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Introduction: Autologous transplantation of spermatogonial stem cells (SSCs) isolated from cryopreserved testicular biopsies obtained before oncological treatment could restore fertility in male childhood cancer survivors. There is a clear necessity for in vitro propagation of the limited SSCs from the testicular biopsy prior to transplantation due to limited numbers of spermatogonia in a cryopreserved testicular biopsy. Still, there is no consensus regarding their optimal culture method.
Methods: We performed a systematic review and meta-analysis of studies reporting primary testicular cell cultures of human and non-human primate origin through use of Pubmed, EMBASE, and Web of Science core collection databases. Of 760 records, we included 42 articles for qualitative and quantitative analysis. To quantify in vitro spermatogonial propagation, spermatogonial colony doubling time (CDT) was calculated, which measures the increase in the number of spermatogonial colonies over time. A generalized linear mixed model analysis was used to assess the statistical effect of various culture conditions on CDT.
Results: Our analysis indicates decreased CDTs, indicating faster spermatogonial propagation in cultures with a low culture temperature (32°C); with use of non-cellular matrices; use of StemPro-34 medium instead of DMEM; use of Knockout Serum Replacement; and when omitting additional growth factors in the culture medium.
Discussion: The use of various methods and markers to detect the presence of spermatogonia within the reported cultures could result in detection bias, thereby potentially influencing comparability between studies. However, through use of CDT in the quantitative analysis this bias was reduced. Our results provide insight into critical culture conditions to further optimize human spermatogonial propagation in vitro, and effectively propagate and utilize these cells in a future fertility restoration therapy and restore hope of biological fatherhood for childhood cancer survivors.
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INTRODUCTION
A potential novel fertility treatment for patients who will lose their reproductive potential due to gonadotoxic treatment at a pre-pubertal age, such as male childhood cancer survivors, is autotransplantation of in vitro propagated spermatogonial stem cells (SSCs) (Ridola et al., 2009; Hudson, 2010). For this therapy, a testicular biopsy is cryopreserved prior to cancer treatment to allow for fertility preservation of the SSCs present within the biopsy (Mirzapour et al., 2013; Masliukaite et al., 2016; Mulder et al., 2021). Transplantation of SSCs to restore spermatogenesis has been successful in multiple mammalian species, including non-human primates (Hermann et al., 2012; Takashima and Shinohara, 2018).
Since the establishment of the proof of principle of this SSC transplantation (Brinster and Avarbock, 1994; Brinster and Zimmermann, 1994), allotransplantation is considered as the gold standard of functional tests to show the presence of SSCs in the transplanted cell fraction, by demonstrating the cells’ capacity for migration to their natural niche and local colonization, followed by re-establishment of spermatogenesis. While auto- or allotransplantation with human material has not yet been performed, it is expected to yield similar results as success has also been obtained with allotransplantation of (uncultured) non-human primate testicular cells (Hermann et al., 2012). In the meantime, xenotransplantation of human cells to mouse models is considered as an equally functional test. Although full spermatogenesis cannot be achieved by human cells in the mouse testis, likely due to the niche differences in the testicular environment, the observable colonization and initial proliferation of these cells can be considered functional evidence of the presence of SSCs within the transplanted cell fraction (Nagano et al., 2002; Zhang et al., 2003).
The collection of testicular tissue for fertility preservation is considered to be safe for the patient when the biopsy is limited to 1 mL or an absolute maximum of 50% of total testicular volume (Uijldert et al., 2017). Though the number of SSCs collected from a human testicular biopsy may be expected to be relatively high compared to mice (Fayomi and Orwig, 2018; Sharma et al., 2019), the amount of SSCs needed to recolonize the entire, depleted, adult human testis is equally large. Furthermore, spermatogonial numbers may be reduced in childhood cancer patients prior to collection of the biopsy (Masliukaite et al., 2023). Therefore, in vitro propagation of SSCs is preferred prior to transplantation to increase colonization efficiency (Dobrinski et al., 1999; Nagano, 2003; Mirzapour et al., 2010; Mirzapour et al., 2015).
A successful culture system for murine SSCs was described for the first time in 2003 by Kanatsu-Shinohara et al. (2003). In this landmark publication, SSCs are maintained and propagated in specifically adapted StemPro-34 SFM medium within the presence of an exogenous feeder layer of mitotically inactivated mouse embryonic fibroblasts (MEF) for over 5 months. Identification of SSCs was confirmed by transplantation, which restored full spermatogenesis in infertile recipient mice and permitted generation of offspring (Kanatsu-Shinohara et al., 2003).
The first in vitro propagation system of human adult and pre-pubertal SSCs and subsequent successful xenotransplantation to mice was described 6 and 8 years after the results of Kanatsu-Shinohara et al., respectively, using similar culture conditions but lacking an exogenous feeder layer (Sadri-Ardekani et al., 2009; Sadri-Ardekani et al., 2011). In these human primary testicular cell cultures, the endogenous somatic cells originating from the patient’s testicular biopsy were used as an alternative to the exogenous and mitotically inactivated MEFs. However, due to the inherent high proliferative potential of some somatic cells, these cells tend to overgrow the cultures. Although the culture system employed by Sadri-Ardekani et al. was effective, as shown by successful human SSC colonization after xenotransplantation into mice testes, somatic overgrowth diluted the percentage of SSCs (Sadri-Ardekani et al., 2009; Sadri-Ardekani et al., 2011; Struijk et al., 2020b). Therefore, further optimization of this system is required prior to clinical implementation. However, unambiguous identification of SSCs remains complex.
