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Abstract

Objective—To determine whether optimal human spermatogonial stem cell (SSC) 

cryopreservation is best achieved with testicular tissue or single cell suspension cryopreservation. 

This study compares the effectiveness between these two approaches by using testicular SSEA-4+ 

cells, a known population containing SSCs.

Design—In vitro human testicular tissues.

Setting—Academic research unit.

Patients—Adult testicular tissues (n = 4) collected from subjects with normal spermatogenesis 

and normal fetal testicular tissues (n = 3).

Intervention(s)—Testicular tissue vs. single cell suspension cryopreservation.

Main Outcome Measures—Cell viability, total cell recovery per milligram of tissue, as well 

as, viable and SSEA-4+ cell recovery.

Results—Single cell suspension cryopreservation yielded higher recovery of SSEA-4+ cells 

enriched in adult SSCs whereas fetal SSEA-4+ cell recovery was similar between testicular tissue 

and single cell suspension cryopreservation.

Conclusions—Adult and fetal human SSEA-4+ populations exhibited differential sensitivity to 

cryopreservation based on whether they were cryopreserved in situ as testicular tissues or as single 

cells. Thus, optimal preservation of human SSCs depends on the patient age, type of samples 

cryopreserved, and end points of therapeutic applications.
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INTRODUCTION

Advances in oncologic medicine have provided definitive cures for many patients allowing 

them to live healthy productive lives. Therefore, oncologists are encouraged to refer patients 

to fertility specialists to discuss fertility preservation strategies before gonadotoxic cancer 

therapies (1). Sperm cryopreservation is an established and proven technique to restore 

fertility in adolescent and adult males (1). However, this approach requires the presence of 

mature spermatozoa, which is not possible for prepubertal boys. Currently, fertility 

preservation for prepubertal boys is considered to be experimental because there is a 

significant lack of scientific knowledge with regards to optimal cryopreservation techniques, 

isolation of spermatogonial stem cells (SSCs), and subsequent transplantation or in vitro 

differentiation (2–4). Hence, there is a lack of established standard protocol for fertility 

preservation for this vulnerable patient population.

The discovery of mouse SSCs and their ability to reconstitute spermatogenesis following 

heterotopic and orthotopic transplantations provide potential novel therapeutic applications 

of SSC transplantation in humans for fertility preservation and infertility treatment (5–8). 

Encouraging results from the murine model have garnered support from many fertility 

centers that view cryopreservation of prepubertal testicular tissues, presumably containing 

SSCs, as an acceptable strategy for fertility preservation in this patient population (9–11). 

Heterotopic xenografts of hamster, marmoset, and mouse testicular tissues into castrated 

immunodeficient nude mice resulted in limited and finite restoration of spermatogenesis (8). 

Specifically, heterotopic xenografts of marmoset testicular tissues did not result in 

successful differentiation of spermatogonia beyond the primary spermatocyte stage (8). 

Furthermore, autologous heterotopic transplant of fresh testicular tissues in marmoset 

monkeys also resulted in differentiation arrest at the primary spermatocyte stage (12). 

Whether cryopreserved testicular tissues exhibited similar engraftment potential to fresh 

testicular tissues with heterotopic transplants remained to be investigated (13, 14).

Alternatively, orthotopic SSC transplantation utilizes single cell suspensions. This allows 

SSCs to be positively selected and cancer cells eliminated by Fluorescence Activated Cell 

Sorting (FACS), which can greatly ameliorate the risk of malignant cell contamination 

associated with testicular grafting (15–17). Positive selection of SSCs by FACS for 

transplantation was shown to eliminate the risks of malignant cell contamination (15, 16). 

Unlike heterotopic transplantation of testicular tissues, orthotopic transplantation of SSCs 

resulted in long-term reconstitution of spermatogenesis, capable of fertilization, in adult 

rhesus macaques (18, 19).

