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Abstract

:

Background: Over the past decades, advancements in oncological treatments have led to major improvements in survival. Particularly for adolescents and young adults (AYAs), fertility is an important concern in cancer survivorship. The purpose of the review is to provide physicians with a practical overview of the current knowledge about the impact of systemic oncological treatments on the fertility of female and male AYAs. Methods: A systematic review was performed based on relevant articles obtained from 4 databases up until 31 December 2022. Results: The mechanisms of gonadotoxicity and the concurrent risk is described for the following categories: chemotherapy, targeted therapy and immunotherapy. For the category “chemotherapy”, the specific effects and risks are listed for the different classes and individual chemotherapeutics. In the category “targeted therapy”, a distinction was made between tyrosine kinase inhibitors (TKIs) and monoclonal antibodies. Information concerning immunotherapy is scarce. Conclusions: The effects of chemotherapy on fertility are well investigated, but even in this category, results can be conflicting. Insufficient data are available on the fertility effects of targeted therapy and immunotherapy to draw definitive conclusions. More research is needed for these therapies and their evolving role in treating cancers in AYAs. It would be useful to include fertility endpoints in clinical trials that evaluate new and existing oncological treatments.
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1. Introduction


Cancer in adolescents and young adults (AYAs) is defined by the National Cancer Institute and by the working group of the European Society for Medical Oncology (ESMO) and the European Society for Paediatric Oncology (SIOPE) as diagnoses occurring among those aged between 15 and 39 years [1,2]. In 2019, 1,335,100 new malignancies were diagnosed in AYA patients worldwide, with an incidence of 45 per 100,000 people [3]. The most common malignancies in AYAs (>90% of cases) are leukaemias, lymphomas, sarcomas, melanoma, breast cancer, testicular cancer, colorectal cancer, thyroid cancer and brain tumours. In the last few years, there has been increasing awareness of the specific needs of AYAs with cancer. One of those needs is fertility, which is also depicted as one of the thirteen key challenges in AYA cancer care proposed by the ESMO-SIOPE working group [1].



As treatments for malignancies become increasingly successful and survival rates for many types of cancer improve, although, at a slower pace in AYAs, more and more cancer patients become cancer survivors [4]. Specifically for AYAs, fertility is an important part of the quality of life in cancer survivorship [5,6]. Possible long-term adverse effects of standard cancer treatments such as surgery, radiotherapy and systemic therapy on fertility are temporary or permanent impaired gonadal function and infertility.



The field of systemic cancer therapy is continuously evolving, and next to classic cytotoxic chemotherapy, targeted therapy and immunotherapy have become increasingly incorporated into the standard of care. The impact of chemotherapeutic agents on fertility is best described in the literature, comprising varying degrees of gonadotoxicity depending on the mechanism of action, dose and length of treatment, and age of the patient at the time of treatment. For other systemic cancer treatments, the harmful effects on fertility are less known [7,8,9].



Due to gonadotoxic treatment, primary ovarian insufficiency (POI) can occur as a long-term effect of anti-cancer treatment. POI is defined as the loss of normal ovarian function before a woman reaches the age of 40. It is characterized by secondary amenorrhea due to hypergonadotropic hypogonadism. Other symptoms of POI are caused by estrogen deficiency, for example, hot flashes, sweating at night, mood swings/disorders, sleep disorders, lack of concentration, arthralgia and reduced sexual function. It is also associated with loss of bone mineral density and a higher risk of cardiovascular events [10].



Patients should be well-informed about gonadal function and fertility before and after treatment and offered different strategies for fertility and fertility preservation [7,8,11,12]. In this regard, physicians need to be educated about reproductive health, the effects of systemic therapies on fertility and quality of life, and fertility preservation strategies. Therefore, the purpose of the review is to provide the physician with a practical overview of the current knowledge about the impact of systemic oncological treatments on the fertility of female and male adolescents and young adults.




2. Materials and Methods


This systemic review is based on a literature search in 4 databases, including PubMed, Embase, Google Scholar and Web of Science. Articles published in English until 31 December 2022 were considered. This manuscript also includes articles from decades ago because of their lasting relevance up to now.



The population of interest consists of adolescents and young adults, defined in this review as ‘people between 15 and 39 years old at cancer diagnosis’. Therefore, all articles about patients of this age were included. Articles in which some patients did not fit these specific age limitations, but others did not, were also included. When the age was not specifically mentioned, but it could be assumed from the wording that the article was about AYAs, these articles were also included. When selecting specific types of treatment and treatment schedules, special attention was given to treatments for cancer types specific to the above-mentioned population. Regarding immunotherapy, this review focuses on immune checkpoint inhibitors because these are widely used in current clinical practice compared with other treatments, such as CAR-T cell therapy, tumour-infiltrating lymphocytes or cancer vaccines. Animal studies were excluded. Preclinical studies were only considered when focussing on human patients. Review articles were only included if they contained extra relevant information compared with the original articles.



The search terms were ‘chemotherapy/targeted therapy/immunotherapy/monoclonal antibodies/tyrosine kinase inhibitors’ and/or ‘cancer’ and/or ‘cancer treatment’ and/or ‘(onco)fertility’ and/or ‘guidelines’ and/or ‘reproductive health’ and/or ‘gonadotoxic effects’ and/or ‘gonadal function (evaluation)’ and/or ‘semen analysis’ and/or ‘fertility damage’ and/or ‘side effects’ and/or ‘gonadotoxic impact’ and/or ‘adolescents and young adults/AYA’.



Articles that fit the aforementioned criteria were considered for inclusion. If an article did not provide the right focus, it was excluded. The article search is illustrated in the PRISMA flowchart (Figure 1). The review was performed by 3 researchers.



This review is registered in the PROSPERO registry under number 409256.




3. Results


3.1. Women


3.1.1. Folliculogenesis and Measuring Gonadal Function


At birth, the ovaries have about 1 to 2 million oocytes forming the ovarian reserve, of which only 300 will reach maturity during reproductive life. The oocyte count progressively decreases until menopause [13,14]. The follicles are the functional unit of the ovaries where the oocyte matures and is surrounded by granulosa and theca cells [14]. There are two major phases of folliculogenesis: the preantral period, which is gonadotropin-sensitive, and the antral period, which is gonadotropin-dependent and occurs after puberty. In the antral stage, most follicles undergo apoptosis. Only a few continue to grow to the preovulatory stage [15].



The ovarian reserve determines a woman’s fertility potential, both for spontaneous conception and pregnancy, through assisted reproduction techniques. Several markers are used to estimate ovarian reserve, such as anti-Müllerian hormone (AMH) levels [13,16] and antral follicle count (AFC) [13]. Other markers for evaluation of ovarian function include the incidence of amenorrhea, gonadotropin levels and estradiol levels. AMH is a hormone secreted by granulosa cells and is involved in regulating primordial follicle recruitment. The main source of AMH is the pool of preantral and small antral follicles present in the ovaries. The AMH blood level represents the ovarian follicular pool and is a useful quantitative marker of ovarian reserve [17]. There may be a correlation between AMH levels before gonadotoxic treatment and subsequent ovarian reserve, but the relation to reproductive capacity after treatment remains controversial [13]. The AFC is measured by transvaginal ultrasound in the early follicular phase [17]. Furthermore, the incidence of amenorrhea is often reported as a surrogate marker for ovarian reserve [17]. FSH can also be used as a marker of gonadal function, as it is elevated when there is a loss of ovarian function. Preferably, FSH is measured at the beginning of the menstrual cycle in the early follicular phase [17]. At last, LH and estradiol can also be used to monitor ovarian function and reserve [18].