Within cultures of primary testicular cells, spermatogonia morphologically appear as relatively small, round cells, initially floating within the culture medium or connected to the attached endogenous somatic cells, in time progressing to colonies with individually visible cells (Sadri-Ardekani et al., 2009; Mirzapour et al., 2017). The manner of verifying the presence of these SSCs in propagation cultures by use of protein or gene markers is hindered by the current lack of an unambiguously established SSC marker for human culture (Di Persio and Neuhaus, 2023). Therefore, a wide array of spermatogonial markers for PCR or immunofluorescence is used by researchers in an attempt to characterize the cultured cells, though these markers are often not specific for just one cell type and some markers have since been disputed due to their observed presence in somatic cells as well (Kossack et al., 2013; Struijk et al., 2020b). Conversely, instead of looking for specific markers researchers can also study specific behaviors of stem cells. In culture, SSCs form colonies and therefore an increase in colony numbers can be considered as presence of proliferative SSCs (Yeh et al., 2007).
Since the first reports of human primary testicular cell culture, many studies have followed using different culture methods with varying success. However, a concise review of the most optimal in vitro propagation system is currently lacking, thereby stalling clinical implementation of SSC transplantation. Therefore, this review aims to provide a systematic overview and meta-analysis of the current literature on human and non-human primate primary testicular cell cultures and to explore the effects of various culture conditions on spermatogonial colony doubling time in vitro, thus pressing ahead towards future therapeutic application within the clinic.
MATERIALS AND METHODS
Literature search
A literature search was performed in July 2022 within three databases: PubMed, Web of Science core collection, and EMBASE base + classic (OVID interface), to collect studies on the propagation of human and non-human primate SSCs. The full electronic search strategies for these databases can be found in Supplementary Note S1. The following exclusion criteria for studies were determined beforehand: no full text available or not written in English; only performed in immortalized cell lines; not involving cultures; focus on the differentiation of spermatogonia; data from species other than human and non-human primates; a complete lack of description of culture conditions; and use of fetal tissue, because of deviation from biology of the clinical target group at pre-pubertal age (Gaskell et al., 2004; Anderson et al., 2007; Sohni et al., 2019). Retrieved reviews were used as a source for citation searching, but the reviews themselves were excluded from qualitative and quantitative assessment. The review protocol was registered in the PROSPERO register of the National Institute for Health Research (registration ID: CRD42022342574).
Screening process and risk of bias
The screening process, using COVIDENCE, involved at least two independent reviewers in each phase (L.F.A., C.L.M., A.M.M.v.P. and J.v.M.). After an initial screening of titles and abstracts, a full-text screening for eligibility was performed on the remaining articles to determine inclusion within the study. Risk of bias of included studies was assessed through a custom-made risk of bias tool. This tool was adapted from the Cochrane risk-of-bias-tool for randomized trials and the ROBINS-I assessment tool for non-randomized studies (Higgins et al., 2011; Sterne et al., 2016). Risk was assessed on confounding bias (tissue origin, sample allocation, tissue collection and handling); information bias (adequate description of culture method); performance bias (comparability of experimental conditions); detection bias (use of validated markers); measurement bias (adequate description of colony counts); analysis reporting bias (adequate description of statistical analyses); other bias (general statements). A detailed description of assessment at each level of risk can be found in Supplementary Table S1.
Qualitative and quantitative analysis
All retrieved studies were thoroughly assessed for their main qualitative outcomes and their potential to be included in a quantitative analysis investigating the correlation of specific culture conditions on SSC propagation. Data extraction of included studies was performed by at least two independent researchers during each step (J.v.M., C.L.M. and A.M.M.v.P.). Ambiguous texts were discussed amongst the researchers and assumptions regarding study methods or outcomes were only made in cases where authors felt justified to do so. In cases where data remained unclear, the original authors of the paper in question were approached for further information.
Assessment of retrieved articles on their main quantitative outcomes involved total cell counts and colony counts during in vitro testicular cell cultures. Total colony counts were of specific interest to us because of the SSC origin of these colonies that is examined by this outcome, compared to total cell counts which are expected to also include somatic cell populations in cultures derived from testicular cell suspensions. Furthermore, the independence of any specific expression marker makes colony counts a more suitable method to compare findings across studies.
Statistical analysis of quantitative outcomes
For quantitative analysis, colony doubling time (CDT) was calculated as an indication of SSC propagation and used to determine the effects of specific culture variables on this increase in the number of colonies in culture over time, using the formula: [image: image] , wherein t = culture duration between the time points of t0 and tx (days), Ntx = number of colonies at time point tx in culture and Nt0 = number of colonies at the time point in culture when colonies were first reported. Time point tx was determined by the last reported time point of culture, where colonies were reported (Hong et al., 2013; Gat et al., 2017).
In cases where colony counts at various time points were not specified within the text or tables, these numbers were determined from the graphs within the articles, when possible.
These data were then used to assess the correlation of the CDT with the specific culture conditions under which that certain CDT was obtained within a study. We could include the following conditions: enrichment methods prior to or during culture; use of feeders cells or non-cellular matrices; culture temperature; and medium composition, including the use of serum and addition of growth factors. Per condition, multiple categories were determined (e.g., temperature: 32°C, 34–35C° or 37°C). Each reported culture within an article, having resulted in a specific CDT, thus matched with only one category for each condition. Only studies without missing data points were included for analysis.