The current clinical practice of fertility preservation for prepubertal boys involves obtaining 

testicular tissues by testicular sperm extraction (TESE) and then subjecting tissues to a 

controlled slow-freezing standard protocol with either DMSO or vitrification (9, 10,20–27). 

Tissue cryopreservation preserves both options for heterotopic testicular tissue and 
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orthotopic SSC transplantations in the future. Alternatively, testicular tissues can be 

enzymatically digested and cryopreserved as single cell suspensions (2, 28, 29). Although, 

single cell cryopreservation eliminates the possibility of heterotopic tissue transplant, it may 

be more effective in preserving testicular cells and SSCs specifically (30).

Previous studies have investigated the effect of different cryopreservation conditions on 

overall post thawed cell survival using single cell suspensions (30). However, cell viability 

does not provide quantitative information on the efficiency of the total number of viable 

cells recovered following cryopreservation as freezing injuries often result (31). 

Additionally, fertility preservation and resumption of spermatogenesis critically rely on the 

survival of both SSCs and essential somatic cells after cryopreservation (32). Currently, it is 

unclear whether human SSCs would be best preserved in situ as testicular tissues or as single 

cell suspensions. We and others have demonstrated that cells expressing either SSEA-4 and 

THY-1 are enriched in adult human SSCs and somatic cells (Sertoli and stromal cells), 

essential for in vitro SSC expansion, respectively (11, 32, 33). Using SSEA-4 as a marker 

for testicular cell population enriched with human SSCs, Pacchiarotti and colleagues 

reported similar post thawed SSEA-4+cell recovery, regardless if they were cryopreserved 

as testicular tissues or single cell suspensions (2). However, the testicular tissues were 

collected from patients undergoing sexual reassignment surgery who were on extended high 

dose estrogen therapy. As spermatogenesis is inhibited with high dose estrogen therapy (34), 

it is unknown whether those results are applicable to patients with normal spermatogenesis 

who are not on estrogen therapy. Importantly, similar studies on human prepubertal SSC 

cryopreservation are not currently available due mainly to the scarcity of available tissues 

and the associated ethical dilemma. However, we have recently demonstrated that human 

fetal testicular tissues shared significant similarity in seminiferous cord morphology and 

primitive spermatogonia composition with prepubertal testicular tissues, thus making them 

viable surrogates for prepubertal tissues (11). In contrast to adult testicular tissues, fetal 

SSCs co-expressed both SSEA-4 and THY-1 (11).

The present study utilizes testicular tissues collected from adult men with normal 

spermatogenesis to investigate the effectiveness of human SSC cryopreservation following 

either testicular tissue or single cell suspension cryopreservation using SSEA-4 as a marker 

for SSCs. In parallel, human fetal testicular tissues were also used as a surrogate for human 

prepubertal testicular tissues. We hypothesize that the viability fraction and number of 

surviving SSEA-4+cells following cryopreservation depend on both the approaches of 

cryopreservation (tissues vs. single cells) and the age of the patients.

MATERIALS AND METHODS

Testicular tissues

Adult human testicular tissues were collected by testicular sperm extraction (TESE) from 4 

subjects (34–62 years of age) with normal spermatogenesis. Each patient had normal semen 

parameters or prior paternity. Subject 2, 33, and 105 had TESE either for failed 

vasovasotomy or anejaculation as part of their fertility treatments. Subject 123 underwent a 

spermatocelectomy. Tissues were transported in sperm wash medium with gentamycin 

(Vitrolife, San Diego, CA) and processed within two hours. All subjects signed a written 

Yango et al. Page 3

Fertil Steril. Author manuscript; available in PMC 2015 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



informed consent allowing use of their testicular specimens for research purposes as part of 

the UCSF LIFE study (IRB approved CHR # 10-04868). Human 22–23 weeks of gestation 

fetal testes (n=3) were obtained following elective termination of pregnancy with 

appropriate consent from subjects prior to procedure (IRB approved CHR # 12-08704). 