In general, gonadotoxicity is expressed as the risk of developing permanent amenorrhea. It is divided into three classes: high risk, intermediate risk and low to very low risk, with a chance of permanent amenorrhea of more than 80%, 20–80% and less than 20%, respectively [13].




3.1.2. Mechanisms of Gonadotoxicity


Chemotherapy


The impact of chemotherapy on fertility has been known and reported since the 1970s [19]. More recent studies found that women are 13–38% less likely to become pregnant after a cancer diagnosis and treatment with chemotherapy compared with the general population [20,21]. Chemotherapy can lead to early irreversible oocyte depletion, varying from a reduced number of follicles to complete absence. The degree of ovarian damage greatly varies depending on drug exposure (type of drug and cumulative dose of chemotherapy), gonadal reserve before treatment and patient age [22,23]. Determining the ovarian impairment of individual antitumor drugs is difficult as, in practice, most chemotherapy regimens consist of multiple drugs [24].



Chemotherapeutic agents act through different mechanisms in the ovary (Figure 2). Some act in a cell-cycle-dependent way (for example, antimetabolites), while others are not dependent on cell division (for example, alkylating agents, anthracyclines and platinum agents). Both oocyte and granulosa cells can be damaged by chemotherapy, and there are hypotheses that even the primordial follicles are targeted [17]. This impact on the ovaries can be distinguished into short-term and long-term effects.



The short-term effects are responsible for the loss of growing follicles and cause amenorrhea soon after the beginning of chemotherapy [15,17,23,25,26]. Short-term effects are caused by DNA alterations in oocytes and/or mitotic cells and stromal injury. First, double-stranded breaks are the most severe DNA lesions caused by cytotoxic agents resulting in follicle death by apoptosis. For example, alkylating agents and anthracyclines induce double-stranded breaks in the DNA of growing follicles [17]. Platinum-based compounds bind to DNA and form DNA cross-links leading to DNA breakage during replication and, eventually, follicular apoptosis [17,27]. Taxanes inhibit microtubule formation and spindle function in mature oocytes, affecting short-term reproductive potential [27]. Antimetabolites cause inhibition of DNA, RNA, thymidylate and purine synthesis of growing follicles, but they do not affect primordial follicles [17,28]. Anthracyclines are reported to induce oxidative stress in oocytes, resulting in mitochondrial dysfunction and further cellular damage [24,29]. Second, all classes of chemotherapeutic agents target mitotic cells, such as granulosa cells, and can alter follicle development of growing follicles [17]. Third, both alkylating and nonalkylating drugs affect ovarian stromal function, leading to a substantial decrease in estradiol production [24].



The long-term effects are responsible for the loss of ovarian reserve and subsequent POI and infertility [15]. Chemotherapy treatment can result in significant loss of ovarian reserve, and because the ovarian reserve decreases with age, the risk of POI increases in older women [13,17,18,25,29,30,31,32,33]. Goodwin et al. reported a 15–30% chance of POI in breast cancer patients under 35 years of age compared with 50% in women above 40 years old [34]. An important remark regarding ovarian ageing is that not only the quantity of oocytes decreases with age but also the oocyte quality [23]. Long-term effects are caused by permanent damage to the ovaries through primordial follicle death or depletion and vascular injury, fibrosis or stromal damage [18,29].



First, the loss of primordial follicles can be caused by direct DNA alterations or by accelerated recruitment. For alkylating agents and anthracyclines, DNA alterations and double-stranded breaks can lead to apoptosis of primordial follicles. Although, some follicles will be able to repair DNA damage and survive. In the case of platinum-based compounds, there seems to be no direct toxicity in primordial follicles [17]. Another existing hypothesis for primordial follicle depletion suggests that chemotherapy (such as alkylating agents and platinum-based compounds) accelerates the recruitment of dormant follicles in an attempt to replace the damaged follicles, causing a “burn-out” effect [10,13,17]. Primordial follicles develop into more fragile primary or secondary follicles, giving the ovaries a second hit when further chemotherapy treatment is administered [35]. Recruitment of primordial follicles would be induced by the activation of the phosphoinositide 3-kinase (PI3K) signalling pathway, whose role in follicle quiescence has been well-established. This pathway is activated in response to a reduction of AMH secretion following follicle apoptosis [15]. Interestingly, some chemotherapeutic agents that induce the death of growing follicles, for example, antimetabolites and, therefore, loss of inhibition of follicle recruitment, are not shown to deplete ovarian reserve [29].



Second, vascular injury, fibrosis and stromal damage through chemotherapy-induced ischemia and inflammation can indirectly affect ovarian endocrine function [24,29]. Ovarian vascular injury, as seen after treatment with vinca alkaloids, can be an indirect reason why the follicle count lowers. Vinca alkaloids inhibit tubulin polymerization and cause disruption of microtubules during mitosis [17,24]. This suppression of microtubule dynamics leads to vascular impairment and fibrosis, contributing to ovarian failure. Ovarian vascular injury is also described for other chemotherapeutics, such as alkylating agents [24].




Targeted Therapy


Over the past few decades, personalized medicine, based on the underlying molecular and genetic characteristics of the tumour, has made its way into cancer treatment. These targeted therapies have not only improved the overall survival of oncology patients but also generally have less toxicity compared with conventional chemotherapy [36]. The literature on potential fertility-related side effects is sparse, but this manuscript offers some insight into the potential gonadal effects of these treatments [37].



	
Monoclonal antibodies






Monoclonal antibodies against human epidermal growth factor receptor 2 (HER2; also known as ErbB2), e.g., trastuzumab and pertuzumab, are widely used in HER2-positive breast cancer and more recently also in other HER2-positive cancer types such as gastro-intestinal tumours [38,39,40]. The literature does not provide much information about the mechanisms of possible adverse ovarian side effects of monoclonal antibodies. The epidermal growth factor (EGF) signalling pathway plays an important role in the complex signalling network that regulates oocyte maturation and ovulation by transmitting the LH signal from the periphery to the follicle. HER2 (ErbB2) has no known ligand; however, it is a dimerisation partner for other ErbB receptors, including the EGF receptor (EGFR, also known as ErbB1). HER2 blockade could theoretically affect the rate of ovarian follicle activation and subsequent follicle growth [41].



	
Tyrosine kinase inhibitors






Tyrosine kinase inhibitors (TKIs) are a class of small molecule targeted therapy inhibiting cell signalling by blocking cell surface tyrosine kinase receptor phosphorylation. As many of these tyrosine kinases and receptors are involved in regulating oogenesis, primordial follicle activation, folliculogenesis and corpus luteum formation, inhibiting them may hamper normal ovarian function. The best-described tyrosine kinases and receptors that play a role in ovarian function are tyrosine-protein kinase (c-KIT), platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) [28,37].



Targeting the c-KIT receptor, expressed on the ovarian surface, leads to the inhibition of cell proliferation and apoptosis. PDGFR-a is found on primordial follicles, and TKIs that block the PDGFR-a receptor disrupt follicular development resulting in a decrease in total follicle count. These effects are reversible, and there are reports of women conceiving while on TKI, indicating that at least some gonadal function is preserved [42]. Although angiogenesis plays an important role in the development of gonads, preclinical studies found that TKIs with antiangiogenic activity (such as sorafenib, pazopanib or sunitinib) only have moderate effects on female fertility [13].