A generalized linear mixed model analysis, accounting for repeated measurements within each study, was used to calculate the association between the culture conditions and the CDTs of all included cultures. Results were expressed as mean differences with confidence intervals and data were analyzed using IBM SPSS Statistics for Windows, version 21. p-values <0.05 were considered to be statistically significant.
RESULTS
Study retrieval
From the literature searches in PubMed, Web of Science and EMBASE, a total of 760 articles were obtained, of which 202 duplicates were removed, resulting in 558 articles for screening. 413 records were excluded by screening of titles and abstracts based on exclusion criteria. Full-text screening was performed on the remaining 145 records, from which a further 106 reports were excluded, based on exclusion criteria. An additional 3 reports were found through citation searching, resulting in a total of 42 studies that were included in the qualitative synthesis of the review (Figure 1).
[image: Figure 1]FIGURE 1 | Flowchart of systematic review. Flowchart of search and selection of literature, to extract articles on human and non-human primate primary testicular cell cultures, for qualitative and quantitative assessment of outcomes of in vitro propagation of spermatogonia (based on PRISMA 2020 edition, Page et al., 2021).
CDT could be determined in a total of 31 testicular cell cultures from 9 separate studies which were included in quantitative statistical analysis.
Study characteristics
Out of 42 studies, 38 articles described research using human testicular tissue, and 4 articles described research using non-human primate testicular tissue, the latter including rhesus macaques, crab-eating macaques and marmoset monkeys. The research performed on human cells was done with testicular tissue of various sources. Adult tissues were collected from patients with a range of pathological backgrounds (brain-dead donors, n = 8; orchiectomy as part of prostate cancer therapy, n = 7; obstructive azoospermia (OA), n = 7; biopsy during vasectomy reversal surgery, n = 2; non-obstructive azoospermia (NOA), n = 15; orchiectomy due to testicular pathologies, n = 1; unknown, n = 1). Pre-pubertal tissues were collected prior to cancer treatments (n = 2) or during orchidopexy for uni- or bilateral cryptorchidism (n = 2).
Within the 42 studies using human and non-human primate testicular cultures, a multitude of variations within the culture protocol were applied that might influence spermatogonial propagation. These variables were explored in qualitative and quantitative analyses in this review. A customized risk of bias assessment was made to better suit the specifics of this review on culture protocols for spermatogonial propagation, and risk of bias was assessed on nine criteria for all 42 papers (Supplementary Figure S1). No articles were excluded based on the results of this risk of bias analysis.
Qualitative data analysis
Enrichment methods
In the majority of the included studies, a similar approach is taken to isolate the testicular cells, including SSCs, from the testicular tissue. Subsequent enrichment methods are used as a means to improve the ratio between SSCs and other cell types before or during the testicular cell culture, through either the enrichment of spermatogonia or the removal of somatic cells (Lim et al., 2010). In many articles differential plating and/or subcultures are used, wherein the non-attached cell population or clusters containing spermatogonia are collected and further propagated, while the attached cells are discarded. Differential plating after isolation but prior to culture can result in a significant increase of putative spermatogonia in the floating cell fraction as detected by FACS and immunocytochemistry based on markers (Kim et al., 2017) as well as by formation of putative germ cell colonies after short-term culture (Kossack et al., 2013). The attached cell fraction is composed largely of cells with somatic cell morphology (Kossack et al., 2013). However, some overlap in cell populations is observed between the floating fraction and the attached cells after differential plating (Gat et al., 2017). Indeed, some SSCs are lost in the discarded attached cell fraction, as this fraction still possesses some colonization potential after xenotransplantation (Langenstroth et al., 2014). A sequential method with various coating substrates (gelatin, laminin) might enhance the efficiency of spermatogonial enrichment (Kim et al., 2017).
Enrichment through FACS or MACS could provide further enrichment, but requires antibodies against markers expressed on male undifferentiated germ cells (Nickkholgh et al., 2014; Struijk et al., 2020a; Struijk et al., 2020b). However, spermatogonial markers are often also expressed in somatic cells or differentiating germ cells (He et al., 2010). Therefore, markers can be lacking in specificity and further enrichment to reduce somatic cell overgrowth is often still necessary (Murdock et al., 2019). In various articles, the use of either FACS or MACS to select for SSEA4+ cells led to increased expression of spermatogonial markers in the cultured cell population and/or a larger number of colonies in the culture (Kokkinaki and Djourabtchi, 2011; Kim et al., 2017), or a higher number of colonies in the recipient testis after xenotransplantation (Kim et al., 2017), indicating enrichment of SSCs. However, most State 0 cells have low expression of SSEA4. State 0 germ cells are identified as the first of five distinct and progressive spermatogonial states as determined through singe cell sequencing analysis (Guo et al., 2018). Though several known early SSC markers are shared between State 0 and the following State 1, they each also show higher or even exclusive gene expression of other markers. State 2, conversely, shows expression of markers for spermatogonial differentiation. Though some plasticity between States 0 to 2 is likely (Guo et al., 2018), their separate suitability for culture and subsequent SSCT requires more in-depth study. In a study investigating the divergence of spermatogonial states in human, macaque and mouse, the earliest spermatogonial state (SPG1) showed enriched SSC activity based on xenotransplantation of human TSPAN33+ sorted cells (Shami et al., 2020). However, the negative fraction also resulted in colonization, indicating that human SSCs are not restricted to this TSPAN33+ SPG1 population. Therefore, cell fractions for SSCT obtained by SSC enrichment based on a marker which is expressed in a limited number of cells in any of these states, such as TSPAN33 and SSEA4, may exclude other transplantable SSC fractions. Additionally, some somatic cells exhibit a SSEA4dim phenotype, resulting in heterogeneous populations of testicular SSEA4+ cells after sorting (Zheng et al., 2014).
