1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Andrology. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Andrology. 2019 March ; 7(2): 257-265. doi:10.1111/andr.12571.

Effect of Hormone Modulations on Donor-Derived
Spermatogenesis or Colonization after Syngeneic and
Xenotransplantation in Mice

GUNAPALA SHETTY?, ZHUANG WU, TRUONG NGUYEN ANH LAML, THIEN TRONG
PHAN?, KYLE E ORWIGZ?, and MARVIN L MEISTRICH?

1Department of Experimental Radiation Oncology, The University of Texas MD Anderson Cancer
Center, Houston, Texas 77030.

2Department of Obstetrics, Gynecology and Reproductive Sciences, University of Pittsburgh
School of Medicine, Magee-Womens Research Institute, Pittsburgh, PA 15213.

Abstract

Background: Cytotoxic cancer treatments, such as irradiation, can cause permanent sterility in
male mammals due to the loss of spermatogonial stem cells (SSCs). In animal models,
spermatogenesis could be restored from transplanted SSCs. Previously we showed that transient
suppression of FSH, LH, and testosterone in the recipient with a gonadotropin-releasing hormone
antagonist (GnRH-ant), given immediately after irradiation, enhanced spermatogenesis from
transplanted SSCs in mice and monkeys.

Objectives: To explore improvements in the preparation of the recipient for efficient and reliable
spermatogenic recovery from SSC transplantation, so that it can be used effectively in clinical
practice.

Materials and methods: In mouse recipients we evaluated the effects of hormone suppression
given after germ cell depletion was complete, which is a more clinically relevant model, and also
the importance of total androgen ablation and maintenance of FSH levels. Three regimens: GnRH-
ant, GnRH-ant plus flutamide (androgen receptor antagonist), or GnRH-ant plus FSH, were
administered prior to and around the time of transplantation of testis cells from immature mice or
from prepubertal monkeys.

Results: Treatment with GnRH-ant resulted in a 4-fold increase in spermatogenic recovery from
GFP-marked transplanted mouse cells. Total androgen ablation with the addition of flutamide,
started 2 weeks before transplantation, did not further enhance recovery. Surprisingly, FSH
supplementation, started around the time of transplantation actually reduced spermatogenic
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recovery from transplanted spermatogonial stem cells in GnRH-ant-treated mice. When
prepubertal monkey testicular cells were transplanted into nude mice that were given the same
hormone treatments, the numbers of donor-derived colonies were independent of hormone
treatment.

Discussion and Conclusion: The enhancements in spermatogenic recovery may only occur
when syngeneic or closely related donor-recipient pairs are used. These results are useful in
further investigations in choosing a hormone suppression regimen in combination with
spermatogonial transplantation as a treatment to restore fertility in primates after cytotoxic therapy.
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INTRODUCTION

Male infertility is one of the adverse consequences of cytotoxic exposures during cancer
therapy. High doses of radiation or chemotherapy can produce permanent azoospermia by
killing all of the stem spermatogonia. Although postpubertal males can preserve their
fertility by semen cryopreservation, the only option for prepubertal boys involves
cryopreservation of testicular tissue containing spermatogonial stem cells (SSC) for possible
later transplantation (Brinster, 2007), a promising method for the preservation of fertility
(Orwig & Schlatt, 2005).

Autologous intratesticular transplantation of cryopreserved testicular cells has been well
documented to restore fertility in rodent models and some farm animals (Honaramooz &
Yang, 2011). Although it has not been successfully demonstrated in humans, there are
reports of recovery of spermatogenesis from transplanted germ cell suspensions into
irradiated (Jahnukainen et al., 2011; Schlatt ef a/., 2002) and busulfan-treated monkeys
(Hermann et al., 2012). However, improvements in the efficiency and reliability of this
transplantation technique are needed before it can be used effectively in clinical practice.

