fibrin scaffold and generated two times as many primordial follicles, blood vessels, and offspring compared to the control group (105).




CONCLUSION AND FUTURE ENDEAVORS

The number of young women who are diagnosed with BC has risen continuously in recent years. Simultaneously, the development of modern therapeutic significantly improved the survival rates and prolong the life expectancy. Hence, fertility preservation turned out to be an urgent request for young females before gonadotoxic therapy. Artificial ovary combined with stem cell can mimic natural ovary as a promising strategy for patients with BC that meets the needs of recover fertility and restore gonadal hormone function without reintroducing the malignant cells and delaying their cancer therapy.

As a transplantable in the human body, the scaffold of artificial ovary should allow follicle survival and proliferation, facilitate the formation of blood vessels and stroma in vivo, and should be safe for the human body. Although animal research has generated few offspring on artificial ovaries, more experiments and animal studies should be tested to search for a suitable scaffold for transplantable artificial ovaries. Due to the finite source of follicles, stem cells as an alternative to female gametes bring great hope for future clinical implementation. Yet, stem cell therapy is still in the research stage and is insufficient for clinical use. More research is needed to verify and test for fill gaps that may lead to clinical benefits in the future.



AUTHOR CONTRIBUTIONS

JC wrote the manuscript and figures. JC, LR, and YL reviewed the literature. QC, XY, and WS conceived the framework of this review article, provided insights, and edited the manuscript. VI and HH revised and polished the manuscript. UK and JH edited the grammar and revised the manuscript. YL polished the final manuscript and figure. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Key Medical and Health Program of Xiamen (no. 3502Z 20209001).



ABBREVIATIONS

POF, premature ovarian failure; BC, breast cancer; ER, Estrogen receptor; ACOG, American College of Obstetricians and Gynecologists; HBOC, hereditary breast-ovarian cancer syndrome; GV, germinal vesicle; GnRHa, gonadotropin-releasing hormone agonists; OTC, ovarian tissue cryopreservation; COH, controlled ovarian hyperstimulation; 3D, three dimensional; ICSI, intracytoplasmic sperm injection; ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; PGCs, primordial germ cells; PGCLCs, primordial germ cell-like cells; OSCs, oogonial stem cells; VSEL, very small embryonic-like; SSCs, skin-derived stem cells; bFGF, basic fibroblast growth factor; S1P, sphingosine−1-phosphate; SCID, severe combined immunodeficient.



REFERENCES

 1. Cardoso F, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rubio IT, et al. ESMO Guidelines Committee. ESMO clinical practice guidelines for diagnosis, treatment and follow-up†. Ann Oncol. (2019) 30:1194–220. doi: 10.1093/annonc/mdz173

 2. Chen Z, Xu L, Shi W, Zeng F, Zhuo R, Hao X, et al. Trends of female and male breast cancer incidence at the global, regional, and national levels, 1990–2017. Breast Cancer Res Treat. (2020) 180:481–490. doi: 10.1007/s10549-020-05561-1

 3. Volodarsky-Perel A, Cai E, Tulandi T, Son WY, Suarthana E, Buckett W. Influence of stage and grade of breast cancer on fertility preservation outcome in reproductive-aged women. Reprod Biomed Online. (2020) 40:215–22. doi: 10.1016/j.rbmo.2019.11.006

 4. Malvezzi M, Carioli G, Bertuccio P, Boffetta P, Levi F, La Vecchia C, et al. European cancer mortality predictions for the year 2019 with focus on breast cancer. Ann Oncol. (2019) 30:781–7. doi: 10.1093/annonc/mdz051

 5. Silvestris E, Dellino M, Cafforio P, Paradiso AV, Cormio G, D'Oronzo S. Breast cancer: an update on treatment-related infertility. J Cancer Res Clin Oncol. (2020) 146:647–57. doi: 10.1007/s00432-020-03136-7

 6. Sciorio R, Anderson RA. Fertility preservation and preimplantation genetic assessment for women with breast cancer. Cryobiology. (2020) 2:1–8. doi: 10.1016/j.cryobiol.2019.12.001

 7. Lewis KE, Lu KH, Klimczak AM, Mok SC. Recommendations and choices for BRCA mutation carriers at risk for ovarian cancer: a complicated decision. Cancers (Basel). (2018) 10:57. doi: 10.3390/cancers10020057