Feeder cells and non-cellular matrices
Feeder cells can provide mechanical support and adherence sites to spermatogonia and promote germ cell proliferation through various signaling molecules. In testicular cell cultures, feeder cells may be endogenously present within a cellular suspension obtained from the testicular biopsy or added from an exogenous source. Of the included articles in this review, a majority of cultures was performed without exogenous feeder cells (n = 27). The benefits of the presence of endogenous somatic cells within the testicular culture are illustrated by the study of Zahiri et al. who showed greater colony formation and diameter in cultures containing a testicular suspension obtained after enzymatic isolation without any further selection of cells, compared to enriched SSCs grown on uncoated plates, on exogenous feeder Sertoli cells or on nanofiber covered with laminin (Zahiri et al., 2020). However, when selecting highly specific cell populations from testicular tissue, the subsequent addition of exogenous feeder cells may be necessary to allow spermatogonial cell populations to attach and survive (Medrano et al., 2016; Gat et al., 2017).
In other cultures (n = 15) of the included articles, specifically isolated human or murine mitotic inactivated feeder cells were used within the culture to form a monolayer for the SSCs to attach to and support colony formation. Mouse embryonic fibroblasts (MEFs), human fetal placental fibroblasts and human fetal testicular fibroblasts were shown to provide inadequate support to maintain a culture of human SSCs (Smith et al., 2014; Murdock et al., 2019). However, other cells, such as THY1+ cells, endothelial cells and testicular multipotent stromal cells, have been demonstrated to provide an effective substrate to maintain SSCs (Eildermann et al., 2012; Smith et al., 2014; Bhang et al., 2018). In one study, the culture of testicular cells on a monolayer of Sertoli cells resulted in a higher total number of colonies than in a parallel control culture without additional feeder cells (Mirzapour et al., 2012). Even though feeder layers in general have relatively high confluence (Kanatsu-Shinohara et al., 2003), it was shown that low numbers of somatic cells (5,000 somatic cells) are able to support high numbers (up to 125.000 cells) of floating germ cells in establishing aggregates (Gat et al., 2017). To prevent overgrowth of feeder cells, mitotic inactivation by applying γ-radiation (Smith et al., 2014; Medrano et al., 2016) or mitomycin C treatment (Murdock et al., 2019; Yuan et al., 2022) may be applied.
To substitute the feeder layer which provides adherence sites for SSCs, non-cellular matrix coatings of the culture surface may be used. Piravar et al. showed that laminin coatings of culture dishes could replace the presence of feeder cells in a subculture of human germ line stem cell colonies during propagation for up to 6 weeks (Piravar et al., 2013). Similar beneficial effects of laminin were observed by Koruji et al. and by Jabari et al., the latter combining laminin with the use of agarose in a soft agar culture system (SACS) (Koruji et al., 2012; Jabari et al., 2020). A range of other decellularized extracellular matrix (ECM) substrates, including human testicular ECM and porcine testicular ECM, duodenal submucosa and urinary bladder ECM, were insufficient in supporting cultured human SSCs during culture for more than 2 weeks. However, it was shown that cultures on testicular tissue matrix from a homologous species performed slightly better than other tissues or tissues from another species (Murdock et al., 2019). The use of synthetic scaffolds has shown to support human spermatogonial propagation (Bashiri et al., 2022), but did not result in increased colony counts compared to cultures of spermatogonia on feeder cells originating from the testicular suspension (Borzouie et al., 2020; Zahiri et al., 2020). In contrast, hydrogel scaffolds composed with the use of platelet-rich plasma (PRP) showed increased SSC colony numbers compared to regular 2D cultures with and without the addition of PRP to the medium (Khadivi et al., 2020). Interestingly, these studies on the use of matrices in human primary testicular cell cultures are increasingly performed in recent years, illustrating the field’s search for alternatives to feeder layers in offering support structures for spermatogonial propagation.
Temperature
In vitro experiments in general are primarily performed at normal human body temperature (37°C). However, it is commonly known that the in vivo temperature of human testes is several degrees lower. Therefore, in theory, a culture of testicular cells might benefit from a lower culture temperature. Still, for primary testicular cell cultures an incubator temperature of 37°C is used in the majority of included articles (n = 22), with fewer cultures maintained at lower temperatures of 34°C–35°C (n = 9) and 32°C (n = 4). Culture temperature was not mentioned or unclear in seven studies.
Only one article included in this review directly investigated the effect of culture temperature on the number and proportion of simian spermatogonia. Through counting the number of PLZF + cells (representing undifferentiated spermatogonia) using immunocytochemistry, this study found increased total cell counts as well as increased spermatogonial numbers at 37°C compared to 34°C (Kim et al., 2017). No comparative studies were performed, however, with culture conditions including a temperature of 32°C.
Culture medium
To support and enhance the proliferation of any specific cell type in vitro, the composition of the culture medium is of great importance. Within the included articles, StemPro-34 SFM was used as culture medium in 24 studies, often supplemented according to that of mouse male germline stem cell (GS) cultures by Kanatsu-Shinohara et al. (2003); DMEM in 16 studies; and MEMα in 4 studies, the latter two supplemented with a variety of components. Basic medium was unclear in one study, and some studies used various media as separate culture conditions.