One approach to improve transplantation efficiency is based on our demonstration that
transient suppression of the gonadotropins and testosterone (T) with GnRH-analogs actually
stimulates endogenous recovery of spermatogenesis after exposure to cytotoxic agents
(Meistrich & Kangasniemi, 1997). Enhancement of testis colonization and differentiation of
transplanted spermatogonia by suppressing gonadotropins and intratesticular T has also been
demonstrated in busulfan-treated (Ogawa et al., 1999; Zhang et al., 2003) and irradiated
(Zhang et al., 2007) recipient rats and in busulfan-treated (Dobrinski et a/., 2001; Ogawa et
al., 1998; Ohmura et a/., 2003) and irradiated (Wang et a/., 2010) mice. Furthermore, we
showed that GnRH-ant given prior to transplantation enhanced the recovery of
spermatogenesis from donor cells in irradiated monkey testes (Shetty et a/., 2013). Still
particularly in primates, the efficiency of spermatogenic recovery from transplanted SSCs is
low and further optimization of the hormonal conditions around the time of transplantation
should be tested.
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Although GnRH-ant reduces serum T levels in rats or monkeys to near baseline levels (<0.1
ng/ml), the levels of T in the testis were only reduced to about 2-10 ng/gm-tissue (Shetty et
al., 2013; Shetty et al., 2006b; Shetty et al., 2000). Combined treatment with GnRH-ant and
the androgen receptor antagonist, flutamide, to produce total androgen ablation has been
shown to more rapidly suppress spermatogenesis in normal rats (Kangasniemi et al., 1995)
and further enhance the recovery of spermatogenesis in irradiated rats above the level seen
with GnRH-ant alone (Porter et al., 2009; Shetty et al., 2000).

In addition, we reasoned that the suppression of FSH by the GnRH-ant might be detrimental
to the recovery of spermatogenesis by transplanted SSC, since FSH has been shown to be
important for maintenance of spermatogonial numbers (Meachem et a/., 1999) and
especially for the recovery of spermatogonial numbers in rats after gonadotropin suppression
(Meachem et al., 1998). Since GnRH-ant is given as bolus injections, the decay of the drug
concentration is gradual and the levels of FSH at the time of transplant would likely still be
low; FSH supplementation at this time is expected to be beneficial.

In this study, we assessed the efficacy of specifically further suppressing the action of T and
supplementation with FSH levels on colonization and development of mouse or monkey
germ cells transplanted into irradiated mouse recipients. The goal was to identify optimum
conditions, for application in subsequent studies with non-human primate hosts and eventual
clinical applications.

MATERIALS AND METHODS

Animals

Irradiation

Adult C57BL/6Law (B6) and nude (Swiss nu-nu/Ncr) male mice at 7-9 weeks of age, bred
at The University of Texas, M. D. Anderson Cancer Center, were used as transplantation
recipients. Donor mice were obtained by breeding C57BL/6-Tg (CAG-EGFP) 10sb/J mice
(obtained from Jackson Laboratory), ubiquitously expressing green fluorescent protein, with
B6 mice. The animals were maintained on a 12-h light 12-h dark cycle and were allowed
food and water ad libitum. All animal procedures were approved by The University of Texas
M. D. Anderson Cancer Center Animal Care and Use Committee.

Unanesthetized mice were irradiated by a 13’Cs gamma-ray unit with a 3-cm diameter field
covering only the lower abdominal and scrotal area (Wang et a/., 2010). A total radiation
dose of 13.5 Gy was delivered as an initial 1.5-Gy dose and followed by a second dose of 12
Gy one day later.

Hormone modulation

The schedules of treatments administered after irradiation to modulate hormone levels are
given in Fig. 1. The GnRH antagonist, acyline (kindly provided by Contraceptive
Development Program, National Institute of Child Health and Human Development,
Rockville, MD), was prepared in sterile water and injected sc at 4 weeks after irradiation at
an initial dose of 20 mg/kg body weight and followed by a maintenance dose of 10 mg/kg
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body weight given 2 weeks later (Shetty et al., 2006b). Such a treatment in mice suppressed
the intratesticular testosterone levels by 97-98% to 3 ng/g-tissue in mice (Shetty et al.,
2006b). These levels are below the basal levels of seminiferous tubule testosterone levels of
13 ng/ml, shown to be required for maintenance of spermatogenesis in rats (Zirkin et al.,
1989). Sham-treated controls were given injection of sterile water. The androgen receptor
antagonist, flutamide, was delivered by implanting two 2-cm Silastic silicone capsules filled
with the drug at 6 weeks after irradiation and removing them 18 days later, which was 4
days after transplantation. FSH (recombinant human FSH, National Hormone & Peptide
Program) was delivered using Alzet 2002 osmotic pumps at a dose of 5 1U/day (Baines et
al., 2008) starting 1 day before transplantation and continued for 2 weeks.

