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Can we grow sperm? A translational perspective on the
current animal and human spermatogenesis models

Kirk C Lo1,2 and Trustin Domes1,2

There have been tremendous advances in both the diagnosis and treatment of male factor infertility; however, the mechanisms

responsible to recreate spermatogenesis outside of the testicular environment continue to elude andrologists. Having the ability to

‘grow’ human sperm would be a tremendous advance in reproductive biology with multiple possible clinical applications, such as a

treatment option for men with testicular failure and azoospermia of multiple etiologies. To understand the complexities of human

spermatogenesis in a research environment, model systems have been designed with the intent to replicate the testicular

microenvironment. Currently, there are both in vivo and in vitro model systems. In vivo model systems involve the transplantation of

either spermatogonial stem cells or testicular xenographs. In vitro model systems involve the use of pluripotent stem cells and complex

coculturing and/or three-dimensional culturing techniques. This review discusses the basic methodologies, possible clinical

applications, benefits and limitations of each model system. Although these model systems have greatly improved our understanding of

human spermatogenesis, we unfortunately have not been successful in demonstrating complete human spermatogenesis outside of the

testicle.
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INTRODUCTION

Recreating human spermatogenesis outside of its original envir-

onment remains the ‘Holy Grail’ for generations of andrologists. To

grow sperm is not only a matter of scientific curiosity, but also a quest

for the treatment of male infertility. A well-characterized model for

spermatogenesis in humans will have a huge impact on our under-

standing on the physiological and genetic pathways of male reproduc-

tion. Its clinical applications also extend to the study of human

reproductive toxicology and preservation of fertility in treated cancer

patients.

While significant progress has been made in the laboratory, mul-

tiple obstacles remain. Current knowledge on the control of gonado-

genesis, spermatogenesis and steroidogenesis are based on the

examination of histology, immunohistochemistry, hormonal assays,

and phenotypes of single gene or small groups of gene alterations in

animal models. Human studies in male reproduction are hindered by

the lack of human testicular specimens, which are not as readily avail-

able as our animal counterparts, for ethical and practical reasons. In

this review, we will examine the existing literature on the experimental

models and their limitations in growing sperm to provide a founda-

tion for future investigation and clinical application (Table 1).

IN VIVO SPERM MATURATION STUDIES

Primitive germ cells or primodial germ cells (PGCs) appear early in the

fourth week of fetal development within the yolk sac and soon migrate

to the genital ridge to form the sex cords. In the male, the primitive sex

cords mature and proliferate to form the testis and rete testis. The

gonocytes undergo sexual differentiation to become spermatogonial

stem cells (SSCs) in the testis. Germ cells remain relatively quiescent

until puberty. At puberty, the spermatogonia, which are located in the

basal compartment of the seminiferous epithelium surrounded by the

Sertoli cells, undergo a high rate of mitosis and meiosis to eventually

differentiate into mature gametes.

Proliferation and differentiation of germ cells are intimately regu-

lated by the microenvironment, or niche, where they reside. This niche

is created physically and physiologically by the Sertoli, Leydig and

peritubular cells. The Sertoli cells form the blood–testis barrier by

lining the basement membrane of the seminiferous tubules and act

as the ‘nurturing’ cells to support spermatogenesis. Under the regu-

lation of follicle-stimulating hormone and testosterone, Sertoli cells

secrete numerous factors that are essential for the regulation of sper-

matogenesis, such as androgen-binding protein, extracellular matrix

components, growth factors and steroid hormones.1 Leydig cells,

under the influence of human chorionic gonadotropin in the fetus

and lutenizing hormone otherwise, are responsible for the production

of androgens which are important in the regulation of spermatogen-

esis and for the development and maintenance of male secondary

sexual characteristics. Peritubular cells in the testicle are thought to

mainly have a contractile function; however, these cells have also been

shown to secrete a number of substances that may be important in

modulating Sertoli cell function and differentiation.2 Hence, the

in vivo spermatogenesis models employ the suitable niche for germ
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cell maturation. Two established in vivo experimental models include

SSC transplantation and xenograft of premature testicular tissue

transplanted to immunodeficient mouse recipients.