 8. Oktay KH, Bedoschi G, Goldfarb SB, Taylan E, Titus S, Palomaki GE, et al. Increased chemotherapy-induced ovarian reserve loss in women with germline BRCA mutations due to oocyte deoxyribonucleic acid double strand break repair deficiency. Fertil Steril. (2020) 113:1251–60.e1. doi: 10.1016/j.fertnstert.2020.01.033

 9. Lee JH, Choi YS. The role of gonadotropin-releasing hormone agonists in female fertility preservation. Clin Exp Reprod Med. (2021) 48:11–26. doi: 10.5653/cerm.2020.04049

 10. Dinas KD. Impact of Breast Cancer Treatment on Fertility. Adv Exp Med Biol. (2020) 1252:175–9. doi: 10.1007/978-3-030-41596-9_24

 11. Morgan S, Anderson RA, Gourley C, Wallace WH, Spears N. How do chemotherapeutic agents damage the ovary? Hum Reprod Update. (2012) 18:525–35. doi: 10.1093/humupd/dms022

 12. Bar-Joseph H, Ben-Aharon I, Rizel S, Stemmer SM, Tzabari M, Shalgi R. Doxorubicin-induced apoptosis in germinal vesicle (GV) oocytes. Reprod Toxicol. (2010) 30:566–72. doi: 10.1016/j.reprotox.2010.07.003

 13. Wallace WH, Shalet SM, Crowne EC, Morris-Jones PH, Gattamaneni HR. Ovarian failure following abdominal irradiation in childhood: natural history and prognosis. Clin Oncol (R Coll Radiol). (1989) 1:75–9. doi: 10.1016/S0936-6555(89)80039-1

 14. Maezawa T, Suzuki N, Takeuchi H, Kiyotani C, Amano K, Keino D, et al. Identifying issues in fertility preservation for childhood and adolescent patients with cancer at pediatric oncology hospitals in Japan. J Adolesc Young Adult Oncol. (2021). doi: 10.1089/jayao.2021.0088 [Epub ahead of print].

 15. Brougham MF, Crofton PM, Johnson EJ, Evans N, Anderson RA, Wallace WH. Anti-Müllerian hormone is a marker of gonadotoxicity in pre- and postpubertal girls treated for cancer: a prospective study. J Clin Endocrinol Metab. (2012) 97:2059–67. doi: 10.1210/jc.2011-3180

 16. Lambertini M, Peccatori FA, Demeestere I, Amant F, Wyns C, Stukenborg JB, et al. Fertility preservation and post-treatment pregnancies in post-pubertal cancer patients: ESMO Clinical Practice Guidelines(†). Ann Oncol. (2020) 31:1664–78. doi: 10.1016/j.annonc.2020.09.006

 17. Oktay K, Bedoschi G. Appraising the biological evidence for and against the utility of GnRHa for preservation of fertility in patients with cancer. J Clin Oncol. (2016) 34:2563–5. doi: 10.1200/JCO.2016.67.1693

 18. Bedoschi G, Turan V, Oktay K. Utility of GnRH-agonists for fertility preservation in women with operable breast cancer: is it protective? Curr Breast Cancer Rep. (2013) 5:302–8. doi: 10.1007/s12609-013-0123-y

 19. Roness H, Kashi O, Meirow D. Prevention of chemotherapy-induced ovarian damage. Fertil Steril. (2016) 105:20–9. doi: 10.1016/j.fertnstert.2015.11.043

 20. Lambertini M, Moore HCF, Leonard RCF, Loibl S, Munster P, Bruzzone M, et al. Gonadotropin-releasing hormone agonists during chemotherapy for preservation of ovarian function and fertility in premenopausal patients with early breast cancer: a systematic review and meta-analysis of individual patient-level data. J Clin Oncol. (2018) 36:1981–90. doi: 10.1200/JCO.2018.78.0858

 21. Lambertini M, Ceppi M, Poggio F, Peccatori FA, Azim HA Jr, Ugolini D, et al. Ovarian suppression using luteinizing hormone-releasing hormone agonists during chemotherapy to preserve ovarian function and fertility of breast cancer patients: a meta-analysis of randomized studies. Ann Oncol. (2015) 26:2408–19. doi: 10.1093/annonc/mdv374