Direct comparison of the effect of various culture media on propagation of spermatogonia is scarce and results are contradictory, with studies reporting more pronounced colony growth in supplemented StemPro-34 SFM than in DMEM/F-12, or the other way around (Medrano et al., 2016; Gat et al., 2017). However, in the study by Medrano et al., only the StemPro-34 SFM culture was supplemented with growth factors, thereby potentially affecting the outcome (Medrano et al., 2016). As calculated by Gat et al. the population doubling time of testicular somatic cells was increased in DMEM/F-12 medium, compared to StemPro-34 SFM, and simultaneously a higher number of germ cell colonies (as described by the authors as aggregates of ≥10 cells) was found (Gat et al., 2017). Effects of basic medium on specific cell populations were seen by Kossack et al. as well, who compared supplemented Knockout DMEM and MEMα (Kossack et al., 2013). Cell cultures in MEMα medium showed increased expression of germ cell markers and decreased somatic cell markers, compared to cell cultures in Knockout DMEM Medium.
Studies on the effect of basic culture medium on culture outcome of spermatogonial propagation or somatic cell overgrowth are impeded by the unknown composition of various media, such as StemPro-34 SFM or KnockOut DMEM, and by the variety of supplements which are added by researchers. These supplements, including those described in the original protocol for propagation of mouse male GS cells (Kanatsu-Shinohara et al., 2003; Kanatsu-Shinohara et al., 2005), include not only sera and growth factors, but many nutrients and metabolic components as well. Their influence is illustrated by the observation that doubling the concentration of added supplements to MEMα (minimal essential medium, α modification) culture medium increased both the total numbers of testicular cells as well as the number of germ cells in culture (Kim et al., 2017).
Additionally, the use of various kinds and concentrations of serum could be of great influence on spermatogonial propagation. Alternatives to the commonly used fetal bovine serum (FBS) include the use of human serum or human platelet lysate, the latter of which has been shown to support in vitro proliferation of human SSCs (Dong et al., 2019a; Dong et al., 2019b). Differences may arise from using serum-based media compared to alternative, so-called “Knockout” or serum-free media (Wahab et al., 2016), which are often formulated to sustain specific cell populations and might lack certain components provided by serum. Within the reviewed articles, FBS was used in the vast majority of articles (n = 32) with a range of 0.25%–20% FBS, sometimes decreased in concentration during long-term culture (Akhondi et al., 2013). Higher amounts of FBS, usually 10%, were used most commonly in combination with DMEM. FBS in concentrations of ≤5% was generally combined with StemPro-34 SFM, which is on the market as a complete, serum-free medium and therefore likely contains enough components to decrease the necessary amount of added serum in human primary testicular cell cultures. Knockout Serum Replacement (KSR) was used in seven studies, ranging from 1% to 20%. Other serum-free media were used in another five studies, and use of serum was unknown in one study. No studies directly compared the effects of type or concentration of serum added to the medium on culture outcomes.
Growth factors
Growth factors, acting as signaling molecules to stimulate proliferation, are often added to a culture medium. Multiple growth factors are used within the reviewed articles, in varying concentrations and combinations. The growth factors and concentrations most often used are GDNF (10 ng/mL–100 ng/mL), bFGF (0.1 ng/mL–10 ng/mL), LIF (1,000–1,500 units/mL or 10 ng/mL) and EGF (20 ng/mL).
In conditions without exogenous feeder cells, the addition of these growth factors to the medium seems sufficient to allow for survival and propagation of testicular cells in long-term culture (Sadri-Ardekani et al., 2009; Sadri-Ardekani et al., 2011; Baert et al., 2015). The absence of growth factors in feeder-free cultures appears to be limiting or even detrimental to propagation of spermatogonia in culture (Koruji et al., 2012; Langenstroth et al., 2014). In monkeys, germ cell proliferation was promoted under a feeder-free culture condition involving all four growth factors (bFGF, LIF, EGF, and GDNF), compared to using only single growth factor (bFGF) or a limited subset (bFGF + either LIF, EGF or GDNF) (Kim et al., 2017). The growth factor bFGF, however, also strongly increased somatic cell proliferation (Eildermann et al., 2012). Still, a beneficial effect of bFGF on germ cell colony formation was seen in another study, when combined with supplementation of stem cell factor (SCF) in a 3D SACS culture system (Jabari et al., 2020). In this study, colony growth was further increased by the addition of EGF and laminin. The particular effect of SCF on SSC colonies could be disputed, however, as the presence of the SCF-receptor CKIT is generally agreed to be limited to differentiating spermatogonia, and absent on undifferentiated spermatogonial stem cells (Rossi et al., 2000).
In studies where an absence of growth factors was shown to lead to a high number of colonies (Mirzapour et al., 2012), exogenous feeder cells were used. The secretome of feeder cells such as endothelial cells (Bhang et al., 2018) or testicular somatic cells originating from the testicular cell suspension (Gat et al., 2017) most likely includes growth factors which may provide the spermatogonia with the necessary signals for propagation. However, additional supplementation with growth factors GDNF, EGF, LIF and bFGF may still be beneficial in cultures with feeder cells (Shiva et al., 2016), although this beneficial effect is not consistently seen, using only bFGF and LIF (Mirzapour et al., 2012). These studies indicate that the growth factor requirements of spermatogonia may differ when cultured with feeder cells or under feeder-free conditions.
