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Abstract

Cell therapy is a major discipline of regenerative medicine that has been continually growing over

the last two decades. The aging of the population necessitates discovery of therapeutic innovations

to combat debilitating disorders, such as stroke. Menstrual blood and Sertoli cells are two gender-

specific sources of viable transplantable cells for stroke therapy. The use of autologous cells for

the subacute phase of stroke offers practical clinical application. Menstrual blood cells are readily

available, display proliferative capacity, pluripotency and angiogenic features, and, following

transplantation in stroke models, have the ability to migrate to the infarct site, regulate the

inflammatory response, secrete neurotrophic factors, and have the possibility to differentiate into

neural lineage. Similarly, the testis-derived Sertoli cells secrete many growth and trophic factors,

are highly immunosuppressive, and exert neuroprotective effects in animal models of neurological

disorders. We highlight the practicality of experimental and clinical application of menstrual blood

cells and Sertoli cells to treat stroke, from cell isolation and cryopreservation to administration.
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Introduction

The availability of stem cells has provided an alternative platform to investigate

developmental processes of cell growth, proliferation, and differentiation. The use of stem

cell for therapeutic application has been explored in the laboratory and reached limited

clinical over the last decade for treating different brain diseases such as those characterized

by neurodegeneration, inflammation, trauma and autoimmune alterations. Tissue sources of

stem cells have included the fetus, teratocarcinoma cells, embryo, adult tissues such as bone

marrow, umbilical cord, placenta, and menstrual blood, and recently skin fibroblasts that can

be induced to display stemness properties, characterized by high proliferative and

differentiation potential, as well as neurotrophic and immunomodulatory secretory function

[1]. Stem cells that could circumvent the host immune response appear as the choice for

transplantation therapy. Along this line, research efforts have entertained the idea of

autologous transplantation. To this end, gender-specific donor cells have been explored,

including menstrual blood-derived stem cells and testis-derived Sertoli cells. Both cells have

been deemed as transplantable cells, which can de delivered directly into the brain or

peripherally including intravenous or intra-arterial route of administration for treating

neurological disorders.

Neurovascular diseases are the third leading cause of death in the United States, and the first

cause of chronic disability [2,3,4-6]. Changes in lifestyles and aging, especially in developed

countries, are contributors to the statistical increase of such diseases, especially stroke [7].

Despite these statistical findings, treatment historically has been limited. The only

therapeutic technique approved to date is tissue plasminogen activator (tPA) and that

treatment, in itself, has a very small time window (up to 3-4.5 hours after symptoms onset)

[8, 9]. A report from 2008 estimated that only 1.8-2.1% of all stroke patients nationwide

have been treated with tPA [10]. These staggering results suggest that an alternative

therapeutic option, such as abrogating the secondary cell death [11-14], such as

inflammation [15-18], must be explored for stroke patients. Embryonic and adult stem cells

have been shown to afford therapeutic benefits against this stroke-mediated secondary cell

death [19-22].

Laboratory data indicate that transplantation of menstrual blood cells improve functional

outcomes in animal models of stroke. Migration to the site of injury, immunomodulation,

and secretion of neurotrophic factors are the main attributes of these cells as a therapeutic

product. Menstrual blood has been shown to demonstrate more immature phenotypes and

behavior while preserving the adult stem cell safety characteristics, when compared to bone

marrow cells [2-3,7-8,10,23,24]. Experimental studies have shown the benefits of menstrual

blood cells as therapeutic tools with tissue repair and improvement of functionality in the

heart, ischemic limbs, and the central nervous system [24-27].

In parallel to the menstrual blood cells, the male-derived testis-derived Sertoli cells have

also been shown to improve functional recovery in animal models of neurological disorders.