Another potential mechanism of indirect interference with normal ovarian function is the possible effect of TKIs on endocrine function, in particular, thyroid dysregulation, as this is associated with adverse fertility outcomes [28,43]. Inhibition of VEGF and EGFR may disrupt prolactin secretion and hypothalamic–pituitary–ovarian axis functioning [37].



Bussies et al. add, however, that kinase inhibitors that target mTOR (mammalian target of rapamycin complex 1) or the BCR-ABL (breakpoint cluster region-abelson) fusion protein seem to be protecting the ovarian reserve in patients undergoing chemotherapy. Inhibition of mTOR appears to temporarily halt ovarian cell activation making them less vulnerable to the toxic effect of chemotherapy [37].



The effects of TKIs on ovarian function seem to be reversible after treatment interruption, but an optimal wash-out period is unclear [42]. Interestingly, there are some hypotheses that the ovaries may be able to compensate for these inhibitory effects through the activation of alternative signalling pathways [37].



	
Other






Poly ADP-ribose polymerase (PARP) inhibitors are used in BRCA-mutated cancers and interfere with DNA damage repair as PARP enzymes repair single-strand DNA breaks. It is possible that PARP inhibition causes loss of primordial follicles due to loss of DNA repair and therefore impairs fertility [28].



Proteasome inhibitors, matrix metalloproteinases, heat shock protein inhibitors, and promotors of apoptosis are relatively new classes of small molecule inhibitors. The potential effects of these agents on the female reproductive system are not described [37].




Immunotherapy


The discovery of immunotherapy with immune checkpoint inhibitors (ICI) has improved the survival of oncology patients, both in metastatic and adjuvant settings [44]. ICIs are agents that block immune checkpoint proteins, such as programmed death-1 (PD1), programmed death ligand-1 (PDL1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4). Today, they are incorporated into the standard treatment of several malignancies, such as melanoma and triple-negative breast cancer [45,46]. The mechanism of action relies on releasing the brake on the immune system, which initiates and enhances the antitumor immune response [47]. ICIs in the adjuvant setting significantly reduce the risk of relapse, and in the metastatic setting, complete responses are described [48,49]. These favourable outcomes inevitably affect the patient’s perspective and desire for family planning. Despite the rapid expansion of indications for treatment with ICI, very little data are available to date on the effect of these drugs on fertility [50,51,52].



Inherent to treatment with ICI are immune-related adverse events (irAEs), which can affect basically any organ, including the endocrine system [53]. Endocrine immune-related adverse events, such as hypothyroidism or hypophysitis, are well-described, potentially leading to ovarian insufficiency by reducing gonadotropin secretion [13,22,28,31,37,54]. Next to the possible endocrine side effects, Alesi et al. describe the hypothesis that immunotherapy may have an impact on fertility by altering circulating immune cells, for example, macrophages, T-lymphocytes, mast cells and neutrophils and elevation of cytokines, such as tumour necrosis factor α and interleukin 1 [28]. However, the mechanisms behind this hypothesis are not fully understood.





3.1.3. Gonadotoxic Effect of Systemic Oncological Treatments


Chemotherapy


The following sections describe the gonadotoxic effects of each class of chemotherapy. Table 1 shows the different agents of chemotherapy and summarises their associated risk of female gonadotoxicity.



	
Alkylating agents






Alkylating agents (such as cyclophosphamide, ifosfamide, melphalan and busulfan) significantly contribute to POI and infertility and are considered to be the most gonadotoxic chemotherapeutics [61]. Their toxicity is dose-dependent, and even at very low doses, detrimental effects on ovarian function have been described [23]. There is also a relationship between dose, age and gonadotoxicity: a lower dose at an older age can cause gonadotoxicity at a more rapid pace than a slightly higher dose at a younger age [18]. In general, regimens containing alkylating agents resulted in lower AMH levels and less recovery of AMH post-treatment than in regimens without alkylating agents [16].



Van den Berg et al. report that the risk of fertility impairment is related to the cyclophosphamide equivalent dose (CED) score, expressing the total alkylating agent exposure. This score reflects the clear dose-effect relationship with alkylating-containing regimens and survivors with a CED score below 7121 mg/m2 did not seem to be at significantly increased risk of fertility impairment. Results of this analysis in female childhood and AYA cancer survivors showed that cumulative doses of the following treatments were significantly associated with fertility impairment: busulfan (any dose), carmustine, cyclophosphamide, melphalan (>140 mg/m2) and procarbazine (>5600 mg/m2) [62].



In early breast cancer, cyclophosphamide is one of the cornerstone chemotherapeutics [63]. Patients with cyclophosphamide-containing regimens have a significantly higher risk of POI compared with those without, and the chance of amenorrhea is twice as high [64]. The highest risk of amenorrhea (>80%) is described for CMF, CEF, CAF and TAC for six cycles in women older than 40 years. The same regimens in women between 30 and 39 years old have an intermediate risk of amenorrhea (40–60%) and a low risk (<20%) in women younger than 30 years. Patients treated with four cycles of AC or EC have an intermediate risk for amenorrhea (40–60%) when aged above 40 years old and a low risk (<20%) when they are younger than 40 years [60]. A large analysis of breast cancer patients treated with alkylating agents (specifically with the regimen CMF), including more than 2500 women, reported a risk of treatment-related amenorrhea (TRA) of 40% for women ≤40 years of age and 76% for women ≥41 years of age [65]. Another study in premenopausal breast cancer patients treated with CMF reported amenorrhea in 61% of women younger than 40 years and 95% of women older than 40 years [66]. The median onset time of TRA has been reported to be 6–16 months in women younger than 40 years and 2–4 months in women older than 40 years [22]. So, in older women, amenorrhea occurs at a shorter interval after chemotherapy initiation. In addition, amenorrhea is more likely to be irreversible [14]. Other cyclophosphamide-containing regimens for breast cancer, such as CEF and CAF, are reportedly even more gonadotoxic, with rates of amenorrhea at 1 year of 40–50% in women younger than 40 years old and rates of 90–100% in women older than 40 years old [67]. In breast cancer patients, the trend is to modify the chemotherapy regimens by reducing cyclophosphamide as much as possible in order to result in less gonadotoxicity [23]. The NSABP B-30 trial compared combinations of doxorubicin 50 mg/m2 (A), docetaxel 75 mg/m2 (T) and cyclophosphamide 500 mg/m2 (C). They reported amenorrhea rates at 12 months of 37.9% for AT, 57.7% for TAC and 69.8% for AC, followed by T [68]. The more modern anthracycline-based regimens usually combine a lower dose of cyclophosphamide with anthracyclines, reducing the risk of POI [31]. Dose-dense schedules do not seem to increase the risk of TRA [25].



In female non-Hodgkin’s lymphoma patients treated with five to six cycles of CHOP, 63% had the return of menstrual cycles 3 months after completing treatment [69]. Others report >90% menses recovery for patients between 30–45 years treated with rituximab and CHOP [32]. To conclude, the risk of permanent ovarian failure is low when using less than six cycles of CHOP [58]. BEACOPP, the escalated regimen for Hodgkin’s lymphoma patients, is associated with irreversible infertility [54]. Menses recovery was seen in 82% of female patients younger than 30 years old treated with six to eight cycles of BEACOPP, but only in 45% of women between 30 and 45 years old [70]. A longitudinal study including 66 female patients reported significant decreases in AMH levels for patients treated with BEACOPP, but there was no relation with the number of cycles [55].