 22. Lambertini M, Kroman N, Ameye L, Cordoba O, Pinto A, Benedetti G, et al. Long-term safety of pregnancy following breast cancer according to estrogen receptor status. J Natl Cancer Inst. (2018) 110:426–9. doi: 10.1093/jnci/djx206

 23. Lambertini M, Ameye L, Hamy AS, Zingarello A, Poorvu PD, Carrasco E, et al. Pregnancy After Breast Cancer in Patients With Germline BRCA Mutations. J Clin Oncol. (2020) 38:3012–23. doi: 10.1200/JCO.19.02399

 24. Aflatoonian N, Pourmasumi S, Aflatoonian A, Eftekhar M. Duration of storage does not influence pregnancy outcome in cryopreserved human embryos. Iran J Reprod Med. (2013) 11:843–6.

 25. Dowling-Lacey D, Mayer JF, Jones E, Bocca S, Stadtmauer L, Oehninger S. Live birth from a frozen-thawed pronuclear stage embryo almost 20 years after its cryopreservation. Fertil Steril. (2011) 95:1120.e1121–3. doi: 10.1016/j.fertnstert.2010.08.056

 26. Maheshwari A, Pandey S, Shetty A, Hamilton M, Bhattacharya S. Obstetric and perinatal outcomes in singleton pregnancies resulting from the transfer of frozen thawed versus fresh embryos generated through in vitro fertilization treatment: a systematic review and meta-analysis. Fertil Steril. (2012) 98:368–377.e361-369. doi: 10.1016/j.fertnstert.2012.05.019

 27. Paluch-Shimon S, Cardoso F, Partridge AH, Abulkhair O, Azim HA Jr, Bianchi-Micheli G, et al. ESO-ESMO 4th International Consensus Guidelines for Breast Cancer in Young Women (BCY4). Ann Oncol. (2020) 31:674–96. doi: 10.1016/j.annonc.2020.03.284

 28. Anderson RA, Amant F, Braat D, D'Angelo A, Chuva de Sousa Lopes SM, Demeestere I, et al. ESHRE guideline: female fertility preservation. Hum Reprod Open. (2020) 4:hoaa052. doi: 10.1093/hropen/hoaa052

 29. Tomás C, Colmorn L, Rasmussen S, Lidegaard Ø, Pinborg A, Andersen AN. Annual incidence of severe ovarian hyperstimulation syndrome. Dan Med J. (2021) 68:A12190738.

 30. Kristensen SG, Andersen CY. Cryopreservation of ovarian tissue: opportunities beyond fertility preservation and a positive view into the future. Front Endocrinol (Lausanne). (2018) 9:347. doi: 10.3389/fendo.2018.00347

 31. Gellert SE, Pors SE, Kristensen SG, Bay-Bjørn AM, Ernst E. Yding Andersen C.Transplantation of frozen-thawed ovarian tissue: an update on worldwide activity published in peer-reviewed papers and on the Danish cohort. J Assist Reprod Genet. (2018) 35:561–70. doi: 10.1007/s10815-018-1144-2

 32. Pacheco F, Oktay K. Current success and efficiency of autologous ovarian transplantation: a meta-analysis. Reprod Sci. (2017) 24:1111–20. doi: 10.1177/1933719117702251

 33. Dolmans MM, Falcone T, Patrizio P. Importance of patient selection to analyze in vitro fertilization outcome with transplanted cryopreserved ovarian tissue. Fertil Steril. (2020) 114:279–80. doi: 10.1016/j.fertnstert.2020.04.050

 34. Chen J, Todorov P, Isachenko E, Rahimi G, Mallmann P, Isachenko V. Construction and cryopreservation of an artificial ovary in cancer patients as an element of cancer therapy and a promising approach to fertility restoration. Hum Fertil (Camb). (2021) 1–21. doi: 10.1080/14647273.2021.1885756

 35. Akizawa Y, Kanno T, Horibe Y, Shimizu Y, Noguchi E, Yamamoto T, et al. Ovarian metastasis from breast cancer mimicking a primary ovarian neoplasm: a case report. Mol Clin Oncol. (2021) 15:135. doi: 10.3892/mco.2021.2297