SSC TRANSPLANTATION

Breakthroughs in SSCs transplantation in the early 1990s inspired a

new wave of testicular stem cell research. Ground-breaking research

by Brinster and Zimmermann3 evaluated the transplantation of

normal SSCs into the testes of chemotherapy-treated mice with

the goal of restoring spermatogenesis. His technique first isolated

SSCs from wild-type (normal) mouse testes. These SSCs were retro-

gradely injected into a chemotherapy-treated recipient testis

(devoid of germ cells) via the efferent duct into the seminiferous

tubules. The beauty of this design is that Sertoli and other support-

ing cells are resilient to most chemotherapies, hence retaining their

structure and function. With this scaffold in place, the injected

normal SSCs, which have the ability to migrate pass the testis–

blood barrier formed by the gap junctions between Sertoli cell

cytoplasm, can colonize along the basement membrane of the sem-

iniferous tubules. The transplanted SSCs will then proliferate and

differentiate to form mature sperm and restore spermatogenesis in

the recipient testis.3 This theoretical model has successfully restored

spermatogenesis with both fresh and cryopreserved mouse SSCs

and has been successfully expanded into other animal models, such

as rats,4 dogs5 and goats.6 Cross-species transplantation of SSCs has

been attempted on the mouse model; however, only rat7,8 and

hamster9 SSCs were capable of complete spermatogenesis in the

recipient mouse testis, possibly due to the genetic homology

between these species.

The SSC transplantation model has become a vehicle for andrologist

to use to gain a better understanding of testicular stem cells and germ

cell differentiation. Stem cells are defined by their unique ability to self-

renew, proliferate indefinitely and differentiate into specialized cells/

tissues they are destined to become. SSC transplantation is the only

other stem cell ‘functional’ assay (apart from bone marrow transplanta-

tion) that can demonstrate the true ‘stemness’ (stem cell property) of an

isolated cell population. Using this technique, we have learned that the

timing of the spermatogenic cycle is regulated by the donor germ cells

rather than the recipient supporting cells as demonstrated by the rat to

mouse transplantation experiments.7,8 The functional characteristics of

the SSC and their interaction with the seminiferous tubule and immune

cells have also been further explored.10–13 Furthermore, by modifying

the SSC prior to transplantation, transgenic animals can be generated

using this technique.14–17

Clinically, there may be potential to apply the SSC transplantation

model in humans, especially in the fertility preservation of treated

Table 1 Models available for the study of spermatogenesis and male fertility preservation

Model Benefits/Pros Limitations/Cons

Spermatogonial stem cell (SSC)

transplantation

1. Successfully repopulate sterile testes post

gonadotoxic insult with normal germ

cells in various animal models

2. Potential autologous germ cell stem

cell transplantation in humans could

allow natural conception

3. The only functional assay to adequately

study SSCs stem cell properties

4. Research tool for timing spermatogenesis

and germ cell-supporting cell interaction

5. Preserve germ cells from prized farm animals

and endangered species

1. Require invasive procedure to transplant

SSCs back into the recipient/patient

2. Health of offspring has not been

extensively studied

3. Limited quantity of SSCs available that

can be harvested from patients

4. Has not been tried in humans due to

risk of relapse of malignancy from

autologous transplantation

Testis Xenograph

transplantation

1. Intact testicular tissue provides optimal

microenvironment for germ cell development

2. Consistent graft recovery in animal and

human models

3. Complete spermatogenesis shown in rodents

and higher mammals

4. Germ cell preservation for prized farm

animals and endangered species

5. Platform to perform human

spermatogenesis and toxicology studies

1. Potential contamination of gametes with

xenogenic proteins and/or retroviruses

2. Applicable to immature testicular tissue only

3. Unknown genetic/health issues in generated

offspring

4. Complete spermatogenesis not yet achieved

in human testis xenograft model

In-vitro germ cell

maturation

1. Potential for germ cell expansion in

culture, requiring minimal testicular

tissue for retrieval/banking

2. No cross contamination from use of animal

surrogates

3. No invasive transplantation required

in recipients

4. Potential to derive germ cells from somatic

cells (?)