The main transplantable attributes of Sertoli cells consist of their astounding

immunosuppressive properties, which aid in limiting graft rejection, and the many trophic

factors that are beneficial in assisting the remodeling process. Laboratory studies
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documenting neuroprotective effects in parkinsonian rats [28,29] are only a few of the

experiments that have demonstrated the potential use of Sertoli cells for therapeutic

applications.

This review paper will characterize menstrual blood and Sertoli cells, discuss their

mechanisms of repair in neurological disorders with emphasis in stroke, and present

transplantable features of menstrual blood cells and Sertoli cells as autologous cell donors

for personalized medicine.

Differences between male and female cells

While this paper primarily focuses on two sex-specific cell sources, namely menstrual blood

cells from females and Sertoli cells from males, some sex-specific cell features need to be

recognized. The first and most obvious difference between the sexes is the presence of the

Y-chromosome in males. While much of it consists of repeats of the X-chromosome genes,

there are male specific regions which code for 27 proteins not found on the X-chromosome

(and hence not in females). Of considerable interest is the fact that 8 of these are expressed

in the brain [30]. In conjunction with the absence of the paternal genomic imprint of the X-

chromosome in males, this would also support the observation that there are intrinsic

differences between male and female cells, implying that one cell (from one sex) is unlikely

to ‘fit all’.

It is well known that males and females exhibit different susceptibilities to different

disorders. Studies have implicated the influence of gender in stroke pathology. Gender

differences in an animal model relating to stroke were first shown in 1974 [31], when it was

demonstrated that the incidence of stroke in male spontaneously hypertensive rats was

significantly greater than the incidence in females. Epidemiological studies in humans have

shown a similar observation for the occurrence of stroke [32] and cardiovascular disease

[33]. Females were found to possess a reduced incidence of stroke up to the age of 75, but

an increased likelihood of death from myocardial infarction up to this age. Also, two sex-

specific clinical trials for aspirin in the treatment of cardiovascular disease revealed that

aspirin was protective against a first stroke in females but not males, while reducing the

incidence of a first heart attack in males but not females. While another major difference

between males and females is the presence of the gonadal hormones, this is clearly not the

whole story, as the above observations are seen long after menopause and standardization of

these hormones between the sexes, as well as neonatal and prepubescent advantages. The

reproductive hormones such as estrogen and testosterone have been shown to influence cell

survival and activity, since estrogen has been demonstrated to be protective, while

testosterone exacerbates the hypoxic effects of the succinate dehydrogenase inhibitor, 3-

nitropropionic acid, on the lateral striatal artery of rats [34]. They showed that castration had

no effect, while ovariectomy or testosterone treatment potentiated the hypoxia. However,

translation of the protective effects of estrogen to the clinic warrants further examination.

Although many studies have not taken into account the gender of cells used for culturing or

transplanting or the gender of the recipient, a few studies have explored gender differences

and possible mechanisms. Several reviews have recently been published [35,36] which
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reveal that male and female cells respond differently to specific insults with female cells

generally being resistant, though this is both insult and source dependent. Female cells were

found to undergo a caspase-dependent cell death via activation of caspase 9 and caspase 3,

while male cells undergo a caspase-independent form of cell death via production of

peroxynitrite ions and other free radicals, apoptosis inducing factor (AIF) and poly(ADP-

ribose) polymerase (PARP) activation in response to ischemic insults. However, it is worth

noting that while PARP and nitric oxide synthase (NOS) inhibitors would be expected to be

protective in males, they were also found to be detrimental in females [37]. Even though

PARP and AIF are equally active in females, they have been shown not to be involved in the

ischemic response in females [38]. Conversely, caspase inhibitors were effective in reducing

the ischemic response to a neonatal stroke in female but not male rats [39]. One possible

mechanism of action for the neuroprotection seen in females may relate to astrocytic

overexpression of P450 aromatase. This allows for the production of the neuroprotective

steroid 17β-estradiol (from e.g. testosterone), as has been demonstrated using conditioned

media and a P450 aromatase inhibitor [40].