	
Anthracyclines






Anthracyclines are classified as chemotherapeutic agents with low to intermediate gonadotoxic risk and are widely used in breast cancer, lymphoma and sarcoma treatment [63,71].



Modern breast cancer chemotherapy regimens include anthracyclines. However, their role continues to evolve, mainly due to the risk of cardiotoxicity and secondary leukaemias [31]. The effects of anthracyclines alone on fertility are unknown, but there is a low to intermediate risk of TRA for anthracycline-containing regimens, such as AC or EC, due to lower cumulative doses of cyclophosphamide [31]. The CALGB trial, in which premenopausal breast cancer patients were treated with six cycles of CAF with different doses of doxorubicin, reported an amenorrhea rate of 51%, but they did not observe an association with dose intensity [72]. In parallel, Venturini et al. reported amenorrhea rates of 64% in breast cancer patients treated with CEF, independently of dose-dense scheduling [73]. In addition, Lambertini et al. did not observe an increased risk of TRA with dose-dense chemotherapy, but they did report a significantly improved overall survival [74]. These studies support the hypothesis that dose-dense scheduling does not increase the risk of amenorrhea. Another study using three to six cycles of CEF with increasing doses of epirubicin (50 mg/m2, 75 mg/m2 or 100 mg/m2) did report a relationship between cumulative dose (less than 300 mg/m2, 300–450 mg/m2 and greater than 450 mg/m2) and amenorrhea rates. They reported that in these three treatment groups, 52%, 58%, and 69% of women experienced amenorrhea [22].



Early-stage Hodgkin’s lymphoma can be treated with ABVD (doxorubicin, bleomycin, vinblastine and dacarbazine) [71]. A small study in women treated with ABVD and radiotherapy showed transient amenorrhea in 33% of women under 45 years of age. In women younger than 25 years old, there was no ovarian failure [75]. Behringer et al. report menses recovery in more than 90% of women between 30 and 45 years old after ABVD induction [70]. Recovery of AMH level after treatment with ABVD was complete after 1 year, according to Decanter and colleagues [76]. In general, ABVD treatment is not associated with a greater risk of premature menopause and, as shown in these studies, is considered a low-risk gonadotoxic treatment [13,58].



	
Taxanes






The addition of taxanes in treatment regimens for breast cancer allowed the lower total dose of anthracyclines because of the introduction of sequential regimens [63].



Martin et al. compared TAC with FAC as an adjuvant treatment for early node-positive breast cancer and demonstrated a superior overall survival for TAC. Unfortunately, TAC was associated with a higher rate of amenorrhea compared with FAC (61.7% versus 52.4%) [77]. In addition, Silva et al. [78] described a lower rate of menses recovery in women who received taxanes compared with those not exposed to this agent, and Lambertini et al. [79] found that the addition of taxanes to anthracycline-based chemotherapy increases the risk of TRA. Another study by the same research group observed no adverse reproductive health outcomes in two patients treated with weekly paclitaxel [30].



In more modern regimens, taxanes are given sequentially rather than concurrently with AC [63]. A small retrospective study of 159 premenopausal patients receiving adjuvant anthracycline-based chemotherapy did not observe a higher rate of amenorrhea in those treated with a sequential taxane compared with those not receiving a taxane [80]. In contrast, another retrospective study described a higher risk of permanent amenorrhea for patients treated with AC followed by T compared with AC alone. This risk was comparatively more pronounced in women above 40 years old [81]. To conclude, the gonadotoxic risk of taxanes is not well defined, and the results are conflicting.



	
Platinum agents






Platinum drugs appear to have a moderate risk of damaging the ovarian reserve [23]. A small retrospective study comparing AC-T with TC (docetaxel/carboplatin) in breast cancer patients reported a 13% risk for TRA in patients treated with TC compared with 51% in AC-T treatment [82]. Lambertini et al. reported a higher rate of TRA in HER2-positive patients treated with TCH (docetaxel/carboplatin/trastuzumab) compared with anthracycline-based therapy [79]. However, none of these studies determines the individual risk of platinum agents.



	
Antimetabolites






The use of methotrexate and 5-fluorouracil in breast cancer treatment regimens has not been associated with higher rates of amenorrhea [27]. Santaballa et al. describe no severe effects on fertility for treatment with 5-fluorouracil or capecitabine [13].




Targeted Therapy


	
Monoclonal antibodies






For trastuzumab, the risk of gonadotoxicity is considered to be low based on the following data. First, Morarji et al. [83] report a significantly higher serum AMH level in patients treated with chemotherapy and trastuzumab compared with chemotherapy alone. Second, a retrospective analysis of 431 premenopausal patients treated with anthracycline- and taxane-based chemotherapy +/− trastuzumab reported that the addition of trastuzumab did not alter the chance of menses recovery [22]. Third, a retrospective analysis of premenopausal breast cancer patients in the APT trial (Adjuvant Paclitaxel Trastuzumab trial) showed rates of amenorrhea in 28% of patients at 1 year. How much of this was driven by paclitaxel versus trastuzumab is unknown [84]. Fourth, an analysis of the ALTTO trial (Adjuvant Lapatinib and/or Trastuzumab Treatment Optimisation study, a phase III clinical trial of two targeted therapies for HER2-positive breast cancer) reported an incidence of amenorrhea of 72.1% for trastuzumab monotherapy, 72.1% for trastuzumab followed by lapatinib (oral anti-HER2 therapy), 74.8% in the trastuzumab plus lapatinib and 74.0% for the lapatinib monotherapy. There was no control arm without anti-HER2 therapy, and the rates of amenorrhea will be influenced by previous chemotherapy exposure. However, in the combination group, the amenorrhea rates do not differ from the monotherapy groups suggesting the safety of HER2-directed agents [79]. Last, Lambertini et al. recently published data from the NeoALTTO trial where patients with HER2-positive early breast cancer were treated with neo-adjuvant anti-HER2 therapy alone (trastuzumab and/or lapatinib) for 2 cycles (6 weeks total) and then together with weekly paclitaxel for 12 cycles. So, this study was able to identify the acute gonadal impact of anti-HER2 therapy without the influence of prior anthracycline/cyclophosphamide-based chemotherapy. They observed a small reduction in AMH levels during 2 weeks of anti-HER2 treatment alone and then a profound decline to almost undetectable levels in most patients after the addition of weekly paclitaxel. There was no difference between trastuzumab and lapatinib neither in the group with a double-HER2 blockade. This study does not provide information about the long-term effects on ovarian reserve [85]. There are no studies that assessed the impact of pertuzumab (HER2–HER3 blockade) or neratinib (an oral anti-HER2 drug) on fertility [22,25,31].



The ATEMPT trial compared adjuvant treatment in HER2-positive breast cancer with paclitaxel plus trastuzumab versus TDM-1 (ado-trastuzumab emtansine, an antibody–drug conjugant). In the TDM-1 group, 75% of premenopausal women had menses at 18 months compared with less than 50% in the control arm, suggesting a potential gonadal safety for TDM-1 [86].



About bevacizumab, a monoclonal antibody against VEGF used in cervical cancer and colon cancer [22], Lorenzi et al. mention transient amenorrhea (more than 3 months) and increased FSH. The long-term effects are unknown [87]. A trial by Allegra et al. reported an incidence of ovarian failure (defined as amenorrhea for ≥3 months with blood FSH levels ≥30 mIU/mL) of 34% when bevacizumab was administered and an incidence of 2% in the control group. Only 22% of women recovered ovarian function after treatment cessation [88].