Transplantation

Syngeneic transplantation employed hemizygous EGFP mice as donors and B6 mice as
recipients. Testicular cells were prepared from immature 14-17 day old EGFP mice with
sequential collagenase, hyaluronidase, and trypsin digestion as previously reported (Wang et
al., 2010), except that a 40 um screen was used to filter the suspension.

For xenotransplantation, donor cells from testes of four prepubertal rhesus monkeys,
cryopreserved at Magee Womens Research Institute, Pittsburgh, were used. The cells were
transported to Houston in liquid nitrogen. The cryopreserved cells were thawed, washed and
suspended at approximately 20—40 x 106 cells/ml in MEMa. containing FBS, Trypan blue,
antibiotic-antimycotic mixture, DNase I, and Trypan blue. The prepubertal status of the
donor monkeys at the time of harvesting testicular tissues was confirmed by the absence of
mature spermatids in the cell suspension. The overall viability of the cells was 72%.
Irradiated nude mice were used as recipients. Each suspension was used for at least three of
the different treatment groups; furthermore, no significant differences were observed in the
colonizing efficiencies of the four donors.

Mice were used as recipients for spermatogonial transplantation at 4-5 weeks after
irradiation. Transplantation was performed by injection through the efferent ducts as
described previously (Wang et al., 2010; Zhang et al., 2006). For syngeneic transplantations,
the average injection per testis was 6 pl containing 1.65x 10° total cells; for
xenotransplantations, the respective values were 7 ul and 3.4 x 10° cells. The different
numbers of cells injected in these two experiments depended on the number of viable cells
that we obtained from the GFP pup testes (for syngeneic) and from the cryopreserved
monkey testes cells after thawing (xenogeneic), and also the volume of the cell suspension
that could be injected each time.

The experiments were repeated 4-5 times to have enough number of successfully
transplanted testes in each experimental group. Each time all the experimental groups were
uniformly represented to avoid inter-experiment bias.

The syngeneic transplantation assay is widely used as an assay for mouse SSCs (Brinster,
2007; Dobrinski et al., 2001). In support of this we have previously shown, in a model very
similar to the current one, that the colonies and sperm production are sustained for 43 weeks
after transplantation (Wang et a/., 2010). Furthermore, the colonies that we observe at 8
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weeks contain spermatocytes and spermatogonia, indicating that the stem cell activity is
continuing.

Although primate spermatogonia do not regenerate complete spermatogenesis in mouse
seminiferous tubules, there are several criteria that provide support for the identification of
these colonies as being derived from SSCs. The colonizing events by nonhuman primate and
human testis cells appear very similar to early mouse SSC colonies two weeks after
transplantation (Nagano et a/.,, 1999; Nagano et al., 2002). For example, they are
preferentially produced when cells sorted for stem cell markers are used. The cells migrate
to the basement membrane of recipient seminiferous tubules, they proliferate to produce
characteristic chains and networks of spermatogonia, and persist for periods of time ranging
from several months to more than one year. Although the ultimate proof that these colonies
are stem cells-derived awaits the ability to obtain differentiation, based on these criteria,
xenotransplantation to mouse seminiferous tubules is considered by many authors as an
assay for primate SSCs (Hermann et a/., 2007; lzadyar et al.,, 2011; Nagano et al., 2001,
Nagano et al., 2002; Sadri-Ardekani et al., 2011; Wu et al., 2009).

Evaluation of syngeneic donor-derived spermatogenesis

For evaluation of spermatogenic recovery after syngeneic transplantation, testes were
harvested 8 weeks after transplantation. The 8-week time point for analysis was selected
since that is typically used to evaluate the results of spermatogonial transplantation in mice
(Tanaka et al., 2016). Testes were fixed in 4% paraformaldehyde at 4°C for up to 24 h,
embedded in paraffin and sectioned. After deparaffinization, rehydration, antigen retrieval,
and nonspecific antibody-binding blocking, the sections were then incubated with rabbit
monoclonal anti-GFP (Cell Signaling, Danvers, MA) at 1:300 dilution at 4°C overnight,
followed by a biotinylated anti-rabbit immunoglobulin G and an avidin-biotin-peroxidase
complex reagent (Vectastain Elite Kit, \ector Laboratories, Burlingame, CA). The
immunoreactivity was visualized by incubation with the peroxidase substrate
diaminobenzidine (Vector Laboratories). The slides were counterstained with hematoxylin.