None of the terminations were for reasons of fetal abnormality, and all fetuses appeared to 

be morphologically normal. Gestational age was determined by last menstrual period, 

confirmed with ultrasound and foot length measurement. Tissues were transported at 4°C in 

DMEM/F12 + Glutamax (Gibco, Grand Island, NY) supplemented with 15% fetal bovine 

serum (FBS) (Gibco) and 1% Pencillin-Streptomycin-Fungizone (University of California 

San Francisco, Cell Culture Facility) and processed within 2 hours.

Tissue processing and cryopreservation

Tissues were washed in phosphate buffered saline, minced to 1mm in size, and divided into 

equal halves by weight for either tissue digestion prior to cryopreservation or for immediate 

tissue cryopreservation. Minced tissues, designated for immediate cryopreservation, were 

resuspended in 1.28 M dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) 

DMEM/F12 with 25% FBS, equilibrated for 5 minutes at 4°C, transferred to 1.8 ml 

cryovials (Nunc, Rochester, NY), cryopreserved at a rate of −1°C/min, and stored in liquid 

nitrogen. 2–5 × 106 total cells or equivalent in tissues were cryopreserved in 1 ml of the 

freezing media.

The other remaining portion of fresh minced tissues was subjected to a two-step enzymatic 

digestion at 37°C with 1mg/ml collagenase IV in DMEM/F12 followed by 0.25% trypsin 

EDTA with 50 µg/ml DNase I (all from Sigma-Aldrich) for 20 min each. Single cell 

suspensions obtained following tissue digestion were incubated with red blood cell lysis 

buffer, washed with PBS, filtered through a 70 um cell strainer, resuspended with 0.4% 

Trypan blue, and counted with a hemocytometer. Cell suspensions were cryopreserved in 

the same manner described above as minced tissues. For thawing, cryovials were removed, 

immediately thawed in a 37°C water bath, washed, and resuspended with 15% FBS DMEM/

F12. Thawed cryopreserved testicular tissues were subjected to the same two-step enzymatic 

digestion as fresh minced tissues.

Flow cytometry analysis

Cells were stained with anti-SSEA-4 FITC and anti-Thy-1 APC (BD Pharmingen, San Jose, 

CA) in PBS with 1% BSA for 30 min at 37°C, washed, and analyzed with BD FACS Aria 

Flow Cytometer. Only live cells were gated for analyses.

Statistical analysis

The number of cells recovered per milligram of tissue was calculated by dividing cell 

number by the mass of tissue it was isolated from. Cell recovery between experimental 

groups (cryopreserved tissues vs. single cell suspension) was reported as a percentage and 

was calculated by dividing the experimental cells recovered by the number of cells 

recovered from fresh tissue × 100. One-way with subjects ANOVA with Holm-Bonferroni 

correction or paired student t-test were used for analyses as appropriated (35).
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RESULTS

Experimental design

The experimental design is illustrated in Figure 1A. Adult testicular tissues (n=4) were 

collected from fertile men with proven spermatogenesis by TESE. Fetal male gonads (n=3), 

at 22–23 weeks of gestation, were used as a surrogate for prepubertal testicular tissues.

Effects of cryopreservation on testicular cell viability

Testicular cell viability was evaluated after paired samples were processed, cryopreserved, 

and thawed as illustrated (Fig. 1A). The average cell viability of adult and fetal testicular 

cells, after enzymatic digestion from freshly collected tissues, was 94% and 91%, 

respectively (Table 1). These single cell suspensions and their paired minced tissues were 

cryopreserved, thawed, enzymatically digested in cases of tissues, and assessed for cell 

viability. Viability of cryopreserved adult and fetal cells was compared to viability of freshly 

collected tissues. When adult and fetal single cell suspensions were cryopreserved and 

thawed, the viability of adult and fetal testicular cells was 67% and 75%, representing a 

statistically significant decrease of 27% and 16% in cell viability when compared to 

percentage of viable cells prior to cryopreservation, respectively. Similarly, when adult and 

fetal minced tissues were processed following cryopreservation, cell viability significantly 

decreased to 80% and 83% respectively (Table. 1). Furthermore, the fraction of post-thawed 

cell viability was significantly higher with minced tissue cryopreservation for both adult and 

fetal testicular samples when compared to single cell suspension cryopreservation, 

suggesting that tissue cryopreservation may be a superior approach to preserving testicular 

cell viability.