Studies in rats clearly show that stroke causes immune dysfunction [41-43], however, these

studies were all performed in males. This has also been shown to be true in female

ovariectomized rats [44]. Immune function could be restored in these females by

supplementation with estradiol or an estrogen receptor agonist. Estradiol has been shown to

exert neuroprotection against experimental stroke via enhanced interleukin-1beta expression

[45] or neurogenesis [46], altogether demonstrating alternative mechanisms independent of

conventional gender influence. However, some animal models of postmenopausal females

show a toxic effect of estrogen. It has been suggested that this may relate to the reduced

expression of insulin-like growth factor (IGF) in the aged animals [47].

The behavior of stem cells also changes depending on gender. Mesenchymal stem cells

(MSCs) derived from male mouse bone marrow have been shown to be more susceptible to

hypoxia in vitro than those cells from females. Their cytokine expression was also found to

be pro-inflammatory with greater tumor necrosis factor (TNF) and interleukin-6 (IL-6)

levels than female cells, while the reverse was true for anti-inflammatory vascular

endothelial growth factor (VEGF) [48]. Transplantation of female mouse MSCs into isolated

rat hearts of a non-specified gender following ischemia were shown to promote more

functional recovery and increased VEGF and lower TNF expression, when compared to

transplanted male cells [49]. A similar shift from proinflammatory cytokines to anti-

inflammatory and hematopoietic regulatory cytokines was seen when female bone marrow-

derived mononuclear cells (MNCs) were transplanted into male atherosclerotic ApoE−/−

mice, which coincided with atherosclerotic plaque reduction. Male cells were not effective.

Additionally, female ApoE−/− mice had a higher rate of endogenous repair compared to

male mice [50], but, following cell transplantation of either sex, neither exhibited any

further atheroprotection [51]. Menstrual blood stem cells may also promote anti-

inflammatory cytokines, since their addition to mixed lymphocyte cultures resulted in

stimulation of IL-4 and inhibition of TNF after endotoxin stimulation [26] and the monthly

shedding of the endometrium during menstruation supports a role in angiogenesis and tissue

replacement. Sertoli cells have also been shown to secrete proangiogenic factors [52] as well
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as promote tolerance when cotransplanted [53]. These studies suggest that menstrual blood

stem cells and Sertoli cells could both be beneficial via modulatory means.

The neurogenic potential of MSCs from 2 year old Rhesus monkeys was shown to be greater

with female-derived compared with male-derived cells [54]. Neural stem cells from young

and old rats displayed sexual dimorphism with respect to steroid receptors and neural fate.

Cells from males tended to adopt an oligodendroglial or neuronal fate while female cells

adopted an astrocytic fate [55]. Male cells also overexpressed aromatase and estrogen

receptor β (ERβ), with estrogen receptor α(ERα) being predominant in females [55,56].

Aging led to a decreased expression of neural markers but a normalization of estrogen

receptors at a higher level [55,56]. There is some debate whether Sertoli cells express ERα

and ERβ, since humans have shown a preference towards ERα rather than ERβ [57], while

negligible ERα expression suggests the opposite is true [58]. This holds true with baboons,

which have shown higher ERβthan ERα [59]. They also were found to express aromatase

[58,59]. There have been no reports on whether menstrual blood cells express these

receptors, but it is clear that the endothelial cells of the endometrium primarily express ERβ

while the perivascular cells express both receptors [60].

Transplantation of young and old male and female NSCs into young and old rats revealed a

lack of cell survival in young rats of either sex, but enhanced neurogenesis, while grafted

cells survived in older animals with either same sex young cells or opposite sex old cells

[61]. From this, the sex (and age) of both the recipient and the donor are important and in

some cases autologous (or same sex) transplants may be more effective, while in other

instances allogenic (particularly opposite sex) should be considered. Although the potential

effects of sexual dimorphism on NSCs have been recently reviewed [62], the influence of

sex-specific cell sources, such as menstrual blood and Sertoli cells, in stem cell biology and

therapy remains underexplored.