Spermatogenic recovery was evaluated as previously described (Shetty ef a/., 2001) by the
tubule differentiation index (TDI), which is defined as the percentage of tubules that contain
three or more differentiating germ cells at the B spermatogonial stage or beyond. GFP
staining was used to differentiate whether the germ cells originated from the donor cells
(GFP positive) or from the endogenous spermatogonia (GFP negative). The percentage of
tubule cross-sections with donor-derived differentiating cells give a measure proportional to
the number of colonizing donor SSCs and the length of the donor colonies. The TDI for
donor cells was corrected for injection of different cell numbers by normalization to the
average cell numbers injected in all syngeneic transplants.

Evaluation of xenogeneic donor-derived colonization

For evaluation of colonization of mouse testes by prepubertal rhesus monkey SSC, testes
were harvested from nude mice 8 weeks after transplantation and seminiferous tubules were
dispersed with collagenase and DNase, and fixed in paraformaldehyde. Tubules were
processed for immunostaining with a rabbit anti-rhesus antibody as described (Hermann et
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al., 2007). The rhesus testis-cell antibody was used at a 1:800 dilution and detected with
Alexa Fluor 488 conjugated goat anti-rabbit IgG (1:300 dilution; Invitrogen, Carlsbad, CA)
(Shetty et al., 2013). In addition, the tubules were stained with a goat-anti-VASA antibody
(1:200, AF2030, R&D, Systems, Minneapolis, MN), which was detected using a donkey-
anti-goat Alexa Fluor 594 conjugated second antibody (1:300). The monkey donor cells
were identified by their green fluorescence in whole-mounted tubules. Samples were
mounted with Vectashield medium containing DAPI (Vector Laboratories, Burlingame, CA)
on slides with raised coverslips and visualized by fluorescence microscopy.

Donor colonies were identified containing at least four cells exhibiting spermatogonial
morphology and topology (<100 um between cells), located on the basement membrane of
the recipient seminiferous tubule, and exhibiting VASA staining (Hermann et al., 2009),
criteria consistent with their formation by stem cells. The number of colonies in the whole
testicular preparation and the number of cells in each colony were counted.

Statistical analysis

The TDI and colony counts were represented as arithmetic mean £ SEM. When only two
groups were being compared (transplanted and untransplanted testes within a given
treatment group), the significance of differences between different treatments was evaluated
by the #test and non-parametric Mann-Whitney U test. When multiple treatment groups
were being compared, a one-way analysis of variance (ANOVA) test was performed to test
whether there were significant differences between the groups (ANOVA £< 0.05) and then
individual groups were compared using a post-hoc-Tukey test. All analyses were performed
with the IBM SPSS (version 23) statistical package.

RESULTS

With the objective of optimizing hormone treatment to enhance colonization and later
spermatogenesis, we manipulated gonadotropin and androgen levels/actions in irradiated
adult B6 mice that received testicular germ cell transplants from immature
immunocompatible EGFP-labeled mice. Three treatment regimens were tested (Fig. 1):
treatment for 4 weeks prior to the transplantation with GnRH-ant only, GnRH-ant plus
flutamide for the last 2 weeks before transplant, and GnRH-ant plus FSH for 1 week after
transplantation, and compared with sham hormone treatments. Significant increases in testes
weights were observed in all the transplanted groups compared to the respective
untransplanted group, confirming successful transplantation (Table 1).

Initially we tested whether the dose of radiation (13.5 Gy) given to the mice was sufficient to
cause extensive depletion of the germ cells as required in the current model. Indeed, at 4
weeks after irradiation, at the time of initiation of hormone modulations, 99.5+0.5 (n=5) of
the tubular cross-sections of the testis were depleted of germ cells and at 8 weeks after
irradiation, at the time of transplantation, 97.4+0.3 (n=4) of tubules were still depleted (Fig.
2).