 36. Wang J, Tian W, Zhou Y, Zhang X, Deng Y. Ovarian metastasis from breast cancer in three Chinese females: Three case reports. Medicine (Baltimore). (2019) 98:e15395. doi: 10.1097/MD.0000000000015395

 37. Tian W, Zhou Y, Wu M, Yao Y, Deng Y. Ovarian metastasis from breast cancer: a comprehensive review. Clin Transl Oncol. (2019) 21:819–27. doi: 10.1007/s12094-018-02007-5

 38. Laronda MM, Jakus AE, Whelan KA, Wertheim JA, Shah RN, Woodruff TK. Initiation of puberty in mice following decellularized ovary transplant. Biomaterials. (2015) 50:20–9. doi: 10.1016/j.biomaterials.2015.01.051

 39. Kniazeva E, Hardy AN, Boukaidi SA, Woodruff TK, Jeruss JS, Shea LD. Primordial follicle transplantation within designer biomaterial grafts produce live births in a mouse infertility model. Sci Rep. (2015) 5:17709. doi: 10.1038/srep17709

 40. Shaw JM, Oranratnachai A, Trounson AO. Fundamental cryobiology of mammalian oocytes and ovarian tissue. Theriogenology. (2000) 53:59–72. doi: 10.1016/S0093-691X(99)00240-X

 41. Meirow D. Fertility preservation in cancer patients using stored ovarian tissue: clinical aspects. Curr Opin Endocrinol Diabetes Obes. (2008) 15:536–47. doi: 10.1097/MED.0b013e32831a44a8

 42. Kim EJ, Lee J, Youm HW, Kim SK, Lee JR, Suh CS, et al. Comparison of follicle isolation methods for mouse ovarian follicle culture in vitro. Reprod Sci. (2018) 25:1270–8. doi: 10.1177/1933719117737851

 43. Demeestere I, Delbaere A, Gervy C, Van Den Bergh M, Devreker F, Englert Y. Effect of preantral follicle isolation technique on in-vitro follicular growth, oocyte maturation and embryo development in mice. Hum Reprod. (2002) 17:2152–9. doi: 10.1093/humrep/17.8.2152

 44. Schmidt VM, Isachenko V, Rappl G, Rahimi G, Hanstein B, Morgenstern B, et al. Comparison of the enzymatic efficiency of Liberase TM and tumor dissociation enzyme: effect on the viability of cells digested from fresh and cryopreserved human ovarian cortex. Reprod Biol Endocrinol. (2018) 16:57. doi: 10.1186/s12958-018-0374-6

 45. Chiti MC, Donnez J, Amorim CA, Dolmans MM. From isolation of human ovarian follicles to the artificial ovary: tips and tricks. Minerva Ginecol. (2018) 70:444–55. doi: 10.23736/S0026-4784.18.04231-4

 46. Chiti MC, Dolmans MM, Hobeika M, Cernogoraz A, Donnez J, Amorim CA, et al. modified and tailored human follicle isolation procedure improves follicle recovery and survival. J Ovarian Res. (2017) 10:71. doi: 10.1186/s13048-017-0366-8

 47. Soares M, Saussoy P, Sahrari K, Amorim CA, Donnez J, Dolmans MM. Is transplantation of a few leukemic cells inside an artificial ovary able to induce leukemia in an experimental model? J Assist Reprod Genet. (2015) 32:597–606. doi: 10.1007/s10815-015-0438-x

 48. Soares M, Sahrari K, Amorim CA, Saussoy P, Donnez J, Dolmans MM. Evaluation of a human ovarian follicle isolation technique to obtain disease-free follicle suspensions before safely grafting to cancer patients. Fertil Steril. (2015) 104:672–680.e672. doi: 10.1016/j.fertnstert.2015.05.021

 49. Mouloungui E, Zver T, Roux C, Amiot C. A protocol to isolate and qualify purified human preantral follicles in cases of acute leukemia, for future clinical applications. J Ovarian Res. (2018) 11:4. doi: 10.1186/s13048-017-0376-6

 50. West ER, Shea LD, Woodruff TK. Engineering the follicle microenvironment. Semin Reprod Med. (2007) 25:287–99. doi: 10.1055/s-2007-980222