Effects of cryopreservation technique on testicular cell recovery

Although cell viability assessment provides the overall percentage of viable cells of each 

single cell suspension, it does not provide quantitative information on the efficiency of the 

total number of viable cells recovered following cryopreservation. Therefore, assessing the 

absolute number of viable cells recovered, normalized to tissue weight, provides more 

insight into the efficiency of cryopreservation. Due to differences in developmental stages 

and methods of tissue collection (TESE vs. whole testes), adult testicular tissues and fetal 

testes were analyzed separately and results were not directly compared. Table 2 lists the 

number of cells recovered per mg of tissues for all fresh samples and their experimental 

(cryopreserved tissues and single cell suspensions) matched pairs after cryopreservation and 

thaw. Cell recovery between experimental groups was compared to their matched fresh 

samples and reported as a percentage. In comparison to freshly digested tissues, when adult 

testicular single cell suspensions and tissues were cryopreserved and thawed, the number of 

total cells recovered per mg of tissues decreased to 39,607 (46% recovery) and 18,516 (24% 

recovery), respectively, (Table 2). When the number of live cells recovered per mg of tissues 

was evaluated by Trypan blue exclusion, the recovery fraction from single cell suspension 

and tissue cryopreservation decreased further to 33% and 20%, respectively (Table 2). 

Although the recovery rate with tissue cryopreservation was lower in comparison to single 

cell suspension cryopreservation, this trend was not statistically significant (p=0.09).
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Cell recovery was also evaluated in fetal testes in a similar fashion. The number of testicular 

cells per mg of fetal testes was less than the number observed in adult testicular tissues due 

to differences mentioned above. Similar to adult testicular cells, cryopreservation of fetal 

testicular cells, regardless as cell suspension or tissues, resulted in a significant decline in 

cell recovery after thaw. In contrast to adult testicular cells, the number of cells recovered 

per mg of tissue was higher when tissues were cryopreserved (28,247 total cells/mg and 

23,387 viable cells/mg) in comparison to single cell cryopreservation (19,281 total cells/mg 

and 14,475 viable cells/mg) (Table 2); however this difference did not achieve statistical 

significance (p=0.07).

Effects of cryopreservation on SSEA-4+ cell recovery

Fertility preservation and spermatogenesis critically rely on the successful survival of both 

SSCs and essential somatic cells after cryopreservation (32). In adult, we used SSEA-4 and 

THY-1 as markers for cell populations enriched in SSCs and somatic cells (Sertoli and 

stromal cells) essential for SSC expansion, respectively (32, 33). The frequency of live 

SSEA-4+ and THY-1+ cells from cryopreserved tissues and cell suspensions were evaluated 

by FACS (Fig. 1B). Adult SSEA-4+ cell recovery was significantly higher with single cell 

suspension cryopreservation (19%) in comparison to tissue cryopreservation (13%) (Table 

3) (p<0.03). The number of SSEA-4+ cells per mg of tissues recovered with single cell 

suspension and tissue cryopreservation was 5,150 and 2,233, respectively. Although there 

was better somatic cell recovery with single cell suspension cryopreservation, this difference 

did not achieve statistical significance (p=0.16).

In contrast to adult testicular tissues, fetal SSCs co-express both SSEA-4 and THY-1 (11). 