Characterization of donor cells for cell therapy

A. Transplantable properties of endometrial cells

It was over 30 years ago that the presence of stem cells in the endometrium was first

described [63]. Based on the idea of monthly shedding of the superficial layers, cells with

high proliferating capacities were detected in the tissue [64,65]. Contrary to the initial belief

that the stem cells were exclusively found permanently in the basalis layer of the

endometrium, stem cells have been discovered in the menstrual blood [65], which was

subsequently confirmed [23,66,67]. Epithelial and stromal cells separated from the

endometrium or from menstrual blood and cultured in vitro show clonogenicity and

proliferative capacity. However, the epithelial cells soon lose part of their phenotypic

markers and need a feeder layer to survive [65,68]. Stromal stem cells isolated from

menstrual blood (MenSCs) were determined to have the capability to expand in vitro, and

showed clonogenic properties and multipotentiality [23]. The MenSCs were shown to

express markers of pluripotency, such as Oct-4, SSEA-4 and ckit, which are frequently

found in more immature cell types, including the embryonic stem cells. Recently, analysis

has been performed on the proliferative properties of human menstrual blood-derived cells

[66], which displayed high proliferative rates and an immature phenotype, showing
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embryonic cell markers, and remained unaltered after 20 culture passages. The cells

demonstrated resistance, though, since they could be processed up to 96 hours after

collection. They also had high viability after processing and longevity, as some of the

cultures could be subcultured for 47 times before senescence.

B. Transplantable properties of Sertoli cells

Sertoli cells isolated from the testis serve many functions, including the formation of the

blood testis barrier [69]. Sertoli cells are part of the seminiferous tubules, in which

spermatogenesis and germ cell mitosis take place. The gap junctions of the tubules,

specifically those between the Sertoli cells and germ cells, aid in communication of the

morphology of the sperm cells. Sertoli cells have been shown to augment engraftment of

both allogenic and xenogenic cells and aid in the therapy for disorders such as Parkinson’s

Disease, type 1 diabetes, and Huntington’s Disease [52,70-73].

Sertoli cells are known to express trophic factors and aid in tissue remodeling. They also

express regulatory proteins and nutritive factors as well which assist in the development of

the testis and stimulate the growth of germ cells [28,74-79]. Contributing to germ cell

viability is essential in protecting against immune detection and possible rejection [52].

Their ability to provide immunogenic protection means that the testes are considered an

immunologic “privileged” organ site [28]. Two alleged immunosuppressive factors thought

to be released by Sertoli cells are the CD-95 ligand-mediated mechanism [80] and the Fas

ligand (Fas-L) [72,80-82]. Sertoli cells also express GATA-4, which regulates gene

expression and cellular differentiation, and Sox9 [83], which is essential for Sertoli cell

differentiation [84-87] and identification [88]. It also expresses GDNF, which is thought to

aid in the self-renewal of spermatogonial stem cells [89,90]. Several studies also indicate

that Sertoli cells even secrete angiogenic factors [75,91] and stimulate neovascularization

[52].

Experimental and clinical applications of cell therapy

A. Transplantation studies using endometrial cells

A murine model of Duchenne muscular dystrophy revealed that myoblasts injected with a

combination of endometrial and menstrual blood cells facilitated the production of human

dystrophin in the treated muscle [67]. In addition, differentiating menstrual blood-derived

stromal cells in vitro were shown to result in spontaneously beating cardiomyocyte-like cells

[24]. Despite cell engraftment and transdifferentiation into cardiac tissue, transplanted

endometrial-derived cells into neural tissues did not show evidence of expressive

differentiation [25]. Stromal-like menstrual blood stem cells when for CD117, a marker

associated with high proliferation, migration and survival maintained expression of

embryonic-like stem cell phenotypic markers, such as Oct4, SSEA-4 and Nanog, even when

cultured up to 9 passages [92]. Furthermore, when added to cultured rat neurons exposed to

a hypoxic insult, the menstrual blood cells exerted neuroprotection and when transplanted

into a rat stroke model, functional tests, irrespective of the injection site, i.e. systemic or

local administration into the striatum, led to improved neurological performance [25].