In testes harvested at 8 weeks after transplantation, we observed spermatogenesis from both
endogenous GFP-negative and donor-derived GFP-positive spermatogonial stem cells (Fig.
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3A-C). The GnRH-ant treatment given from 4 to 8 weeks after irradiation, with or without
the addition of flutamide or FSH restoration, did not produce any significant increases in
endogenous spermatogenic recovery (Fig 3E). However, the percentages of the tubules that
showed differentiated germ cells that originated from donor spermatogonia, which was just
1.6% in irradiated-only mice, was significantly increased 4-fold to 6.5% by the GnRH-ant
treatment (Fig. 3D). The GnRH-ant treatment suppresses FSH and LH and the LH
suppression results in lower basal intratesticular testosterone levels (Shetty et a/., 2006b),
and this was sufficient to achieve maximal recovery. The additional blockade of the residual
basal testosterone action with flutamide treatment resulted in donor-derived spermatogenic
cells in only 5.7% of tubules. Thus, the total androgen ablation with the addition of
flutamide did not have any further promotional effect. Furthermore, the addition of FSH
supplementation around the time of transplantation to GnRH-ant treatment actually resulted
in a decrease in the percentage of tubules with differentiated donor-derived germ cells to
3.3%, which was significantly different from the value for GnRH-ant only using non-
parametric statistics. This result indicates that the suppression of FSH by the GnRH-ant
treatment may actually be beneficial to the recovery of spermatogenesis from the
transplanted cells.

Next, we tested the effect of hormone manipulation on the colonization of prepubertal
monkey testicular cells that were transplanted to nude mice. When the tissues were
harvested 8 weeks after transplantation, the weights of the transplanted testes tended to be
greater than the untransplanted testes but the difference was only significant for one
treatment group (Table 2).

At this time, colonies formed from the monkey donor cells could be visualized by the
staining for nHP and germ-cell specific VASA antibodies (Fig. 4A-C). The staining
intensities of these colonies for VASA was variable, and it appeared that some donor-cell
colonies were VASA-negative. Since cross-sections of control rhesus monkey testes that
showed strong immunostaining for VASA in the pachytene spermatocytes and spermatids,
only showed weak or no staining of the cells in the basal layer (Fig. 5A), we thought it
necessary to evaluate the use of the criterion of VASA immunostaining for identification of
rhesus monkey spermatogonial colonies. In the normal monkey testis cross-sections, we
identified type A spermatogonia by their basal location, relatively large size, and lack of
heterochromatin (Fig. 5B). In this tubule, three such cells were identified (Fig. 5C, D, E) and
all showed clear cytoplasmic VASA staining (Fig. 5C’, D’, E”). Analysis of three other
tubules in different stages of the seminiferous epithelial cycle also showed that all type A
spermatogonia displayed VASA immunofluorescence, which we estimate from the
photomicrographs to be about 50% of the intensity of the spermatocyte or round spermatid
fluorescence intensities. In addition, the dark areas in the basal layer corresponded to Sertoli
cells, which showed no VASA immunofluorescence and preleptotene and leptotene
spermatocytes were weakly fluorescent. Hence, these results support the use of VASA
immunofluorescence for identifying donor monkey spermatogonial colonies in whole-
mounted tubules after transplantation.

It should be noted that the monkey spermatogonia merely survive and proliferate along the
basal lamina but fail to produce differentiated cells (Fig. 4A-C). In the radiation-only
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recipients, we observed an average of 0.80 nHP- and VASA- double positive colonies per
10° donor cells (Fig. 4D), similar to result observed in busulfan-treated mouse recipients
(Hermann et al., 2009). The respective number of colonies per 10° cells did not change
significantly with GnRH-antagonist treatment before the transplantation (0.46 colonies), or
with additional flutamide (0.92 colonies) or rFSH treatment (0.51 colonies). Furthermore,
the sizes of the colonies, which overall had a median of 10 cells, did not differ between the
treatment regimens. Thus, none of the hormone suppression treatments enhanced the
colonization of the transplanted monkey cells in the mouse testes.

In addition to the colonies of spermatogenic cells, other clusters of donor cells were
observed in seminiferous tubules (Fig. 4E-G) and probably accounted for the increased testis
weights of the transplanted testes. These ovoid multicellular clusters were mainly of VASA-
negative somatic cells, with some VASA-positive germ cells. It is possible that the somatic
cells are donor Sertoli cells surviving in the lumen of recipients tubules, as observed in rat
testes transplanted with immature rat testis cells (Zhang et al., 2009).