Thus, fetal SSEA-4+/THY-1+ testicular cells, used in this study, represent cell population 

enriched with fetal SSCs. Although adult testicular THY-1+ cells have been shown to be 

critical in providing an essential somatic niche for adult SSCs expansion in vitro, the precise 

somatic population needed to support fetal or prepubertal SSC growth has not been defined 

(11, 32). Thus, the frequency of fetal somatic cells will not be evaluated here. The frequency 

and number of fetal SSEA-4 cells recovered after cryopreservation was evaluated as 

described and listed in Table 3. Fetal SSEA-4+/THY-1+ cell recovery was not impacted by 

whether they were cryopreserved as tissues or single cell suspensions. Since cryopreserved 

tissues yielded higher overall number of viable fetal testicular cells (Table 2), the number of 

SSEA-4+/THY-1+ cells recovered per mg of tissues trended higher with tissue preservation 

(p=0.56) (Table 3).

DISCUSSION

Although considered experimental, testicular tissue cryopreservation prior to gonadotoxic 

oncotherapy is an emerging fertility preservation strategy for patients who may be rendered 

infertile following successful therapy (1). Testicular tissue cryopreservation had been shown 

to preserve the integrity of the seminiferous tubules, as well as, some in vitro and in vivo 

function of spermatogonia, Leydig, and Sertoli cells (21–27, 30). However, as SSC survival 

after cryopreservation is essential for resumption of spermatogenesis, studies assessing 

optimal approaches to SSC cryopreservation (tissues vs. single cell suspension) are limited 
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(2). Currently, it is unknown whether it is best to cryopreserve SSCs within their cognate 

niches as frozen tissues or as a heterogeneous single cell suspension of testicular cells. This 

study demonstrates that optimal SSC recovery depends on both the state of the samples 

cryopreserved and the age of the patients. While testicular cell cryopreservation yielded a 

higher recovery of SSEA-4+ cells, a population enriched with SSCs in adult, similar fetal 

SSEA-4+ recovery rate was seen regardless whether testicular tissues or cells were 

cryopreserved.

Controlled slow-freezing using DMSO was used in this study as previous studies had shown 

that this method was suitable for human testicular tissue and cell cryopreservation for both 

adult and prepubertal samples (2, 21–26,28–30). These studies used various concentrations 

of DMSO with limited quantitative assessment of SSC survival and function as endpoints 

(21–26,28–30). Due to the limited availability of human testicular tissues, there are few 

studies comparing efficiency of cryoprotectants (22, 29). When glycerol, propanediol, and 

DMSO were evaluated, DMSO was superior in preserving the integrity of adult 

seminiferous tubules and in vitro Leydig cell function (22). In contrast, the type of 

cryoprotectants did not have an impact on the relative viability of adult testicular cells when 

cryopreserved as testicular single cell suspensions (29). However, these results must be 

interpreted with caution, as testicular tissues from infertile men were also included in these 

studies (22, 29).

Recently, vitrification has been reported as an alternative to controlled slow-freeze as it is 

less time consuming and has the potential to minimize freezing injuries due to ice crystal 

formations (31, 36). However, studies on testicular tissue vitrification are also limited. 

Vitrification of neonatal mouse testicular tissues resulted in similar preservation of 

seminiferous tubule morphology, cell structure, and overall graft survival in comparison to 

controlled slow-freeze (37–39). However, vitrification resulted in significantly higher levels 

of apoptosis (37). Vitrification of non-human primate immature testicular tissues was 

reported to be feasible (40). However, the relative effectiveness of vitrification remains to be 

investigated as it was not compared to controlled slow-freeze (40). Vitrification of human 

prepubertal testicular tissues from two patients was compared to controlled slow-freeze 

recently (21). In this case control study, vitrification resulted in similar preservation of the 

seminiferous tubule, spermatogonium, and Sertoli cell morphology based on histology in 

comparison to controlled slow-freeze (21). Using testicular biopsies from adult infertile 

men, vitrification of single cell suspensions was compared to different protocols of 

controlled slow-freeze (28). Specifically, vitrification was found to yield the highest rate of 

viable testicular cells recovered at 34.9% compared to 20.9% with a controlled slow-freeze 

protocol using DMSO (28). Although these results were encouraging, it is important to 

notice that the overall recovery rate was quite low for all controlled slow-freeze and samples 

from infertile patients were used (28). In contrast, in our study, the viability of single cell 

suspension cryopreservation was 33% (Table 2). Thus, although vitrification of human 

testicular tissues and cells is a promising approach, comparative studies are limited and 

more functional studies are needed.