Spermatogonial proliferation may be further promoted by additional medium compounds, such as PERIOSTIN protein (Li et al., 2021) or other yet unidentified compounds influencing the proliferative and signaling pathways of these cells (Guo et al., 2015). Similarly, suppressing or modifying pathways which normally suppress proliferation could yield similar proliferative effects, for instance through inhibition of transforming growth factor-beta (Moraveji et al., 2019) or by inhibiting pathways towards SSC differentiation (Tan et al., 2020).
Quantitative analysis
A mixed model analysis was applied to the results of nine studies (with a total of 31 culture groups) where the spermatogonial CDT could be calculated based on reported colony counts or published graphs. Lower mean CDTs, as an indication of faster SSC propagation, were considered as preferential analysis outcomes. Of all included cultures, the average CDT was 21.22 ± 15.4 days (mean ± SD).
Six culture conditions with 2-3 categories each could eventually be included in the analysis. The following conditions and corresponding categories were used: enrichment methods (differential plating of cells after isolation only; or differential plating of colonies during culture only or subculture combined with MACS or with differential plating of cells prior to culture); matrices (the use of feeder cells; use of non-cellular matrices; or neither feeder cells nor matrix); culture temperature (32°; 34°–35°; or 37°C); the type of medium used (StemPro-34 SFM or DMEM); the amount and type of serum added (≤5% FBS; 10% FBS; or KSR); and addition of growth factors (none; yes, including GDNF; or yes, but not including GDNF) (Figure 2). Additional categories were not feasible due to the limited number of included cultures.
[image: Figure 2]FIGURE 2 | Mean differences in colony doubling time (CDT). Results of a mixed model analysis of a total of 9 studies, including 31 experimental groups, comparing mean CDT of six non-independent variables. Asterisks (*) indicate significant results, p < 0.05. IDP = differential plating of cells after isolation; CDP = differential plating of colonies during culture; MACS = magnetic-activated cell sorting. GF = growth factors.
From this quantitative analysis, the results regarding enrichment methods show a lower mean CDT in testicular cell cultures with either multiple enrichment methods or differential passaging of colonies during culture, compared to applying only differential plating at the start of the culture, although there was a large uncertainty around the estimate and these differences were not significant (Figure 2).
The presence of testicular somatic cells in the culture, still present after these enrichment methods, was not regarded as explicitly adding feeder cells. In most cultures with specifically added feeder cells, cellular populations described as Sertoli cells were used, obtained from the same testicular tissue of origin but separately processed. Cultures without added feeder cells or matrix were usually maintained on uncoated plastic dishes. Cultures using non-cellular matrices including laminin, Matrigel or SACS resulted in a significantly lower CDT, compared to CDT of cultures using neither feeder cells nor matrices (Figure 2).
Cultures that were maintained at a culture temperature of 32°C had a significantly lower mean CDT than cultures with a culture temperature of 37°C. However, the measured effect of temperature on CDT was not linear, as cultures maintained at 34°C–35°C had a significantly higher CDT than those with a culture temperature of 37°C (Figure 2).
Use of StemPro-34 SFM medium generated a significantly lower CDT than use of DMEM as basic culture medium (Figure 2). The StemPro-34 SFM media in these studies were supplemented largely according to recommendations by Kanatsu-Shinohara et al. (2003) with low percentages of FBS (1%–5%) and multiple growth factors including GNDF in all seven cases, whilst cultures performed in DMEM medium contained a wide variation in the absence or presence of specific growth factors, and generally a higher percentage of added FBS (5%–10%).
Serum itself as a variable showed effects on CDT as well, with KSR resulting in significantly lower CDT compared to cultures with 10% added FBS (Figure 2). During statistical modelling it was apparent that changes in data points within the serum parameter influenced the outcomes of the parameters “medium“ and “growth factors.” However, these changes never affected the direction of the measured effects.
To assess the effect of added growth factors on CDT, we divided the large variation of combinations of growth factors used in the included studies into larger categories: cultures without additional growth factors, and cultures with added growth factors to the culture medium. The latter category was further divided into addition of a set of growth factors which included GDNF, and those without GDNF. This distinction was added because GDNF is known to be a crucial factor in murine SSC proliferation in vivo and in vitro (Meng et al., 2000; Kubota et al., 2004; Takashima et al., 2015). Surprisingly, CDT analysis showed a significantly lower mean CDT in cultures without any added growth factors, compared to the other groups. Additionally, the CDT of cultures with added growth factors that did not include GDNF was significantly lower than the CDT of cultures with added growth factors including GDNF (Figure 2). The culture conditions across these groups were further qualitatively studied to assess differences amongst them. Nearly all (n = 18 out of 19) cultures without use of GDNF were maintained with 10% FBS in DMEM culture medium, and most of them (n = 17 out of 19) used feeder cells. In culture conditions where GDNF was added to the medium (either DMEM or StemPro-34 SFM), exogenous feeder cells were used in only 2 out of 12 cultures. The use of neither feeder cells nor matrix was more common (n = 4 out of 12), whilst the use of a non-cellular matrix was most prevalent (n = 6 out of 12 cultures) in this group.