1. Requires co-culturing with somatic cells/

Vero cells and/or growth factors

2. Potential genetic and epigenetic changes

in the cultured germ cells

3. Ethical implications regarding stem cell use

4. Limited supply and availability of

pluripotent stem cells
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pre-pubertal male cancer patients (as outlined in Figure 118). In post-

pubertal patients, mature sperm can be easily banked prior to cancer

therapies. In pre-pubertal patients, spermatogenic potential is con-

tained within the SSCs. A clinical strategy proposed would be to har-

vest SSCs from testicular tissue, which could be cryopreserved prior to

gonadotoxic cancer therapy. These SSCs could then be injected back

into the testicle at a later date if the cancer survivor wishes to have his

own genetic children in the future.

Although SSC transplantation in rodents and other higher mam-

mals has been successful, limitations remain that have prohibited the

use of this technology in humans. First, the quantity of SSCs that can

be harvested from a pre-pubertal testis is very limited, and may not be

sufficient to recolonize the donor testis to re-establish fertility. Recent

cell culture work by Sadri-Ardekani and colleagues19 may ameliorate

this situation, as they reported a .18 000-fold increase in SSCs over 64

days in their post-pubertal human germ line stem cell culture.

Although it seems feasible to expand the SSC population prior to

transplantation, it remains unknown if pre-pubertal human SSC will

react in a similar fashion to the post-pubertal SSC used in the Sadri-

Ardekani assay and if clonally expanded SSCs will repopulate the testis

in the same fashion as de novo SSC directly from the testis. Second,

autologous SSCs transplantation back to a treated cancer patient har-

bors the theoretical risk of also re-introducing malignant cells. In a rat

model, transplantation of testicular cells from leukemic rats led to

transmission of leukemia in the recipient rat.19 Several strategies are

currently been studied to overcome this limitation. Flow cytometry

cell sorting and immunomagnetic separation of normal testicular cells

from leukemic cells in rodents have yielded variable results.20,21 Other

techniques for the purification and enrichment of SSCs from the tes-

ticular cell population are promising;22–25 however, none are yet vali-

dated and safe enough for human clinical use.

In summary, the SSC transplantation technique will continue to

serve as the primary ‘functional’ assay in the study of SSC property

and specific markers. However, potential use in human fertility pre-

servation and subsequent autologus SSC transplantation back into

cancer survivors will need substantial research before it becomes a

clinical reality. Future work should include the study of SSCs in vitro

expansion with emphasis on the genetic and epigenetic integrity of the

resulting SSCs. Combination SSCs purification using more specific

markers and extraction of targeted malignant cells from the testicular

tissue harvest from cancer patients will also need to be the focus of

future studies to guarantee the safety of the recipients. The potential

risks to the health of the offspring obtained using this technique in

animals will also need to be critically analyzed before any human

clinical trial can be conducted.

TESTIS XENOGRAFT TRANSPLANTATION MODEL

Xenotransplantation is the transplantation of living cells, tissues or

organs from one species to another. Grafting of immature (neo-

natal) donor testis on an immunodeficient recipient mouse can lead

to complete spermatogenesis and production of offspring using the

mature sperm obtained from the graft (Figure 2). Successful xeno-

grafts of fresh and cryopreserved testicular tissue have been

reported in a variety of species, including: mouse,26,27 hamster,28

rabbit,29 pig,30 goat,26 sheep,26,31 cattle,32,33 cat,34 horse35 and non-

human primates.36 Although the risk of retroviral genetic contam-

ination does exist using this xenograft model, consistent graft

recovery and complete spermatogenesis have made this model a

valuable tool for animal reproductive and toxicology studies.