 51. Healy MW, Dolitsky SN, Villancio-Wolter M, Raghavan M, Tillman AR, Morgan NY, et al. Creating an Artificial 3-Dimensional Ovarian Follicle Culture System Using a Microfluidic System. Micromachines (Basel). (2021) 12:261. doi: 10.3390/mi12030261

 52. Telfer EE. Fertility preservation. Progress and prospects for developing human immature oocytes in vitro. Reproduction. (2019) 158:F45–f54. doi: 10.1530/REP-19-0077

 53. Jones ASK, Shikanov A. Ovarian tissue cryopreservation and novel bioengineering approaches for fertility preservation. Curr Breast Cancer Rep. (2020) 12:351–60. doi: 10.1007/s12609-020-00390-z

 54. Reddy MSB, Ponnamma D, Choudhary R, Sadasivuni KK. A comparative review of natural and synthetic biopolymer composite scaffolds. Polymers (Basel). (2021) 13:1105. doi: 10.3390/polym13071105

 55. Telfer E, Torrance C, Gosden RG. Morphological study of cultured preantral ovarian follicles of mice after transplantation under the kidney capsule. J Reprod Fertil. (1990) 89:565–71. doi: 10.1530/jrf.0.0890565

 56. Gosden RG. Restitution of fertility in sterilized mice by transferring primordial ovarian follicles. Hum Reprod. (1990) 5:499–504. doi: 10.1093/oxfordjournals.humrep.a137132

 57. Dolmans MM, Martinez-Madrid B, Gadisseux E, Guiot Y, Yuan WY, Torre A, et al. Short-term transplantation of isolated human ovarian follicles and cortical tissue into nude mice. Reproduction. (2007) 134:253–62. doi: 10.1530/REP-07-0131

 58. Dolmans MM, Yuan WY, Camboni A, Torre A, Van Langendonckt A, Martinez-Madrid B, et al. Development of antral follicles after xenografting of isolated small human preantral follicles. Reprod Biomed Online. (2008) 16:705–11. doi: 10.1016/S1472-6483(10)60485-3

 59. Rios PD, Kniazeva E, Lee HC, Xiao S, Oakes RS, Saito E, et al. Retrievable hydrogels for ovarian follicle transplantation and oocyte collection. Biotechnol Bioeng. (2018) 115:2075–86. doi: 10.1002/bit.26721

 60. Wang TR, Yan LY, Yan J, Lu CL, Xia X, Yin TL, et al. Basic fibroblast growth factor promotes the development of human ovarian early follicles during growth in vitro. Hum Reprod. (2014) 29:568–76. doi: 10.1093/humrep/det465

 61. Yin H, Kristensen SG, Jiang H, Rasmussen A, Andersen CY. Survival and growth of isolated pre-antral follicles from human ovarian medulla tissue during long-term 3D culture. Hum Reprod. (2016) 31:1531–9. doi: 10.1093/humrep/dew049

 62. Chiti MC, Dolmans MM, Orellana O, Soares M, Paulini F, Donnez J, et al. Influence of follicle stage on artificial ovary outcome using fibrin as a matrix. Hum Reprod. (2016) 31:2898. doi: 10.1093/humrep/dew254

 63. Paulini F, Vilela JM, Chiti MC, Donnez J, Jadoul P, Dolmans MM, et al. Survival and growth of human preantral follicles after cryopreservation of ovarian tissue, follicle isolation and short-term xenografting. Reprod Biomed Online. (2016) 33:425–32. doi: 10.1016/j.rbmo.2016.05.003

 64. Smith RM, Shikanov A, Kniazeva E, Ramadurai D, Woodruff TK, Shea LD. Fibrin-mediated delivery of an ovarian follicle pool in a mouse model of infertility. Tissue Eng Part A. (2014) 20:3021–30. doi: 10.1089/ten.tea.2013.0675

 65. Mott JD, Werb Z. Regulation of matrix biology by matrix metalloproteinases. Curr Opin Cell Biol. (2004) 16:558–64. doi: 10.1016/j.ceb.2004.07.010

 66. Laronda MM. Engineering a bioprosthetic ovary for fertility and hormone restoration. Theriogenology. (2020) 150:8–14. doi: 10.1016/j.theriogenology.2020.01.021