Analysis of the tissue revealed that some human cells migrated to other, non-injected areas
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in the rat brain in addition to the injection area, without signs of differentiation, suggesting

that, at least in brain tissue, cell differentiation is not the main contributing mechanism of

repair [25].

Endometrial-derived cells have been used in a Parkinson’s disease mouse model [27].

Endometrial-derived stromal cells were differentiated in vitro into dopaminergic-like cells,

which expressed nestin and tyrosine hydroxylase (TH), an enzyme involved in dopamine

synthesis. These cells were able to migrate to the substantia nigra and showed in vivo

differentiation, having neural phenotype and expressing human TH, supporting the

therapeutic potential of the cells to restore the functionality of the damaged tissue.

A clinical study evaluated the safety of endometrial derived stromal cell administration [93].

Intrathecal injections of 16 to 30 million cells were given to four patients with multiple

sclerosis. One of the four patients was given an additional intravenous injection. Results

showed no adverse events and functional stability was still evident at 12 months later [93].

Endometrium-derived cells present a strong angiogenic potential which is most likely related

to the function of the cells in the endometrium, i.e. rapid proliferation and implantation of

the embryo [94]. Using the cells associated to intelligent artificial films [95], it is envisioned

that the angiogenic properties of endometrial-derived cells can be used to treat chronic limb

ischemia patients and severe skin burns.

B. Transplantation studies using Sertoli cells

Sertoli cells have been shown to provide neuroprotection in 6-hydroxdopamine-induced

hemiparkinsonism in rats [28,29] and to aid the survival of nonneural DA-secreting adrenal

chromaffin cells with a very low CNS immune response [96,97]. Trophic factors have also

proven to be critical in the recovery of behavioral deficits of Parkinson’s disease (PD) [79].

To better understand the mechanisms by which Sertoli cells work, cells were injected into

male and female rats to test whether these cells were hormone dependent or if gender was a

factor in their efficacy by injecting the cells into male and female rats [28]. The results

showed that female hemiparkinsonian rats exhibited functional recovery that was parallel to

the male rats. This disproves the notion that Sertoli cells are gender biased [96,97], and

supports the notion that these cells’ therapeutic action is not dependent on testosterone as

was previously reported in female diabetic rat model [72]. This study also suggests that

Sertoli cells survived transplantation via a FAS ligand (FAS-L or CD-95)-induced

mechanism [80,98].

Sertoli cells are also shown to aid in local immunosuppression after transplantation without

additional immunosuppression [72,97,99] via the Fas-L pathway [72,80-82] by inducing

apoptotic cell death of Fas-L-expressing T cells activated by graft antigens [80,81,100].

Indeed, both Sertoli cell allografts and xenografts survived for 2 months post transplantation

without any systemic immunosuppression [29]. Because Sertoli cells also secrete nutritive,

trophic, and regulatory proteins, such as sulfated glycoprotein-2, androgen binding protein,

epidermal growth factor, transforming growth factor-a and -b, interleukin-like growth factor,

basic fibroblast growth factor [75,79], and platelet-derived growth factor [101], these factors

can also aid in graft survival.
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As with menstrual blood cells, it would be ideal to isolate and bank Sertoli cells before an

injury. The banked cells can then be thawed and expanded ex vivo then transplanted into the

same patient (Figure 1). Banking the cells prior to ischemia would allow for the cells to be

administered as off-the-shelf medications in the clinic.