DISCUSSION

The recovery of spermatogenesis after transplantation is dependent on the ability of the
transplanted stem cells to first home to the available stem cell niches and then colonize and
survive, proliferate to increase their numbers, and finally to differentiate to produce the full
sequence of germ cells. The process can be divided into the colonization step (homing the
niche and functionally surviving), which occur within the first week after transplantation,
and the post-colonization phase (proliferation and differentiation), which begins after 1 week
(Nagano, 2003). Hormone suppression could modulate all of these phases. It should be
noted that, since depot injections of GnRH analogs are used for hormone suppression, the
effects of hormone suppressive treatments before transplantation, can extend for several
weeks after transplant. Various studies in the literature have shown that both using hormone
suppression before transplantation (Dobrinski ef a/., 2001; Kanatsu-Shinohara et a/., 2004;
Ogawa et al., 1998; Shetty et al., 2013; Wang et al., 2010), and hormone suppression after
colonization (Dobrinski et al., 2001; Ogawa et al., 1999; Ohmura et al., 2003; Tanaka et al.,
2016; Wang et al., 2010; Zhang et al., 2007) stimulate recovery of spermatogenesis from
transplanted cells. Because the spermatogonia lack gonadal steroid and gonadotropin
receptors, hormonal effects on the success of transplantation are dependent on the action of
hormones on the somatic environment, not the transplanted germ cells.

Factors involved in the homing step appear to be the ability of the SSCs to attach to Sertoli
cells and the integrity of the tight junctions of the Sertoli cell barrier, which can impede the
migration of cells to the niches in the basal layer. Specific interactions between
spermatogonia and Sertoli cells, involving p1-integrin expressed on Sertoli cells, are
necessary for this homing step (Kanatsu-Shinohara et a/., 2008). The maintenance of the
Sertoli cell barrier in rodents is dependent on androgen (Haverfield et al., 2014; Meng et al.,
2005), which acts by regulating tight junction proteins, occludin and several claudins
(Chakraborty et al., 2014). Loss of the barrier function appears to be an important
mechanism by which hormone suppression facilitates donor SSC colonization.
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For colonization, after arrival at the niche, the SSC must functionally attach to the basal
lamina for survival (Kanatsu-Shinohara ef a/., 2008; Nagano, 2003). Integrin f1 on
spermatogonia is necessary for attachment to the laminins present there. However, there is
no indication that hormone suppression increases laminin gene expression in germ cell
depleted testes (Zhou et al., 2010a; Zhou et al., 2010b).

A proliferative phase, involving self-renewal of SSCs, starts about 1 week after
transplantation. GDNF appears to be the most important factor stimulating the self-renewal
of SSCs within the niche (Meng et a/., 2000). Several reports suggest that GDNF is
positively regulated by FSH in Sertoli cells (Ding et al., 2011; Tadokoro et al., 2002) and by
testosterone in peritubular myoid cells (Chen ef al., 2014), but others find no effect of FSH
(Kanatsu-Shinohara et al., 2012; Tanaka et al., 2016). However, in irradiated rats, we
observed an increase in Sertoli cell GDNF protein after suppression of testosterone and FSH
(Albuquerque et al.,, 2013). WNT proteins also increase numbers of undifferentiated type A
spermatogonia by enhancing proliferation (Yeh et a/., 2011). Wnt5a levels can be increased
by suppression of testosterone (Tanaka et al., 2016; Zhou et al., 2010b) and also by
increasing FSH (Zhou et al., 2010a). Furthermore, CSF1 (colony-stimulating factor 1) has
been reported to accelerate self-renewal (Oatley et a/., 2009) but its levels do not appear to
be modulated by hormone suppression or FSH addition (Zhou et a/., 2010a; Zhou et al.,
2010b).

After one or more self-renewing divisions, differentiation needs to be initiated. Fibroblast
growth factors, such as FGF2, are capable of increasing the numbers of Aaligned
spermatogonia that are preparing for differentiation (Sakai et a/., 2018). In addition, WNT
proteins, such as WNT3A and WNTS, act on the Apsjreq and Agjigneg SPermatogonia to
enhance proliferation and inhibit apoptosis (Takase & Nusse, 2016; Yeh et al., 2012).
Furthermore, retinoic acid and stem cell factor (Kit-ligand) are essential for the transition of
Aaligned to Al spermatogonia and further steps in the differentiation process (Endo et al.,
2017). Although in rats hormone suppression decreases expression of alcohol
dehydrogenases 1 and 4, which are involved in the biosynthesis of retinoic acid, and Kit-
ligand, in mice, elimination of the Sertoli cell androgen receptor in mice increases
expression of the Adhl genes (Zhou et al., 2010a; Zhou et al., 2010b). Hence, no consistent
effects of hormone suppression on spermatogonial differentiation are expected.