Most studies, thus far, have focused on the feasibility of human testicular tissue or single 

cell suspension cryopreservation with assessments of seminiferous tubule morphology and 
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limited short-term cellular function either with an in vitro or in vivo xenograft systems (21–

26,28, 29). Specifically, the ideal cryopreservation approaches (tissues vs. single cell 

suspensions) that yield the highest recovery of viable SSCs and supporting cells such as 

Leydig and Sertoli cells, essential for resumption of spermatogenesis, at different stages of 

development (prepupertal vs. adult) were not evaluated. Recent studies demonstrate that 

cryopreservation of normal adult human testicular single cell suspensions with DMSO yields 

the best recovery of viable diploid testicular cells in comparison to tissue cryopreservation 

(30). Furthermore, in vitro culture of these cells remained viable for longer periods, 

suggesting that single cell suspension cryopreservation is the optimal way to preserve adult 

human diploid testicular cells (30). Using testicular tissues from male patients undergoing 

surgical sexual reassignment treatments, Pacchiarotti and colleagues reported similar rate of 

SSEA-4+ cells and Leydig cell recovery with both tissue and single cell suspension 

cryopreservation (2). In contrast, the highest recovery of viable adult SSEA-4+cells in our 

studies was achieved with single cell cryopreservation (19%) in agreement with Unni et. al 

(30). Similar to Pacchiarotti’s studies, we also used SSEA-4+ as a marker of human 

testicular cells enriched with SSCs and objective quantification with FACS (2, 11,32, 33). 

However, we used testicular samples from men with normal spermatogenesis rather than 

men who were taking high doses of estrogen as part of the medical treatments prior to sexual 

reassignment surgeries (2). The estrogen induced hypothalamic suppression was shown to 

alter the testicular tissue composition and inhibit spermatogenesis which may limit the 

application of these results to normal men (34). We typically found SSEA-4+ frequency in 

the range of 2–6% when we evaluated samples from men who were taking high dose 

estrogen (data not shown), similar to those reported by Pacchiarotti and colleagues (2). 

Furthermore, the enzymes used for digestion in that study were also different from our 

studies. Thus, these differences may explain for the discrepancies such as SSEA-4+cell 

frequency, recovery, and cells/mg between studies. Although we did not specifically 

evaluate for the recovery of Leydig cells, we did evaluate stromal and Sertoli cell recovery 

by FACS using THY-1 as a marker as we previously reported that adult testicular THY-1+ 

cells are essential in supporting SSC expansion in vitro (11, 32). Similar to Leydig cell 

recovery between tissue and single cell suspension cryopreservation in previous studies, we 

did not find significant differences in the recovery of adult testicular THY-1+ cells 

suggesting that adult SSCs are more sensitive to the cryopreservation process than their 

somatic cell counterparts.

Recent studies in prepubertal rats demonstrated that testicular single cell suspension 

cryopreservation with DMSO yielded the highest rate of viable spermatogonia recovered in 

comparison to tissue cryopreservation or with the use of other cryoprotectants (30). 

Unfortunately, similar studies looking at the recovery rate of viable human prepubertal SSCs 

are not available due to the scarcity of prepubertal tissues for research. To circumvent this 

problem, we used fetal testes at 22–23 weeks of gestation as a surrogate model to study the 

optimal freezing method for prepubertal SSCs as we have previously reported that fetal 

testes at this gestation showed similar seminiferous tubule morphology with similar 

frequency of SSCs and Sertoli cells (11). Although there was a trend in higher overall 

recovery rate of viable testicular cells with tissue cryopreservation (p<0.07), there was no 
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difference in the recovery rate of fetal SSEA-4+, perhaps due to the lower frequency of 

SSCs in fetal testes.