 67. Shikanov A, Xu M, Woodruff TK, Shea LD. Interpenetrating fibrin-alginate matrices for in vitro ovarian follicle development. Biomaterials. (2009) 30:5476–85. doi: 10.1016/j.biomaterials.2009.06.054

 68. Brito IR, Silva GM, Sales AD, Lobo CH, Rodrigues GQ, Sousa RF, et al. Fibrin-alginate hydrogel supports steroidogenesis, in vitro maturation of oocytes and parthenotes production from caprine preantral follicles cultured in group. Reprod Domest Anim. (2016) 51:997–1009. doi: 10.1111/rda.12779

 69. Fares AE, Gabr H, ShamsEldeen AM, Farghali HAM, Rizk MMSM, Mahmoud BE, et al. Implanted subcutaneous versus intraperitoneal bioscaffold seeded with hepatocyte-like cells: functional evaluation. Stem Cell Res Ther. (2021) 12:441. doi: 10.1186/s13287-021-02531-2

 70. Dabaghi M, Saraei N, Carpio MB, Nanduri V, Ungureanu J, Babi M, et al. A Robust protocol for decellularized human lung bioink generation amenable to 2d and 3D Lung Cell Culture. Cells. (2021) 10:1538. doi: 10.3390/cells10061538

 71. Ercan H, Elçin AE, Elçin YM. Preliminary assessment of an injectable extracellular matrix from decellularized bovine myocardial tissue. Z Naturforsch C J Biosci. (2021) 76:491–501. doi: 10.1515/znc-2021-0039

 72. Buckenmeyer MJ, Sukhwani M, Iftikhar A, Nolfi AL, Xian Z, Dadi S, et al. Bioengineering an in situ ovary (ISO) for fertility preservation. bioRxiv. (2020) 893941. doi: 10.1101/2020.01.03.893941

 73. Hassanpour A, Talaei-Khozani T, Kargar-Abarghouei E, Razban V, Vojdani Z. Decellularized human ovarian scaffold based on a sodium lauryl ester sulfate (SLES)-treated protocol, as a natural three-dimensional scaffold for construction of bioengineered ovaries. Stem Cell Res Ther. (2018) 9:252. doi: 10.1186/s13287-018-0971-5

 74. Pors SE, Ramløse M, Nikiforov D, Lundsgaard K, Cheng J, Andersen CY, et al. Initial steps in reconstruction of the human ovary: survival of pre-antral stage follicles in a decellularized human ovarian scaffold. Hum Reprod. (2019) 34:1523–35. doi: 10.1093/humrep/dez077

 75. Massaro MS, Pálek R, Rosendorf J, Cervenková L, Liška V, Moulisová V. Decellularized xenogeneic scaffolds in transplantation and tissue engineering: Immunogenicity versus positive cell stimulation. Mater Sci Eng C Mater Biol Appl. (2021) 127:112203. doi: 10.1016/j.msec.2021.112203

 76. Dolmans MM, Amorim CA. Fertility preservation: Construction and use of artificial ovaries. Reproduction. (2019) 158:F15–f25. doi: 10.1530/REP-18-0536

 77. Kim J, Perez AS, Claflin J, David A, Zhou H, Shikanov A. Synthetic hydrogel supports the function and regeneration of artificial ovarian tissue in mice. NPJ Regen Med. (2016) 1:16010. doi: 10.1038/npjregenmed.2016.10

 78. Shiraishi K, Yokoyama M. Toxicity and immunogenicity concerns related to PEGylated-micelle carrier systems: a review. Sci Technol Adv Mater. (2019) 20:324–36. doi: 10.1080/14686996.2019.1590126

 79. Zubizarreta ME, Xiao S. Bioengineering models of female reproduction. Biodes Manuf. (2020) 3:237–51. doi: 10.1007/s42242-020-00082-8

 80. Laronda MM, Rutz AL, Xiao S, Whelan KA, Duncan FE, Roth EW, et al. A bioprosthetic ovary created using 3D printed microporous scaffolds restores ovarian function in sterilized mice. Nat Commun. (2017) 8:15261. doi: 10.1038/ncomms15261