Rituximab, a monoclonal antibody targeting the CD20 antigen, is widely used in haematological malignancies. The addition of rituximab to chemotherapy did not increase the risk of impaired ovarian function, especially in women younger than 40 years old [89].



	
Tyrosine kinase inhibitors






Regarding the fertility effects of imatinib (BCR-ABL tyrosine kinase inhibitor), results are scarce for women. There is only one case report of POI in chronic myeloid leukaemia (CML) patients receiving high-dose imatinib [90]. Bussies et al. found that imatinib induces oligomenorrhea [37]. Another report by Lorenzi et al. describes the lower ovarian response to GnRH stimulation for fertility preservation and also mentions increased FSH levels and lower AFC [87]. To conclude, the risk of imatinib is still uncertain. Data on other BCR-ABL tyrosine kinase inhibitors, nilotinib and dasatinib, suggest that they do not affect gonadal function [13]. Others conclude that there is not enough information about the effect of dasatinib on fertility [42].



Pazopanib (TKI with anti-angiogenic activity) was also found to induce oligomenorrhoea; however, discontinuation of treatment led to a return of regular menses within 2 months [91]. A clinical study for gefitinib (EGFR TKI) shows suppression of androgen levels in men and women, but there are no further data on the effect on fertility [13]. No clinical data are reported in women about crizotinib (ALK-receptor TKI), sorafenib (TKI with anti-angiogenic activity) and erlotinib (EGFR TKI) [13].



	
Others






Regarding BRAF-MEK inhibitors, protein kinase inhibitors used in BRAF-mutated melanoma, such as dabrafenib and trametinib, their impact on the fertility of women is unknown [22].



Olaparib, a PARP inhibitor, does not appear to interfere with fertility [22]. In addition, it does not seem to aggravate gonadotoxicity induced by chemotherapy [25].



The fertility effects of cyclin-dependent kinase (CDK) 4/6 inhibitors remain unknown. These are protein kinase inhibitors involved in cell cycle regulation [25,28].




Immunotherapy


There is no evidence for primary hypogonadism in women caused by immunotherapy [50]. In comparison, there are reports of hypophysitis that can cause secondary hypogonadism. These endocrine side effects are chronic and require hormonal replacement therapy. The rate of hypophysitis is 5.6% for ipilimumab (CTLA4-inhibitor), 0.5% for nivolumab (PD1-inhibitor), 1.1% for pembrolizumab (PD1-inhibitor) and 8.8–10% for the combination [92]. The frequency of potential isolated hypogonadotropic hypogonadism is unknown. Underestimation of immunotherapy-related hypogonadism is plausible as sex hormones are not routinely tested [50]. In addition, these endocrinological irAEs are more frequently reported in premenopausal women, with thus a higher risk of fertility problems secondary to treatment with ICI [93]. So far, there are no clinical studies evaluating the fertility risks of immunotherapy [28,50,54].






3.2. Men


3.2.1. Spermatogenesis and Measuring Gonadal Function


Spermatogenesis takes place in the seminiferous tubules of the testes, and the required time to develop mature spermatozoa is 74 days. This process begins in puberty and continues throughout adult life. The male primordial germ cells or spermatogonia are located in the seminiferous tubules and are mitotic cells up until they differentiate to initiate meiosis. When meiosis takes place, haploid spermatids are produced, and these differentiate further into spermatozoa. Subsequently, sperm maturation is completed in the epididymis. Sertoli cells, located in the seminiferous tubules supporting the germ cells, play an important role in promoting spermatogenesis in response to testosterone, secreted by Leydig cells and FSH [13].



Semen analysis is the cornerstone of male fertility assessment by evaluating sperm volume, sperm concentration, motility and morphology of the spermatozoids. The impact of systemic oncological therapies on spermatogenesis can vary between azoospermia (absence of sperm cells), oligozoospermia (decreased sperm concentration), asthenozoospermia (reduced sperm motility) or teratozoospermia (increased abnormal forms of sperm) [13]. When semen analysis is not available, gonadotropin (FSH and LH) levels, testosterone levels, and inhibin B can contribute to an indirect evaluation of fertility. The loss of germ cells leads to decreased secretion of inhibin B by the Sertoli cells and subsequently increases FSH levels, which are secreted by the pituitary gland. Inhibin B and FSH are thus part of a negative feedback loop on the hypothalamic–pituitary–gonadal axis [94].



In general, gonadotoxicity is expressed as the risk of developing prolonged azoospermia. It is divided into three classes: high risk, intermediate risk and low to very low risk, with a chance of prolonged azoospermia of more than 75–80%, 25–75% and less than 25%, respectively [13,58].




3.2.2. Mechanisms of Gonadotoxicity


Chemotherapy


Chemotherapy can cross the blood–testis barrier and is known to cause short-term and long-term harmful effects on male fertility [95]. About 25% of men with cancer diagnosis and treatment report fertility problems, ranging from mild oligozoospermia to persistent azoospermia [96,97]. The degree of gonadotoxicity depends on the primary semen parameters, the drug administration route and the type and cumulative dose of the administered chemotherapeutics. Infertility after chemotherapy exposure (Figure 3) can be the result of direct injury to germ cells or indirect damage to endocrine and paracrine control of somatic cells [98].



First, infertility can be caused by direct injury to germ cells, depending on the phase of spermatogenesis at the time of drug administration [99]. The proliferating type B spermatogonia are easily targeted by chemotherapy agents. In contrast, type A spermatogonia (spermatogonial stem cells) have only minimal mitotic activity and are, therefore, more resilient to chemotherapeutic agents [95]. Some sperm cells will be able to repair DNA damage and survive [99]. Similar to women, alkylating agents have the most detrimental effects on spermatogenesis. Cyclophosphamide and cisplatin cause DNA damage leading to cell death of spermatogonia, primary spermatocytes and spermatogonial stem cells. Apoptosis is the primary mechanism of cell death for cyclophosphamide, cisplatin, etoposide and vincristine. Doxorubicin also causes testicular damage by induction of necrosis or autophagy [99]. Next to sperm DNA damage or fragmentation, chemotherapy can cause genetic mutations, chromosome breakage and sperm aneuploidy [13]. These DNA changes can be long-lasting after chemotherapy, with some studies reporting abnormalities even 2 years after treatment, suggesting that the effects of cancer drugs on spermatogonial stem cells have a long-term impact [98].



Mature sperm cells are more resistant to chemotherapeutic depletion but highly sensitive to DNA damage because spermatids lack DNA repair mechanisms [13,95]. The greatest risk of genetic damage by alkylating agents starts on day one of treatment and lasts for at least one spermatogenic cycle (75 days) [13]. So, sperm DNA integrity can be affected after a single treatment [8]. For topoisomerase II inhibitors, the greatest damage occurs between 30 and 50 days after administration, as they act mainly on meiosis [13]. A time frame of 7–10 weeks has been described for nucleoside analogues, antimetabolites and bleomycin [99].



Second, impairment of somatic cells and endocrine or paracrine testicular functions can contribute to infertility. Data on the impact of chemotherapy on somatic cells in the testes are limited to Sertoli cells and Leydig cells. Macrophages also play a role in fertility, but their role in gonadotoxicity caused by chemotherapy is not investigated [98]. Sertoli cell dysfunction leads to decreased spermatogenesis and is associated with elevated FSH levels and a decrease in testicular volume due to germ cell depletion [13]. Chemotherapy-induced damage to Leydig cells can temporarily or permanently decrease testosterone production and is associated with elevated LH levels [13].