The study of a human immature testis xenograft model is limited

primarily due to the lack of donor tissues. Xenografting human adult

testicular tissue from biopsies obtained from infertile patients unfor-

tunately demonstrated poor survival and failure to support spermato-

genesis when grafted into immunodeficient mouse recipients (severe

combined immunodeficiency and Nu/Nu).37 However, if spermato-

genesis was suppressed in the human prior to the creation of the

xenograft, better survival of the graft was observed.37 This finding seen

with human testis xenografts is similarly seen in animal studies where

xenografts made from immature testis tissue had better survival and

accelerated maturation once transplanted.36 For still unknown rea-

sons, mature testis tissue grafts do not support germ cell differenti-

ation as well as immature testis tissue grafts in xenograft models.38

To further demonstrate this finding, Yu and colleagues39 trans-

planted fetal (20–26 weeks) human testicular tissue subcutaneously

onto an immunodeficient nude mouse and demonstrated that the

xenograft could survive for more than 135 days. These fetal grafts

did extremely well; with increased graft weight, Sertoli cell differenti-

ation and germ cell migration were demonstrated over time. Similarly,

Sato et al.40 transplanted human testicular tissue from a 3-month-old

patient to an immunodeficient nude mouse and reported progression

of germ cell differentiation from the spermatogonia stage to pachytene

spermatocyte formation. As well, Wyns and colleagues41 transplanted

testicular tissue harvested from five pre-pubertal cancer patients aged

7–14 years prior to chemotherapy into the scrotums of nude mice and

Figure 1 A potential clinical application of spermatogonial stem cell (SSC) trans-

plantation. Prior to gonadotoxic therapy, a biopsy is obtained from a prepubertal

testicle to obtain SSCs. SSCs are cryopreserved (and potentially cultured) for

future use. At a later date, the cryopreserved SSCs are transplanted back into

the patient’s testicle for spermatogenetic potential. Figure reproduced with per-

mission from The American Association for the Advancement of Science.18

Figure 2 Testis xenograph transplantation model: (a) mammalian neonatal tes-

ticular tissue is harvested and transplanted into a nude mouse; (b) the testicular

xenograph undergoes growth; (c) mature sperm can be obtained from the xeno-

graph. Figure reproduced with permission from Nature Publishing Group.26
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showed that the xenograft survived greater than 6 months. These

xenografts produced numerous pre-meiotic spermatocytes, a few

spermatocytes at the pachytene stage and spermatid-like cells, but

complete regeneration of normal spermatogenesis with mature sperm

cells was not observed. Our laboratory has also recently reported the

long-term survival and differentiation of human fetal testes in a xeno-

transplantation model.42 In our study, human fetal testes at gestational

age of 9–12 weeks were subcutaneously grafted onto immunodeficient

Ncr nude mice. We showed good survival (.80%) with minimal

inflammatory reaction in the grafted human fetal testis at 24 and 32

weeks post-transplantation. Increased seminiferous tubular size and

lumen formation were observed with a corresponding increase in

Sertoli and Leydig cell populations. Patterns of gonocyte migration

to the basement membrane to become spermatogonia were also

observed after 24 weeks. We examined ‘host’ factors and found no

significant difference using castrated or non-castrated recipient mice.

Human xenograft models have shown promising results, but lim-

itations remain. The long-term survival of testicular tissue, the differ-

entiation of gonocytes, the increased germ cell number and Sertoli cell

maturation have been remarkable, but demonstrating complete sper-

matogenesis in a human fetal xenograft model has not been realized.

Future research should include the characterization of the xenograft

testis with regard to the transition of fetal testicular cells to adult cells.

The timing and pattern of specific gene expressions in these support-

ing cells may lead to clues on factors required for germ cell maturation.

The influence of gonadotropins and various growth factors on both

germ cell and supporting cells at various stages of testicular develop-

ment can also be studied using this model.

Clinically, the risk of contamination of germ line cells with that of

foreign species will likely prohibit the clinical use of gametes derived

from this model for humans. However, the major advantage of this in

vivo model is the potential for human reproductive toxicology studies.

Currently, the reproductive effect and toxicity of novel pharmaceuti-

cals and chemicals are tested on healthy volunteers. This process is

expensive and carries an inherent risk to the subjects. A safer and more

efficient pre-clinical platform to study toxicology in humans may

involve utilizing a xenografted testis model. Since current models still

do not support complete spermatogenesis using human testis, much

work is still required.

IN VITRO GERM CELL MATURATION STUDIES

While the in vivo spermatogenesis models hold great potential in

elucidating the mechanisms regulating spermatogenesis, their clinical

application in patient care is currently limited. Therefore, an in vitro

model is essential to further develop this technology for clinical use.

Simple testicular tissue culture has been attempted and maintained

in a variety of species;43–45 however, gonocyte development and pro-

gression in these models arrests at meiosis. Supporting cells and the

microenvironment of the testicle are critical to spermatogenesis, and

the challenge of creating an in vitro testicular model has been trying to

replicate this in order to successfully grow sperm.