Our results demonstrated that optimal preservation of adult human testicular SSEA-4+ cells, 

a population enriched with SSCs, is achieved with controlled slow-freeze of testicular single 

cell suspensions. In contrast, both testicular tissue and single cell suspension 

cryopreservation yielded similar recovery rate of fetal SSEA-4+ cells. These results provide 

much needed information for clinicians and scientists in the field of male fertility 

preservation (1). Although preliminary, our data support the current practice of prepubertal 

testicular tissue cryopreservation, as this will preserve the options for both heterotopic 

grafting of testicular tissues and orthotopic SSC transplantation in the future. Although 

sperm cryopreservation is a proven and acceptable technique of fertility preservation in adult 

men undergoing potential gonadotoxic treatments, future fertility treatments using the finite 

amount of cryopreserved sperm will require some forms of assisted reproductive technology 

which are often cumbersome and expensive. Autologous heterotopic or orthotopic SSC 

transplantations are theoretically feasible alternatives as limited results were reported in non-

human primates (8, 12–14,18, 19). However, only orthotopic testicular cells transplantation 

had been shown to provide long-term spermatogenesis capable of conceiving in non-human 

primates (18, 19). Thus, cryopreservation of adult testicular cell suspensions should be 

considered as our data demonstrated that adult SSEA-4+ cells are best preserved with this 

approach. Additionally, this approach also allows for the elimination of potential 

contaminating malignant cells prior to transplantation with FACS (15, 16,41–43).

The strengths of our study include the use of actual TESE tissues collected from adult men 

with normal spermatogenesis. Furthermore, we were able to isolate these rare adult 

SSEA-4+cells and essential somatic cells after both tissue and single cell suspension 

cryopreservation by FACS and expanded them in vitro (32). Additionally, we used matched 

pairs of tissues for our experimental groups and objectively quantitated for the recovery of 

human SSCs with validated markers and FACS. While fetal tissue was used as a model of 

prepubertal testicular tissue, significant differences may exist between these cell 

populations. Further, the limited number of subjects evaluated may not accurately reflect all 

normal men. Additionally, we used nonclinical-grade reagents such as collagenase and fetal 

bovine serum in our study limiting their direct application to clinical settings.

In summary, we have shown that optimal adult human SSEA-4+ cell recovery is achieved 

with testicular single cell suspension cryopreservation whereas similar fetal SSC recovery 

was achieved with both tissue and single cell suspension cryopreservation. These results 

offer insight into the optimal methods of preserving SSCs from testicular tissues for future 

therapeutic applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Experimental design of study comparing testicular tissue and testicular single cell 

suspension cryopreservation. (B) FACS analyses of human adult and fetal testicular 

SSEA-4+ and THY-1+ cells after tissue and single cell suspension cryopreservation. Cells 

were initially gated based on FSC and SSC properties. Subsequently, only single and live 

cells were gated based on FSC-A/FSC-H properties and exclusion of Sytox blue, 

respectively. For adult cells, SSEA-4 and THY-1 are distinct populations enriched in SSCs 

and essential somatic cells. For fetal cells, only SSEA-4+/THY-1+ population is enriched in 

spermatogonia.
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Table 1

Cell viability before and after cryopreservation

Fresh cells (%) Cryo cells (%) Cryo tissues (%)

Adult Subjects

SID2 96 65 77

SID33 94 68 79

SID105 96 64 79

SID123 88 72 84

Ave ± SD 94a ± 4 67a ± 4 80a ± 3

Fetal Testes

Sample 1 89 79 84

Sample 2 91 71 82

Sample 3 92 75 82

Ave +/− SD 91b ± 2 75b ± 4 83b ± 1

Cell viability was assessed with Trypan blue exclusion and the percentage of viability was determined by dividing the number of viable cells over 
the total number of cells counted × 100.

a,b
p<0.001 by one-way ANOVA. Bonferroni corrections demonstrated significant differences in all three subgroups in both adult and fetal samples 

(p<0.02).
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