In the current study, we investigated the efficacy of several modifications of the hormone
suppression strategy. Since previous studies employed hormone suppression started
immediately after irradiation (Wang et al., 2010) or busulfan (Dobrinski et a/., 2001), here
we delayed the hormone suppression for 4 weeks so that the endogenous spermatogenesis
will have been completely depleted. This is more relevant to the eventual clinical application
in which the transplantation will likely be done years after stem cell harvest and radiation or
chemotherapy. The stimulation of donor-derived spermatogenic recovery by delayed
hormone suppression, about 4-fold (Fig. 3), was similar to that observed previously with
hormone suppression started immediately after irradiation (Wang et a/., 2010).

Next, we investigated whether total androgen ablation by combining GnRH-antagonist
treatment with the androgen receptor antagonist, flutamide, would enhance the colonization
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and/or developmental ability of syngeneic spermatogonial stem cells (SSCs) in transplanted
mouse recipients. The suppression was given before the transplantation, so that the homing
step would be affected. Also, we have shown that the regimen of acyline at 20 mg/kg
followed by a maintenance dose of 10 mg/kg depresses intratesticular testosterone levels for
a least 6 weeks, or 2 weeks after the transplant (Shetty et a/., 2006b); hence, effects of
suppressing testosterone will last through the colonization and proliferation phase. Thus,
androgen suppression likely acts by enhancing the homing step by downregulating tight
junction proteins and perhaps also during the proliferation step by upregulating Wnt5a
expression. In any case, whatever the mechanism of stimulation by androgen suppression,
the reduction of intratesticular testosterone to 2 ng/gm/tissue achieved by the GnRH-
antagonist, acyline, is sufficient for a maximal stimulation of transplantation effectiveness,
and the additional blockade with flutamide is unnecessary. This is important for possible
future clinical application because flutamide and other more widely used androgen receptor
antagonists have side effects such as liver toxicity and seizures.

Based on reports that FSH might stimulate GDNF and WNT5A expression, we tested
addition of FSH during a 1-week period after transplantation, which corresponds to the
colonization and start of the proliferation phase. Our results show that FSH supplementation
actually decreased the recovery of spermatogenesis from transplanted cells in mice, as we
had observed in rats with recovery from endogenous surviving stem cells (Shetty et af,
2006a). The mechanism of this detrimental effect of FSH is not known.

Finally, the failure of any of these hormone treatments to enhance colonization of monkey
testicular cells xenotransplanted into mouse testes was disappointing. This was surprising,
because not only does hormone suppression enhance the efficiency of allogeneic
transplantation in mouse testes, it also enhances the efficiency of allogeneic transplantation
in monkey testes (Shetty et al., 2013). It should be noted that nearly all of the previous
studies of stimulation of colonization and spermatogenic recovery using hormone
suppression have been with allogeneic, rather than xenogeneic transplantation. The only
xenogeneic transplantation studies (Ogawa et al., 1999; Zhang et al., 2003) that indicated
stimulation of spermatogenic recovery by hormone suppression was after mouse to rat
transplantation. However, those studies used closely related species in which the recipient
testis supports donor spermatogenesis of the other species. The failure of increased
colonization of monkey cells transplanted into mouse testes, suggests that more than merely
the opening of the Sertoli cell tight junctions, the mechanisms of binding to Sertoli cells and
chemotaxis to niche are also necessary for colonization. In addition, actions of survival and
proliferation factors that are enhanced by hormone suppression, may only act in a species-
specific manner. Also, stimulation of recovery by enhanced differentiation, which might be
occurring in the allogeneic models, is not relevant to the xenogeneic model, since the donor
cells can only colonize and proliferate.

In conclusion, we confirm the stimulation of recovery of spermatogenesis from transplanted
cells by suppression of hormones with GnRH-ant, after decline of endogenous
spermatogenesis and up to and just after syngeneic transplantation. Additional treatment
with androgen receptor antagonists or FSH were not beneficial. Further investigation of the
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mechanisms involved in the stimulation of colonization and spermatogenic recovery are
important for further optimization of transplantation.
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FIG. 1.
Schematic of the protocol used in the syngeneic and xenotransplantation experiments. Mice

were irradiated at week O with total doses of 13.5 Gy. Hormonal suppression treatment was
started at 4 weeks after irradiation. Transplantation was performed at 8 weeks after
irradiation. Mice were euthanized at 8 weeks after transplantation for analysis.
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FIG. 2.
Representative histology of the testis in B6 mice at 4 weeks (A&B) and 8 weeks (C&D)