Novel conventional and three-dimensional culture systems have

been developed to foster the maturation of sperm (see review by

Stukenborg et al.46). Using a three-dimensional culture system to

spatially arrange germ cells, Stukenborg and colleague showed that

by coculturing pre-meiotic germ cells with somatic testicular tissue

from mice in the presence of gonadotropin, complete maturation of

germ cells into morphologically normal spermatozoa can be accomp-

lished. Their in vitro design has nicely recreated the testicular micro-

environment by enabling the important germ cell–germ cell contacts

necessary for differentiation. This system also provides a platform to

further study what optimal components are required to achieve

in vitro spermatogenesis, such as media conditions, culture tempera-

tures, gonadotropin/hormone concentrations and the fraction of non-

gonadal cells required.

More recently, Sato and colleagues47 reported successful produc-

tion of functional sperm in cultured neonatal mouse testes by modi-

fying their tissue culture media. Using a standard gas–liquid

interphase method, small fragments of neonatal mouse testis, contain-

ing gonocytes or primitive spermatogonia, were placed on an agarose

gel and incubated in a modified serum free media. The authors

hypothesized that culture media with fetal bovine serum may contain

factors that suppress the progress of spermatogenesis. In a serum-free

environment, they observed mature spermatozoa after 27–45 days of

in vitro culture. The fertilization function of the derived spermatozoa

was proven with production of offspring via intracytoplasmic sperm

injection of oocytes. This organ-culture system serves as another plat-

form for the study of spermatogenesis, and further refinements are

required for testing on other mammalian species.

Currently, there is a paucity of literature addressing in vitro germ

cell maturation in humans. Coculturing techniques using Vero cells

have proven to be beneficial in the maturation of spermatocytes and

spermatids in humans. Vero cells are an immortalized cell line derived

from kidney epithelial cells of the green monkey that are used in

coculture because they are easy to grow, are embryologically similar

to genital epithelial cells and remove toxic compounds from culture

medium and act as ‘feeder’ cells by contributing trophic growth fac-

tors.48 Cremades and colleagues49 cocultured testicular biopsy sam-

ples from azoospermic men with Vero cells and reported in vitro

maturation of round spermatids to elongated spermatids and mature

sperm. However, modern experience with microsurgical testicular

sperm extraction has shown that sperm is present in more than 50%

of men with non-obstructive azoospermia.50 Therefore, the findings

from Cremades’ in vitro study may not represent true maturation of

spermatids but instead a heterogenous germ cell presence in the biop-

sied tissue that was later cultured. Control samples that did not involve

coculturing would have improved Cremades’ study design. Despite

this, Tanaka and colleagues51 have shown that a single human primary

spermatocyte can undergo meiosis and differentiate into round sper-

matids when cocultured with Vero cells. However, maturation did not

continue onto mature sperm in this study. The strengths of Tanaka’s

study was their use of both Giemsa staining and fluorescent in situ

hybridization analysis to confirm the haploid and DNA quantity status

of the spermatids and the use of a non-cocultured control group that

definitively showed that there was a significant improvement noted

with coculturing. Although coculturing with Vero cells is appealing in

the laboratory setting, there are concerns using Vero cells in clinical

applications due to the theoretical transmission of infectious agents

and induction of tumorigenesis.51

Further research efforts are required to reveal the applicability of

in vitro culture technique for human germ cells. In regard to culture

design, three-dimensional culturing has not been attempted with

human testicular tissue at this point. As well, further research is

required to develop an efficient specially supplemented cell-free cell

culture media to promote germ cell development, as there are theor-

etical concerns regarding the use of Vero cells in human clinical appli-

cations. We know that spermatogenesis is modulated by Sertoli cells

and more research is required to determine how Sertoli cells modulate

germ cell development in the attempt to recreate this process in vitro.

In humans, it takes approximately 32 days for a primary spermatocyte
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to complete two meiotic divisions to produce a round spermatid;52

however, this process is completed in only 2–5 days in vitro. The

reasons and consequences of this difference have yet to be determined.

Further study is required to determine the viability, functionality,

developmental potential and genetic integrity of the germ cells pro-

duced in vitro before they could be used in clinical applications.