Next to Sertoli cell and Leydig cell dysfunction, interstitial fibrosis and reduced blood flow in the testis are described as a consequence of chemotherapy [98,99]. Another cause of testicular dysfunction is the oxidative and endoplasmic reticulum (ER) stress triggering testicular cell apoptosis [99]. Additionally, sperm mobility can be disturbed, as shown by an in vitro study performed on human sperm where doxorubicin and vincristine had a sperm-immobilizing activity [98].



Semen volume, sperm concentration, sperm motility and sperm viability are semen parameters that are affected by chemotherapeutic agents [99,100]. Changes in the histological structure of the seminiferous tubule and decreased testicular weight are also described. Some of those effects are reversible, mostly depending on the cumulative chemotherapy dose [98,99].




Targeted Therapy


As parallel for women, the c-KIT and PDGFR pathways are important for testis development, hormone production and spermatogenesis. Inhibition of these pathways by TKIs can result in decreased spermatogenesis. PDGFR is expressed by Leydig cells, and blocking the PDGFR pathway by treatment with imatinib can induce apoptosis of these cells, leading to lower testosterone concentrations [42]. Most case reports have shown that the overall effects of TKIs on male fertility are reversible. Second-generation TKIs may not cross the blood–testis barrier and therefore have minimal effects on male fertility or testosterone production [42]. Angiogenesis is crucial for gonadal development, but the influence of anti-angiogenic agents is unclear. Preclinical studies report only moderate gonadotoxic effects of TKIs with antiangiogenic activity (sunitinib, sorafenib or pazopanib) [13].




Immunotherapy


As for women, the risk of gonadotoxicity of ICIs in men remains unclear. IrAEs, such as hypothyroidism or hypophysitis, can cause decreased testosterone levels due to secondary hypogonadism [13]. Unlike women, some data suggest that ICIs can also cause primary hypogonadism in men [50].





3.2.3. Gonadotoxic Effect of Systemic Oncological Treatments


Chemotherapy


The following sections describe the gonadotoxic effects of each class of chemotherapy. Table 2 shows the different agents of chemotherapy and summarises their associated risk of male gonadotoxicity.



	
Alkylating agents






Alkylating agents have the most detrimental effects on fertility in a dose-dependent manner and are used in AYAs, for example, in sarcoma and lymphoma patients. Cyclophosphamide reduces sperm parameters (viability, motility and count), decreases testicular weight, and increases sperm abnormalities. In addition, it is associated with increased FSH levels, reduced inhibin B levels and reduced testosterone levels [99].



Sarcoma patients treated with a combination of cyclophosphamide, doxorubicin and dacarbazine with or without vincristine developed azoospermia within 4 months of therapy. Five years after finishing chemotherapy, 40% of patients had normal sperm parameters. The cumulative dose of cyclophosphamide was the major risk factor for gonadotoxicity, with only 10% recovering to normospermic levels when doses exceeded 7.5 g/m2 [101].



In non-Hodgkin’s lymphoma (NHL) patients treated with CHOP, 22% of men were found to be azoospermic 2 years after treatment [58]. Pallotti et al. reported that 90% of patients with first-line treatment for NHL will recover spermatogenesis. Most patients received R-CHOP in the first line [95]. Treatment with cyclophosphamide, doxorubicin, vincristine, prednisone and bleomycin (ACVBP) induces azoospermia in all treated patients. Seven years after treatment, two-thirds of patients regained normospermia [102].



In male Hodgkin’s lymphoma patients treated with BEACOPP, 89% will become azoospermic with higher levels of permanent azoospermia in patients who received 6–8 cycles compared with 2–4 cycles. When 2–4 cycles were used, spermatogenesis could return 3–4 years post-treatment [103]. BEACOPP is more gonadotoxic than ABVD, given the inclusion of alkylating agents in this scheme. Van der Kaaij et al. reported an FSH level recovery time of 18 months for recovery in 82% of men treated without alkylating agents, compared with 27 months for recovery in 30% of men treated with alkylating agents [104].



	
Platinum agents






Cisplatin is known to decrease sperm parameters and induce alterations of FSH, LH and testosterone. On top, it is associated with a decrease in testicular volume [99].



Platinum agents are the cornerstone of testicular cancer treatment. A study in patients with testicular cancer treated with cisplatin and/or carboplatin described an increase in sperm DNA alterations and aneuploidy at 12 and 24 months after treatment [99]. Santaballa et al. reported a declined pregnancy rate in female partners of male patients treated with bleomycin, etoposide and cisplatinum (BEP) [13]. In fact, one year after treatment, patients who have been treated with more than two BEP cycles displayed a lower total sperm count, whereas men treated with one or two BEP cycles had a normal sperm recovery after testicular cancer treatment [105]. Lampe et al. describe a study where 80% of patients treated with cisplatin for testicular cancer recovered spermatogenesis 5 years after treatment. The number of cycles was also found to be a risk factor for the non-recovery of normal sperm parameters [106].



	
Anthracyclines






Anthracyclines cause abnormalities in hormone levels and decrease sperm parameters [99]. In male Hodgkin’s lymphoma patients treated with ABVD, 40% had azoospermia at 6 months after therapy. At 6 and 12 months, FSH was raised compared with healthy controls. Two years after treatment, 57% of patients regained normal sperm parameters [103]. Others reported normospermia after 18 months [107].



	
Taxanes






As for women, data on the gonadotoxic effects of taxanes are limited. A study of male patients who received taxane-based chemotherapy showed reduced inhibin B levels and elevated FSH levels in all patients during chemotherapy. A significant number of patients had a reduction of testicular volume. No data are available on recovery after treatment [94].




Targeted Therapy


Some data are available on the fertility effects of imatinib. This BCR-ABL tyrosine kinase inhibitor reduces the total number of spermatogonia, but it does not affect spermatogenesis, suggesting that future fertility is preserved. For example, a study in CML patients treated with imatinib showed reduced sperm density, sperm counts, survival rates and activity, and it confirmed that imatinib crosses the blood–testis barrier. However, imatinib did not affect the structure of the testes or the sex hormone levels [108]. In addition, many case reports describe pregnancies in female partners of men treated with imatinib. Next to the impaired sperm counts, others describe a decrease in Leydig cell counts in 90% of patients and a reduction in free testosterone concentration in 73% of patients. This reduction in testosterone seems reversible [42]. For male partners looking to conceive, a washout period of 72 days is proposed to allow for sperm maturation [109]. Unlike in adults, there are case reports describing severe oligospermia in males treated with imatinib prior to puberty, suggesting an irreversible effect on fertility [42]. Nilotinib and dasatinib, second-generation BCR-ABL TKIs, do not pass the blood–testis barrier, and, therefore, they have minimal effects on fertility [42].



A clinical study for gefitinib (EGFR TKI) shows suppression of androgen levels in men and women, but there are no further data on the effect on fertility [13]. Clinical data on crizotinib are limited. One study found lower testosterone levels in men, and Loren et al. describe an association with hypogonadism [13,35]. The clinical effects of bosutinib (BCR-ABL TKI), erlotinib (EGFR TKI), rituximab, brentuximab-vedotin and TKIs with antiangiogenic activity (such as sunitinib, sorafenib and pazopanib) are unknown [13,42,54].