 81. Raffel N, Dittrich R, Bäuerle T, Seyler L, Fattahi A, Hoffmann I, et al. Novel approach for the assessment of ovarian follicles infiltration in polymeric electrospun patterned scaffolds. PLoS ONE. (2019) 14:e0215985. doi: 10.1371/journal.pone.0215985

 82. Hayashi K, Ohta H, Kurimoto K, Aramaki S, Saitou M. Reconstitution of the mouse germ cell specification pathway in culture by pluripotent stem cells. Cell. (2011) 146:519–532. doi: 10.1016/j.cell.2011.06.052

 83. Hayashi K, Ogushi S, Kurimoto K, Shimamoto S, Ohta H, Saitou M. Offspring from oocytes derived from in vitro primordial germ cell-like cells in mice. Science. (2012) 338:971–5. doi: 10.1126/science.1226889

 84. Prigione A, Lichtner B, Kuhl H, Struys EA, Wamelink M, Lehrach H, et al. Human induced pluripotent stem cells harbor homoplasmic and heteroplasmic mitochondrial DNA mutations while maintaining human embryonic stem cell-like metabolic reprogramming. Stem Cells. (2011) 29:1338–48. doi: 10.1002/stem.683

 85. Silvestris E, Cafforio P, D'Oronzo S, Felici C, Silvestris F, Loverro G. In vitro differentiation of human oocyte-like cells from oogonial stem cells: single-cell isolation and molecular characterization. Hum Reprod. (2018) 33:464–73. doi: 10.1093/humrep/dex377

 86. Clarkson YL, McLaughlin M, Waterfall M, Dunlop CE, Skehel PA, Anderson RA, et al. Initial characterisation of adult human ovarian cell populations isolated by DDX4 expression and aldehyde dehydrogenase activity. Sci Rep. (2018) 8:6953. doi: 10.1038/s41598-018-25116-1

 87. Martin JJ, Woods DC, Tilly JL. Implications and current limitations of oogenesis from female germline or oogonial stem cells in adult mammalian ovaries. Cells. (2019) 8:93. doi: 10.3390/cells8020093

 88. White YA, Woods DC, Takai Y, Ishihara O, Seki H, Tilly JL. Oocyte formation by mitotically active germ cells purified from ovaries of reproductive-age women. Nat Med. (2012) 18:413–21. doi: 10.1038/nm.2669

 89. Zou K, Yuan Z, Yang Z, Luo H, Sun K, Zhou L, et al. Production of offspring from a germline stem cell line derived from neonatal ovaries. Nat Cell Biol. (2009) 11:631–6. doi: 10.1038/ncb1869

 90. Wang N, Satirapod C, Ohguchi Y, Park ES, Woods DC, Tilly JL. Genetic studies in mice directly link oocytes produced during adulthood to ovarian function and natural fertility. Sci Rep. (2017) 7:10011. doi: 10.1038/s41598-017-10033-6

 91. Farkhad NK, Mahmoudi A, Mahdipour E. How similar are human mesenchymal stem cells derived from different origins? A review of comparative studies. Curr Stem Cell Res Ther. (2021) 16:980–93. doi: 10.2174/1574888X16666210302151823

 92. Bhartiya D, Singh P, Sharma D, Kaushik A. Very small embryonic-like stem cells (VSELs) regenerate whereas mesenchymal stromal cells (MSCs) rejuvenate diseased reproductive tissues. Stem Cell Rev Rep. (2021) 1–10. doi: 10.1007/s12015-021-10243-6

 93. Shareghi-Oskoue O, Aghebati-Maleki L, Yousefi M. Transplantation of human umbilical cord mesenchymal stem cells to treat premature ovarian failure. Stem Cell Res Ther. (2021) 12:454. doi: 10.1186/s13287-021-02529-w

 94. Zhang Q, Bu S, Sun J, Xu M, Yao X, He K, et al. Paracrine effects of human amniotic epithelial cells protect against chemotherapy-induced ovarian damage. Stem Cell Res Ther. (2017) 8:270. doi: 10.1186/s13287-017-0721-0

 95. Wang Z, Wang Y, Yang T, Li J, Yang X. Study of the reparative effects of menstrual-derived stem cells on premature ovarian failure in mice. Stem Cell Res Ther. (2017) 8:11. doi: 10.1186/s13287-016-0458-1