Personalized therapy: practical aspects

A. Endometrial cells and personalized medicine

Menstrual blood cells are a promising cell source for personalized cell therapy. Although

stromal cells have low immunogenicity due to the lack of MHC class II expression [102]

which enables allogenic application, autologous use is still preferred. Some advantages

include safety, diminished risk of ethical conflicts, guaranteed lack of immunogenicity

resulting in longer cell survival, and no induction of local inflammatory reaction. While cell-

banking is already widely accessible for umbilical cord blood, only recently has it become

available for menstrual blood cells. Women in child-bearing age may donate multiple

samples of menstrual blood, enabling storage of large amounts of cells for future use, that

may include expansion and differentiation into specific tissues for eventual transplantation

[103].

B. Sertoli cells and personalized medicine

Despite the small window of pre-pubertal harvesting time and their inability to

transdifferentiate into brain cells, Sertoli cells still hold promise for personalized medicine.

Of note, Sertoli cells when preserved from juvenile male leukemia patients who are at risk

for infertility can be used for treating acute lymphoblastic leukemia, whereby

spermatogonial stem cells are transplanted back into the child, increasing the rate of post

pubertal fertility [104]. A similar procedure may one day lead to stem cells taken from an

individual prior to ischemic stroke then transplanted immediately post stroke.

The immunosuppressant benefits of Sertoli cells have also been found to lower blood

glucose levels in diabetic mice [105], suggesting that it may be advantageous to perform a

preventative transplantation of Sertoli cells in patients who are at risk of ischemic stroke

[105].

Limitations of Stem Cell Donors

There are many limitations to stem cells including a severe deficit of donors, possible

transfer of infection, age limitations, and the banking and storage methods. Menstrual blood

stem cell banking is not an attractive proposal for women who overlook the advantages and

believe it is an uncomfortable procedure and considered it to be “dirty”. Furthermore, the

average age of menstruation for women is 14 to 45 years old; therefore they are in no rush to

bank their cells. Finally, while the autologous nature of menstrual stem cells is beneficial for

personalized application to the donor, their being autologous restricts them to the female

population.

Finding the male equivalent to menstrual blood cells may prove to be a more arduous task.

As with each type of stem cell there will always be limitations, with Sertoli cells’ constraints
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largely due to harvesting period and the lack of transdifferentiation potential of these cells

[106-113]. Although markers exist for stem cells (in general), spermatogonial stem cells,

and niche markers, it is still unknown if these cells directly mediate the functional recovery.

There is no definite marker to localize and see the transdifferentiation that occurs on the

brain when these cells are injected. Sertoli cells have been said to have Androgen binding

protein as a marker, however, whether they contribute to neurogenesis directly is still

unknown [114]. Furthermore, although studies have been conducted with xenografted

Sertoli cells [29] and with the transplantation of Sertoli cells in female rats [28], there has

been little suggestion for the possibility of autologous transplantation of Sertoli cells in

males with neurodegenerative disease.

Conclusions

The rescue of the stroke brain is imperative for functional outcome and a great opportunity

for cell therapy [5]. Stem cells may repair the stroke brain through modulation of the

activated immune system and secretion of trophic factors [17]. Although cell differentiation

is observed in the experimental setting, its importance to the final therapeutic outcome has

been challenged. Utilizing the myriad of therapeutic molecules, including anti-inflammatory

and immunosuppressive factors, for cell-based therapy is an attractive treatment for stroke.

Cryopreservation of autologous cells may be a prudent strategy to those patients at risk of

being affected by stroke. Despite the potential challenges still to be resolved, menstrual

blood and Sertoli cells represent innovative therapeutic tools for stroke therapy.
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Figure 1.
Separation and transplantation of autologous menstrual blood- and Sertoli-derived cells.

Menstrual blood and Sertoli-derived cells can be harvested, expanded, and stored before a

brain injury or disease onset. Immediately after injury or upon disease detection, the readily

available autologous menstrual blood- and Sertoli-derived cells can be transplanted into the

patient.
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