DISCUSSION
This systematic review provides a unique contribution towards elucidation of the most optimal conditions to propagate spermatogonia in primary testicular cell cultures of human and non-human primates in vitro, a crucial step in the future application of SSC autotransplantation as a clinical fertility treatment. As established through qualitative and quantitative analysis, potential improvements for culture lie within a culture temperature of 32°C, the use of non-cellular matrices, the choice in culture medium and serum and the restriction of added growth factors.
The strength of our quantitative analysis rests within the performed calculation of CDT from studies that presented suitable quantitative data. The mixed model analysis that was performed on the CDTs provides a robust comparison of the CDTs of each of the described variables, as it takes into account their (partial) co-dependency. Under the assumption of Yeh et al. who showed correlations between in vitro colony numbers and number of SSCs (Yeh et al., 2007), this method of meta-analysis using CDT provides this field of research with a much needed and more systematic approach to the comparison of outcomes of primary testicular cell cultures between studies.
Some of our findings include culture conditions that have been implemented for years, such as the beneficial effect of differential plating of cells after isolation to reduce the amount of somatic cells at the start of culture, which are readily present within testicular biopsies and represent a heterogeneous population (Struijk et al., 2020b). However, the presence of feeder cells in culture may also contribute to establishment of the microenvironment to support propagation and differentiation of spermatogonia (van der Sanden et al., 2010). The use of patient-specific isolated testicular cells (e.g., endothelial cells, Sertoli cells or THY1+ cells) as feeder cells seems possible although, to prevent overgrowth, it may be necessary to inactivate proliferation of these cells. In cultures without feeder cells, the required secretome of feeder cells may be replaced by the addition of supplements, serum or growth factors to the medium, in combination with the presence of a specific matrix coating to support spermatogonial adherence. Our quantitative analysis showed that the use of non-cellular matrices in cultures generated a significantly lower mean CDT compared to those of cultures without any feeder cells or matrices. Laminin specifically might provide a suitable substrate for spermatogonial propagation within a testicular cell culture. From recent studies we have seen that the interest in use of 3D scaffolds in human primary testicular cell cultures has also increased (Borzouie et al., 2020; Jabari et al., 2020; Zahiri et al., 2020; Bashiri et al., 2022). Determining a suitable substrate to support cell-matrix interactions will be essential in controlling self-renewal of SSCs in vitro (van der Sanden et al., 2010). Further research into the in vivo composition of the SSC niche and its structural components will be of great benefit to mimic this in vitro.
Another important characteristic of the in vivo SSC environment is temperature. Data from the included studies suggest a shorter CDT in primary testicular cell cultures that are maintained at a temperature of 32°C, compared to 37°C. A lower optimal culture temperature would be in line with the in vivo physiology of the testis, the temperature of which is several degrees lower than the core body temperature in humans. This effect on temperature however does not seem linear, as the quantitative analysis showed a shorter CDT for cultures maintained at 37°C, compared to 34°C. This does support the findings by Kim et al. who found improved propagation of germ cells in simian cultures maintained at 37°C compared to 34°C (Kim et al., 2017). However, the study by Kim et al. did not include a culture temperature of 32°C. In humans in vivo, cryptorchid testes that are exposed to 37°C core body temperature are depleted of germ cells and are at greater risk of developing cancers (Ferguson and Agoulnik, 2013). Data on the effect of in vitro culture temperatures on spermatogonia are limited in humans and other species as well. It is known that heat shock treatment with temperatures over 40°C can significantly inhibit the proliferation of murine SSCs, by inducing cell cycle arrest in the S phase (Wang et al., 2019). In mice, cryptorchidism seems to induce dysregulation of somatic cells and SSCs, and depletion of the SSC pool through affecting self-renewal pathways (Ferguson et al., 2013). In line with this, porcine PTCC was reported to generate higher numbers of spermatogonia when cultured at 31°C, compared to 34°C and 37°C (Lee et al., 2013). As of yet, however, the number of studies directly comparing the effects of various culture temperatures on human spermatogonial propagation in vitro is too limited to draw any firm conclusions.
Studies on direct comparisons of the effect of basic culture media and their components on human and non-human primate testicular cell cultures are scarce as well. The culture medium used is of paramount importance in mimicking the human SSC microenvironment (Bardelli and Moccetti, 2017). Multiple authors use the medium formulation of StemPro-34 SFM as described by Kanatsu-Shinohara et al. (2003), which was successful in long-term maintenance of mouse male GS cell cultures. However, the optimal culture medium and supplements for culture of human SSCs are still unclear and may differ from murine requirements. Within the included studies the use of supplemented StemPro-34 SFM, DMEM (several varieties) and MEMα all seem to support colony formation to a certain extent, with StemPro-34 SFM showing decreased CDT compared to DMEM. However, there is a complex interplay between the medium, the added supplement and the paracrine effects of somatic cells present within the testicular cell culture as well. Within our analyses, the correlations between the culture medium and the added amounts of serum and growth factors are apparent. In cultures using DMEM as a basic medium, higher amounts of serum (most often FBS) are added in comparison to when StemPro-34 SFM is used. In mice, the addition of FBS to the culture medium has been reported to be detrimental to the proliferation of SSCs (Kubota et al., 2004), and serum-free culture systems are successfully used. Although our analysis showed a lower CDT in cultures using KSR than cultures using 10% FBS, such detrimental effects of higher amounts of FBS have to our knowledge not been found in human primary cultures before, and higher concentrations of FBS were in fact advantageous in the culture of immortalized human male germline stem cells (Hou et al., 2015).