after testicular irradiation with total doses of 13.5 Gy. B and D are the magnified views of
areas in A and C, respectively. Asterisks in C &D represent the tubules showing
differentiated germ cells derived from a few endogenous radioresistant A spermatogonia.
Note that at 4 weeks, the tubules with differentiated germ cells are almost absent. The bars
indicate 200 pm in A&C and 30pm in B&D.
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FIG. 3.
Testicular histology (A-C) and analysis of tubules with spermatogenesis (D-E) after

syngeneic (B6 GFP mouse to B6 mouse) transplantation. (A) Testicular section 8 weeks
after transplantation. Donor colonies were immunolocalized with anti-GFP followed by
DAB staining and then counterstained with hematoxylin. (B) Another section at higher
magnification with tubules showing endogenous (1) and donor-derived (*) spermatogenesis.
(C) Higher magnification of tubule with donor derived spermatogenesis showing the
presence of spermatid and sperm. Percentages of tubules with (D) donor-derived and (E)
endogenous spermatogenesis after transplantation to recipients with different hormone
manipulations. The number of recipient testes analyzed in each group were 10-12.
Significant differences in the tubule differentiation indices between different groups and
irradiated-only mice by ANOVA and post-hoc Tukey’s test are indicated (* = P<0.05). In
addition, the differentiation of donor cells in the group receiving GnRH-ant plus FSH was
significantly lower than in the group only receiving GnRH-ant by non-parametric tests. The
bars indicate 350 ym in A, 100 um in B and 25um in C.
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FIG. 4.
Whole mounts of seminiferous tubules from xenotransplantation recipients and their

analyses. Representative whole mounts of seminiferous tubules from immunostained with
(A) anti-nHP and (B) anti-VASA showing the donor-derived colonies. (C) Overlay of nHP
and VASA immunofluorescence. Note the variability in the intensity of VASA staining. (D)
Donor-derived nHP-positive, VASA-positive colonies in xenotransplanted recipients with
different hormone manipulations. The numbers of recipient testes analyzed in each group
were between 5 to 10. There were no significant differences in the numbers of colonies in
the different groups. (E) Example of ovoid-shaped, primate donor-derived multicellular
structure, stained for nHP-antigen (green), within mouse seminiferous tubules. (F) Three
donor-derived (nHP-antigen+) germ cells (VASA+) within multicellular structure. (G)
Overlay of A and B. Bars represent 25um.
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C
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Sections of normal adult rhesus monkey testis, demonstrating VASA staining of
spermatogonia. (A) VASA-stained seminiferous tubule at about Stage VI. (B) DAPI
fluorescence with 3 spermatogonia identified (c, d, e). (C, D, E) Enlarged images of the 3

spermatogonia identified in B. (C’, D’, E’) VASA staining of spermatogonia shown in C, D,
and E. The bar in A represents 25 um.

FIG. 5.
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Table 1.

Irradiated (1.5 Gy + 12 Gy) C57BL6 mice that received different hormone-suppression treatments were
transplanted with cells from syngeneic mouse pups expressing EGFP; resulting recipient testis weights at 8
weeks after transplantation. Values given as mean + SE (number of testes). (*P<0.05; comparison of
transplanted vs untransplanted, ¢test).

Testis weight (mg)

Hormone Cells injected
Treatment (x 10%) Not tz:lﬁ:&l)anted Transplanted
None (Sham) 1.77+0.19 _m
GnRH-ant 1.66 +0.10 247+06(3)  309+1.0(11)*
GnRH-ant+Flutamide ~ 1.46 +0.17 220409 (10)  27.0+1.2(12)*
GnRH-ant+FSH 1.77+0.15 22.0+0.3 (5) 26.8+0.9 (13)*
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Table 2.

Irradiated (1.5 Gy + 12 Gy) nude mice that received different hormone-suppression treatments were
transplanted with cryopreserved prepubertal monkey testicular cells; resulting recipient testes weights at 8
weeks after transplantation are shown. Values given as mean + SE (number of testes). (*P<0.05; comparison
of transplanted vs untransplanted, #test).

Testis weight (mg)
Hormone

Treatment Cellsinjected (<109 ot t[;a#;ral)anted Transplanted
None (Sham) 41+04 305+28(5)  41.5+3.6(6)
GnRH-ant 34+06 309+11(11) 35122 (1)
GnRH-ant+Flutamide 36203 286+12(8) 35925 (13)
GnRH-ant+FSH 3.0+03 27.9+18(11)  36.4+2.3(9)*
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