Immunotherapy


In contrast to women, there are some case reports and case series describing orchitis with primary hypogonadism in men treated with ICI [110,111]. A small retrospective analysis of testicular biopsies of patients treated with anti-PD1 and anti-CTLA4 showed impaired spermatogenesis in six out of seven (85%) patients with melanoma [112]. Another study analyzed sperm specimens from 22 patients treated with ICI and found normal results in 82% of patients [113]. Peters et al. found that treatment with anti-PD1 and/or anti-CTLA4 was associated with low testosterone levels in 69% of the 49 men studied [114]. A case report describes a normozoospermic man who developed azoospermia 2 years after treatment with anti-PD1 and anti-CTLA4 [115]. To conclude, ICIs might cause primary hypogonadism, but the incidence, extent and duration are unclear.



As for women, it is known that ICIs can cause hypophysitis, with the highest incidences for the combination of anti-PD1 and anti-CTLA4 [50]. One case of isolated hypogonadotropic hypogonadism has been described [116]. These endocrine side effects are mostly permanent. The frequency of isolated hypogonadotropic hypogonadism is unknown, and the diagnosis can be difficult because sex hormones are lacking in routine testing. In addition, the effect on fertility of these pituitary side effects remains uncertain [50]. At last, one study demonstrated that men treated with anti-PD1 showed a significant decrease in FSH levels from baseline to week 12. No significant differences were observed in LH or testosterone levels [117].







4. Discussion


This review aims to provide oncologists, reproductive endocrinologists and gynaecologists with a practical overview of the current knowledge about the impact of systemic oncological treatments on the fertility of female and male adolescents and young adults. For chemotherapy, the effects on fertility are well described, and it is known that alkylating agents have the most detrimental consequences for female and male fertility. Additionally, other classes of chemotherapy, such as anthracyclines and platinum agents, have an intermediate risk of prolonged amenorrhea in women and permanent azoospermia in men. In general, chemotherapy-induced gonadotoxicity is dose-dependent. For women, the risk of gonadotoxicity is also depending on gonadal reserve before treatment and patient age. Regarding the fertility effects of targeted therapy and immunotherapy, data are too limited to draw conclusions. The potential mechanisms are still under investigation, and there is an important lack of clinical data. Additionally, the effects of each TKI or ICI can be different, so results cannot be extrapolated, and every new treatment needs to be investigated on an individual basis.



Measuring the gonadal effect of oncologic treatments is difficult as several tests are available, but none have shown to be the absolute standard for measuring gonadotoxicity. In light of this, studies are heterogenic because of the lack of well-standardized outcomes and definitions of infertility. Some studies report hormonal outcomes, some report ultrasound measurements, and others report clinical outcomes such as loss of menses or azoospermia, which are surrogate measures of infertility. For women with treatment-related amenorrhea, it is important to know that even after the resumption of menses, they can still be at risk for POI. Therefore, it is important to distinguish between short- and long-term results, but studies often lack a prolonged follow-up.



Healthcare practitioners may experience difficulties estimating the fertility risk for their cancer patients because of the heterogeneity of study results, patient-specific factors and constantly evolving and heterogeneous treatment regimens. Despite the difficulties in assessing the risk, it is extremely important to adequately inform a patient about the risk of infertility and possible long-term health problems, such as POI. Husson et al. described the wide range of 17% to 83% of AYA patients with haematological malignancies that had a discussion about the potential impact of their treatment on fertility and the possibilities of fertility preservation before initiating treatment. Qualitative research also showed that AYAs reported unrealistic expectations and uncertainties regarding their reproductive potential after treatment which negatively impacted their quality of life [6]. These results show that healthcare practitioners should be more educated about reproductive health, the impact of oncological treatments on fertility, POI and the possible fertility preservation strategies to adequately inform and refer their patients to an oncofertility consultation program. Current options for female fertility preservation include oocyte, embryo or ovarian tissue cryopreservation [7,8,118]. For male patients, the standard of care is sperm cryopreservation [8,118].



Next to assessing and investigating the possible risk of oncological treatments, researchers are looking for possible preventive strategies for reducing chemotherapy-induced gonadotoxicity. One of the most controversial topics is the use of gonadotropin-releasing hormone analogues (GnRHa) for preventing POI. The hypothesis states that downregulation of FSH production can prevent the accelerated primordial follicle recruitment and thus prevent the second hit to the ovaries and preserve the ovarian reserve. Side effects of GnRHa are related to low estradiol levels [31,119]. Data are contradictory with the benefit for ovarian reserve in women with breast cancer, but no effect was shown in lymphoma patients [35]. ESHRE (European Society of Human Reproduction and Embryology) guidelines mention that GnRHa can be considered in premenopausal breast cancer patients for ovarian function protection, but this strategy should not be considered to replace other fertility preservation techniques [7].



Other fertoprotective agents under investigation in women are TKIs, such as imatinib, mTOR inhibitors, G-CSF, anti-oxidants, tamoxifen and Sphingosine-1-phosphate [120]. Some protectants (e.g., multidrug resistance gene 1) are designed to reduce drug delivery to the ovary. Others (e.g., TKI and mTOR inhibitors) protect against ovarian follicle death or vascular injury (e.g., G-CSF). Currently, there is not much focus on preventing stromal damage, although the stromal’s functioning is vital to follicle health. Of course, it is important that these agents will not interfere with anti-cancer treatments. On imatinib, data on the efficacy against cisplatin-induced damage have been conflicting, with some studies finding protective effects and others finding either no evidence of protection or even harmful effects [120,121]. A possible explanation for these contradictory results could be that imatinib can target multiple tyrosine kinase signalling pathways that play a regulatory role in the ovary. Only a few of these fertoprotectants are studied in human ovarian tissue, including tamoxifen and Sphingosine-1-phosphate, both aiming to prevent the loss of primordial follicles [120]. There may also be a role for DNA repair agents to enhance DNA repair in primordial follicle oocytes, making them more resistant to chemotherapy-induced death and leading to fertility preservation and prevention of ovarian ageing [29]. BRCA 1 and 2 are tumour-suppressor genes playing an essential role in homologous DNA recombination and double-strand DNA break repair. Studies showed that women with BRCA mutations, whose oocytes are deficient in double-strand DNA break repair, exhibit accelerated ovarian ageing and are more likely to suffer from POI after chemotherapy [29,122]. Such protectants are of huge interest not only to preserve fertility but also to enable women to maintain endocrine function and avoid the adverse health effects of POI.




5. Conclusions


Fertility preservation in AYAs with cancer is one of the major issues when dealing with the long-term sequellae of cancer treatment. Timely referrals to oncofertility services to maximize the quality of life of young cancer patients are of utmost importance, and it is essential for physicians to be well-informed about the impact of oncological treatments on gonadal function and fertility, as well as the different fertility preservation techniques. This review provides physicians with a practical overview of the current knowledge about the impact of systemic oncological treatments on the fertility of female and male AYAs, including targeted therapy and immunotherapy. While the effects of chemotherapy on fertility are meanwhile fairly understood, insufficient data are available on the fertility effects of targeted therapy and immunotherapy.