Based on mouse studies, addition of the growth factor GDNF to the culture medium is generally assumed to be necessary to stimulate proliferation of male GS cells (Meng et al., 2000). Surprisingly, our study seems to indicate that in human PTCC the addition of GDNF to the culture medium is not beneficial, as a significantly higher CDT was found in cultures with GDNF. In fact, cultures without any added growth factors performed best in our quantitative analysis. Paracrine production of growth factors by somatic cells within the testicular cell suspension or feeder layer may compensate for lack thereof in the culture medium (Singh et al., 2017). Moreover, the addition of FBS may (partially) compensate lack of added growth factors, as can be concluded from reports showing good colony growth without any added growth factors and feeder cells (Mirzapour et al., 2012). Furthermore, the crucial role of GDNF in rodent PTCC may not be of similar importance in primate cultures. The receptor for GDNF, GFRA1, was found to be expressed in only low amounts in State 0 cells, which are indicated to be the earliest state of undifferentiated spermatogonia (Guo et al., 2018). In contrast, an analysis by Di Persio et al. found GFRA1 to be reversely expressed to a higher extent in an earlier state and to be subsequently decreased later on (Di Persio et al., 2017). Therefore, the spermatogonial requirement for GDNF during human PTCC is currently unclear, but likely to vary between states of SSCs. Furthermore, a study by Tan et al. indicates that while GDNF can drive proliferation in cultures of human spermatogonia, its effect was not limited to primitive undifferentiated spermatogonia and was found to favour progenitor cells instead (Tan et al., 2020). Similarly, fibroblast growth factors (bFGF, syn. FGF2) could act differently in human spermatogonia than in rodent cells, potentially mediated through a divergence in functioning of the AKT pathway between mouse and human (Takashima et al., 2015; Tan et al., 2020). Finally, the addition of bFGF to human PTCC might especially stimulate the proliferation of somatic cells as well (Eildermann et al., 2012). Increased somatic cell proliferation could contribute to a decrease in germ cell proliferation through paracrine signaling or contact inhibition of cell growth (Leontieva et al., 2014). Such an increased somatic cell proliferation could explain why the CDT of cultures with added growth factors is longer than the CDT of cultures without any added growth factors, with otherwise similar culture conditions. In conclusion, the effect of the addition of growth factors may be influenced by culturing with or without feeder cells and the amount of serum (or serum replacement) in the culture medium. More thorough appraisal of the effect of individual growth factors on human PTCC is necessary, to elucidate their use in culture of SSCs for future SSCT.
Limitations of this review mostly relate to the large variety in the aims and designs of the included studies, thereby obstructing direct comparisons and limiting the number of studies suitable to be included in the quantitative analysis. Looking at our risk analysis, some additional parameters of the included studies may be considered as limitations of this review. Firstly, tissue origin between studies varied and may be an additional influence on culture success. Though tissues from various patient sources have been shown to result in spermatogonial propagation and colony formation, the number of colonies observed in culture may be affected by for instance the type of maturation arrest present in a patient’s testes (Nowroozi et al., 2011). Additionally, several studies lacked a histological diagnosis of the testicular biopsy of NOA patients and in these cases the use of a wider arrange of spermatogonial markers would be advisory, to exclude the potential of studying material of actual Sertoli cell only (SCO) patients. However, it could be assumed that in cultures of true testicular SCO material no SSC colonies would be formed and colony analysis therefore mitigates the bias on variation or lack of histological diagnoses. Ideally, more clinically relevant pre-pubertal tissues would be used for all future studies involving human primary testicular cell cultures, as the metabolic niche –and therefore in vitro requirements– of spermatogonia obtained from pre-pubertal and adult testes may vary (Voigt et al., 2023).
Furthermore, a certain risk of detection bias is created by the wide variety in type and amount of spermatogonial markers used within these studies, both within immunocytochemistry and PCR analyses. The use of CDT for quantitative analysis in our study however alleviates this obstacle by providing a more equal measurement of outcome, which is a strength of this study. Therefore, no articles were excluded based on the risk of bias analysis we performed. In calculating the CDT, it should be noted that the exponential growth phase is assessed but this excludes the initial lag phase of the culture.
In conclusion, based on these results, spermatogonial proliferation in human and non-human primate PTCC may benefit from the use of a non-cellular matrix, a lower culture temperature of 32°C, and use of a culture medium based on StemPro-34 SFM, with use of KSR, but without additional growth factors. In such a set-up, the endogenously present somatic cells in the cell suspension from the isolated biopsy are expected to contribute to the availability of mitogenic stimuli for the germ cells. Enrichment methods applied after cell isolation from a testicular biopsy should therefore not be too stringent in excluding these somatic cells.
More research specifically designed to assess the effect of one of these variables at the time is still required to elucidate the optimal method and medium composition for culture of human and non-human primate spermatogonia. The currently limited number of included studies in especially the quantitative analysis decreases the power of the analysis and a higher number of studies on spermatogonial propagation in vitro would contribute to the overall dataset available for these kind of comparative analyses. The use of experiments designed with a statistically determined, optimal set of conditions may facilitate the optimization process (Marinho et al., 2015). The use of a mixed model analysis like ours will be of an additional benefit to analyze outcomes of primary testicular cell cultures, as it accounts for repeated measurements within each study.
Although there are challenges we still have to face before patients can be offered an efficient and validated procedure to ensure SSC-based fertility restoration, the results of this systematic meta-analysis will provide support for efficient SSC propagation in vitro as the next step towards clinical implementation of SSC autotransplantation.
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