 96. Yang Y, Lei L, Wang S, Sheng X, Yan G, Xu L, et al. Transplantation of umbilical cord-derived mesenchymal stem cells on a collagen scaffold improves ovarian function in a premature ovarian failure model of mice. In Vitro Cell Dev Biol Anim. (2019) 55:302–11. doi: 10.1007/s11626-019-00337-4

 97. Shahri PAK, Chiti MC, Amorim CA. Isolation and characterization of the human ovarian cell population for transplantation into an artificial ovary. Anim Reprod. (2020) 16:39–44. doi: 10.21451/1984-3143-AR2018-0140

 98. Nilsson EE, Skinner MK. Bone morphogenetic protein-4 acts as an ovarian follicle survival factor and promotes primordial follicle development. Biol Reprod. (2003) 69:1265–72. doi: 10.1095/biolreprod.103.018671

 99. Soares M, Sahrari K, Chiti MC, Amorim CA, Ambroise J, Donnez J, et al. The best source of isolated stromal cells for the artificial ovary: medulla or cortex, cryopreserved or fresh? Hum Reprod. (2015) 30:1589–98. doi: 10.1093/humrep/dev101

 100. Dath C, Dethy A, Van Langendonckt A, Van Eyck AS, Amorim CA, Luyckx V, et al. Endothelial cells are essential for ovarian stromal tissue restructuring after xenotransplantation of isolated ovarian stromal cells. Hum Reprod. (2011) 26:1431–9. doi: 10.1093/humrep/der073

 101. Park BW, Pan B, Toms D, Huynh E, Byun JH, Lee YM, et al. Ovarian-cell-like cells from skin stem cells restored estradiol production and estrus cycling in ovariectomized mice. Stem Cells Dev. (2014) 23:1647–58. doi: 10.1089/scd.2014.0029

 102. Shikanov A, Zhang Z, Xu M, Smith RM, Rajan A, Woodruff TK, et al. Fibrin encapsulation and vascular endothelial growth factor delivery promotes ovarian graft survival in mice. Tissue Eng Part A. (2011) 17:3095–104. doi: 10.1089/ten.tea.2011.0204

 103. Gao JM, Yan J, Li R, Li M, Yan LY, Wang TR, et al. Improvement in the quality of heterotopic allotransplanted mouse ovarian tissues with basic fibroblast growth factor and fibrin hydrogel. Hum Reprod. (2013) 28:2784–93. doi: 10.1093/humrep/det296

 104. Soleimani R, Heytens E, Oktay K. Enhancement of neoangiogenesis and follicle survival by sphingosine-1-phosphate in human ovarian tissue xenotransplants. PLoS ONE. (2011) 6:e19475. doi: 10.1371/journal.pone.0019475

 105. Ladanyi C, Mor A, Christianson MS, Dhillon N, Segars JH. Recent advances in the field of ovarian tissue cryopreservation and opportunities for research. J Assist Reprod Genet. (2017) 34:709–22. doi: 10.1007/s10815-017-0899-1

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 Chen, Torres-de la Roche, Kahlert, Isachenko, Huang, Hennefründ, Yan, Chen, Shi and Li. 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.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Artificial Ovary for Young Female Breast Cancer Patients



		Introduction



		Risks on Ovarian Function During the Treatment of BC



		Strategies for Fertility Preservation



		Medical Gonadoprotection



		Oocyte–Embryo Cryopreservation in Patients With BC



		Ovarian Tissue Cryopreservation



		Artificial Ovary



		Management for Creating a Safe Artificial Ovary



		Management for Creating a Functional Artificial Ovary



		Design a Suitable Scaffold for Artificial Ovary







		Additives for Transplantable and Functional Artificial Ovary



		Stem Cells for Generating New Oocytes in Artificial Ovary



		Induced Pluripotent Stem Cells and Embryonic Stem Cells









		Ovarian Cell for Functional Artificial Ovary



		Factors for Supporting the Artificial Ovary







		Conclusion and Future Endeavors



		Author Contributions



		Funding



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Artificial Ovary for Young Female
Breast Cancer Patients





OPS/images/fmed-09-837022-g001.gif
A

"

..
m Oom o,
Dm

N









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