This work also underlines the need to further explore the possible harmful effects of systemic oncological treatments on fertility. This unmet need will become increasingly important given the continuously evolving treatment regimens, for example, the introduction of ICIs in the (neo-)adjuvant oncological setting. In this regard, it would be useful to include uniform fertility outcomes as subanalyses in future clinical trials investigating new and existing treatments to determine the long-term fertility effects. Moreover, it would be of great value to track the application and outcomes of fertility preservation strategies in (inter)national registries. Additionally, data relating to AYA patients remain scarce as they are often underrepresented in clinical trials. Not only to make progress in the treatment and survival of their oncological disease but also regarding the topic of fertility, special attention needs to be given to the inclusion of AYAs in future research.
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Figure 1. PRISMA 2020 flow diagram for systematic reviews. 
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Figure 2. Mechanisms of gonadotoxicity of chemotherapy in women. 
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Figure 3. Mechanisms of gonadotoxicity of chemotherapy in men. 
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Table 1. Gonadotoxic risk associated with chemotherapy agents in women [13,14,15,17,18,22,23,24,25,27,54,55,56,57,58,59,60]. This table contains examples and is not a complete list.
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	High Risk

(>80%)
	Intermediate Risk (20–80%)
	Low/Very Low Risk (<20%)
	Unknown Risk





	Alkylating Agents
	
	
	
	



	    Cyclophosphamide
	✓
	
	
	



	    Carmustine
	✓
	
	
	



	    Ifosfamide
	✓
	
	
	



	    Busulfan
	✓
	
	
	



	    Chlorambucil
	✓
	
	
	



	    Melphalan
	✓
	
	
	



	    Procarbazine
	✓
	
	
	



	    Nitrogen mustard
	✓
	
	
	



	Antimetabolites
	
	
	
	



	    Cytarabine
	
	✓
	✓
	



	    Methotrexate
	
	
	✓
	



	    Mercaptopurine
	
	
	✓
	



	    Fluorouracil
	
	
	✓
	



	    Gemcitabine
	
	
	✓
	



	Antimitotic Cytostatics
	
	
	
	



	    Vinblastine
	
	✓
	✓
	



	    Vincristine
	
	
	✓
	



	    Taxanes
	
	✓
	
	✓



	Anti-tumor Antibiotics
	
	
	
	



	    Bleomycin
	
	
	✓
	✓



	    Dactinomycin
	
	
	✓
	



	    Daunorubicin
	
	
	✓
	



	    Doxorubicin
	
	✓
	✓
	



	    Epirubicin
	
	
	✓
	



	    Mitomycin
	
	
	✓
	



	Topo-isomerase Inhibitors
	
	
	
	



	    Etoposide
	
	✓
	
	



	    Irinotecan
	
	
	
	✓



	Platinum-based Drugs
	
	
	
	



	    Cisplatin
	✓

>600 mg/m2
	✓

<600 mg/m2
	
	



	    Carboplatin
	
	✓
	✓
	



	    Oxaliplatin
	
	✓
	
	✓



	Combinations
	
	
	
	



	    CMF (6 cycles) *
	✓

>40 years old
	✓

30–39 years old
	✓

<30 years old
	



	    CEF (6 cycles) *
	✓

>40 years old
	✓

30–39 years old
	✓

<30 years old
	



	    CAF (6 cycles) *
	✓

>40 years old
	✓

30–39 years old
	✓

<30 years old
	



	    AC (4 cycles) *
	
	✓

>40 years old
	✓

<40 years old
	



	    EC (4 cycles) *
	
	✓

>40 years old
	✓

<40 years old
	



	    ABVD *
	
	
	✓
	



	    CHOP (4–6 cycles) *
	
	
	✓
	



	    TAC *
	
	✓
	
	



	    BEACOPP *
	
	✓
	
	



	    FOLFOX *
	
	✓
	
	



	    Anthracycline/

    cytarabine
	
	
	✓
	



	    EURAMOS *
	✓
	✓
	
	



	    EuroEWING 12 *
	✓
	
	
	







* Abbreviations: CMF, cyclophosphamide, methotrexate and fluorouracil. CEF, cyclophosphamide, epirubicin and fluorouracil. CAF, cyclophosphamide, doxorubicin and fluorouracil. AC, doxorubicin and cyclophosphamide. EC, epirubicin and cyclophosphamide. ABVD, doxorubicin, bleomycin, vinblastine and dacarbazine. CHOP, cyclophosphamide, doxorubicin, vincristine and prednisone. FEC, 5-fluorouracil, epirubicin and cyclophosphamide. TAC, docetaxel, doxorubicin and cyclophosphamide. BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine and prednisolone. FOLFOX, fluorouracil, leucovorin and oxaliplatin. Euramos is a protocol for osteosarcoma consisting of methotrexate, cisplatin and doxorubicin. EuroEWING12 is a protocol for Ewing sarcoma consisting of different combinations of vincristine, ifosfamide, doxorubicin, etoposide, actinomycin D and cyclophosphamide.
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Table 2. Gonadotoxic risk associated with chemotherapy agents in men [13,59,98]. This table contains examples and is not a complete list.
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	High Risk

(>75%)
	Intermediate Risk (25–75%)
	Low/Very Low Risk (<25%)
	Unknown Risk





	Alkylating Agents
	
	
	
	



	    Cyclophosphamide (19 g/m2)
	✓
	
	
	



	    Carmustin (300 mg/m2)
	
	✓
	
	



	    Ifosfamide (42 g/m2)
	
	✓
	
	



	    Busulfan (600 mg/kg)
	
	✓
	
	



	    Chlorambucil (1.4 g/m2)
	✓
	
	
	



	    Melphalan (140 mg/m2)
	✓
	
	
	



	    Procarbazine (4 g/m2)
	✓
	
	
	



	Antimetabolites
	
	
	
	



	    Cytarabine (1 g/m2)
	
	
	✓
	



	    Methotrexate
	
	
	✓
	



	    Fluorouracil
	
	
	✓
	



	Antimitotic Cytostatics
	
	
	
	



	    Vinblastine (50 g/m2)
	
	
	✓
	



	    Vincristine (8 g/m2)
	
	
	✓
	



	Anti-tumor Antibiotics
	
	
	
	



	    Bleomycin
	
	
	✓
	



	    Dactinomycin
	
	✓
	
	



	    Daunorubicin
	
	
	✓
	



	    Doxorubicin (770 mg/m2)
	
	
	✓
	



	Topo-isomerase Inhibitors
	
	
	
	



	    Etoposide
	
	
	✓
	



	Platinum-based Drugs
	
	
	
	



	    Cisplatin
	✓

>600 mg/m2
	✓

<600 mg/m2
	
	



	    Carboplatin (2 g/m2)
	
	
	✓
	



	Combinations
	
	
	
	



	    ABVD *
	
	
	✓
	



	    CHOP *
	
	
	✓
	



	    FOLFOX *
	
	
	
	✓



	    BEACOPP *
	✓
	
	
	



	    EURAMOS *
	✓
	
	
	



	    EuroEWING 12 *
	✓
	
	
	







* Abbreviations: ABVD, doxorubicin, bleomycin, vinblastine and dacarbazine. CHOP, cyclophosphamide, doxorubicin, vincristine and prednisone. FOLFOX, fluorouracil, leucovorin and oxaliplatin. BEACOPP, bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine and prednisolone. Euramos is a protocol for osteosarcoma consisting of methotrexate, cisplatin, doxorubicin and ifosfamide. EuroEWING12 is a protocol for Ewing sarcoma consisting of different combinations of vincristine, ifosfamide, doxorubicin, etoposide, actinomycin D and cyclophosphamide.
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