FROM EMBRYONIC STEM CELLS TO GERM CELLS

Pluripotent stem cells, such as embryonic stem cells (ESCs) derived

from the inner cell mass of a blastocyte, retain the property of self-

renewal and the ability to differentiate into cells and tissues from all

three germ layers. Success in the in vitro differentiation of mouse and

human ESCs to germ cells has aroused our curiosity in growing sperm

from these pluripotent cells. The derivation of germ cells from

pluripotent stem cells in vitro could provide an invaluable model

system to study both the genetic and epigenetic programming of germ

cell development.

Toyooka and colleagues53 have reported finding mature germ cells

from their cultured ESCs injected into a mouse testis. In a landmark

paper, Geijsen et al.54 reported the derivation of mouse PGCs by

adding retinoic acid to an ESC culture media. The primordial germ

cells retain their self renewal properties and further differentiate into

haploid male gametes.54 The function of these germ cells was elo-

quently confirmed when intracytoplasmically injected into oocytes,

which restored a somatic diploid chromosomal complement with

blastocyst formation in 20%. To investigate this process further,

Nayernia and his group55 in 2006 reported the generation of offspring

mice from male gametes derived from in vitro-differentiated ESCs.

In vitro studies in human embryonic stem cells (hESCs) have dis-

played a similar developmental capacity to generate PGCs as the mur-

ine ESCs. hESCs have the potential to spontaneously differentiate to

germ cells based on the identification of specific germ cell surface

markers and the genetic profile of the cultured cells.56,57 However,

these phenotypes represented a small proportion of the total cell popu-

lation at only approximately 0.1%. Growth factors such as bone mor-

phogenetic protein and others play a critical role in inducing germ cell

differentiation from hESCs.58–61 To date, in vitro models using hESCs

have produced post-meiotic spermatids,62 but complete spermato-

genesis with mature sperm has yet to be reported.

The future of hESC research has become controversial due to the

ethics and availability of pluripotent cells. The availability of hESC and

embryonic germ cells is dependent on tissue from an excess human

embryo and an aborted fetus, respectively.63 To circumvent this con-

tentious issue, induced pluripotent stem cells (iPSC) have been

developed by activating the pluripotency transgenes such as

Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc) in adult somatic

cells to express embryonic stem cell-like properties.64 Many strategies

including both viral transfection and non-viral delivery of the repro-

gramming factor transgenes have been established to provide a source

of pluripotent cells from adult tissues.64,65 Detailed historical and

current methods of nuclear reprogramming of adult cells to pluripo-

tent state can be found in an excellent review by Yamanaka and Blau.66

Human iPSC can be obtained using the same approaches,67,68 and

reprogrammed human iPSCs apparently display similar potential to

hESCs in their developmental capacity to generate PGCs.69 These

investigations are still preliminary, and the impact of this new discov-

ery in human reproductive studies remains to be seen. However, the

genetic and epigenetic defects resulted in the derivation of iPSCs,

which has raised the question of safety and their eventual use in the

clinical setting. A series of recent articles suggest that iPSCs display

more abnormalities than do ESCs and fibroblasts. Chromosomal

abnormalities seem to appear earlier in iPSCs cultures,70 and higher

frequency of mutations and greater number of novel copy number

variants are also present in iPSCs.70,71 Aberrant DNA methylation and

retention of epigenetic markers from the cell of origin also suggest

significant reprogramming variability in human iPSCs.72 As it stands,

the lack of genetic stability in iPSCs precludes their use in clinical

applications in humans until further research defines the effect of this

recent finding.

CONCLUSION

Successes of both in vivo and in vitro germ cell maturation animal

studies have given hope that one day we will be able to grow human

sperm as well. SSC transplantation and testis xenograft models have

led to complete spermatogenesis in non-primate animals. These

in vivo experiments have significant limitations in humans, which have

prevented their application clinically thus far. In vitro culturing and

maturation of germ cells has been challenging. There is significant

promise with embryonic stem cell and primordial germ cell research,

but due to ethical and experimental limitations, this research has yet to

result in a clinically useful approach to the treatment of male infertil-

ity. Clearly, more basic, translational and clinical research is required

before in vivo or in vitro maturation of germ cells can be applied for

human clinical use.
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