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Abstract

Novel regenerative strategies, stem cell-based therapies or the development of advanced human cell-based

in vitro-manufactured preclinical test systems offer great potential to generate advances in clinical practice in

the field of women’s health. This review aims to provide a brief overview of the current advances in the field.
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Introduction

The development of new regenerative therapies, adapted

where relevant to the differing needs of men and women,

with the potential to address inherited or acquired, acute or

chronic, as well as common or rare diseases, has been chal-

lenging. In particular, translating basic knowledge in regen-

erative medicine into the clinic represents a major obstacle.

The concept of tissue engineering has the potential to

revolutionize the field of regenerative medicine, offering

an answer to the problems of increasing donor organ short-

age or providing improved humanized ex vivo-manufac-

tured in vitro test systems (Schenke-Layland & Nerem,

2011). Tissue engineering integrates discoveries from multi-

ple fields, including cell, matrix and developmental biology,

biochemistry and chemistry, materials sciences, physics,

medicine and biotechnology with the aim to manufacture

complex three-dimensional (3D) tissue and organ structures

that can serve either as vital implants [advanced-therapy

medicinal products (ATMPs)] or as off-the-shelf or patient-

tailored in vitro organoid test systems (Pusch et al. 2011;

Fig. 1). The production of an engineered tissue requires the

use of appropriate cells and substrates. The main success in

this field has come from the use of primary cells, isolated

from patients, that were seeded onto 3D scaffolds or matri-

ces in order to produce extracellular matrix (ECM) resem-

bling that of the native tissue (Howard et al. 2008);

however, this strategy has its limitations. Although the

combination of tissue engineering concepts with stem cell-

based approaches holds much promise for major advance-

ments in the field of regenerative medicine (Howard et al.

2008), caution is advised when interpreting research data

for the public. There has been much debate over the hope

and hype of stem cell research and tissue engineering over

the last decade (Nerem, 2006; Lo & Parham, 2009; Oerle-

mans et al. 2014). The promise that stem cell research will

soon lead to general cures for diseases such as Parkinson’s

disease, spinal cord injury, heart disease or diabetes has so

far not been kept. Nevertheless, a variety of successful stem

cell-based applications have either found their way into

clinical reality, or they have led to breakthrough research

findings that will help improve therapeutic strategies (Ilic &

Polak, 2011).

Stem cell-based therapeutic strategies in
women’s health

The hope that many diseases may someday be treated using

stem cells is inspired by the historical success using adult

stem cells derived from bone marrow to treat patients with

leukemia and other cancers, or inherited blood disorders
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(Lo & Parham, 2009; Ilic & Polak, 2011). However, there are

a variety of stem cells with a diverse differentiation poten-

tial based on which they can be classified. The three groups

of stem cells that are most relevant for a potential applica-

tion in regenerative medicine are pluri-, multi- and unipo-

tent stem cells.

Pluripotent stem cells have the potential to self-renew

and differentiate into any of the three germ layers: ecto-

derm, endoderm and mesoderm that give rise to all tissues

and organs of the human body. Embryonic stem (ES) cells

are currently the only known natural occurring pluripotent

stem cells (Ilic & Polak, 2011). As indicated by their name,

induced-pluripotent stem (iPS) cells also belong to this

group (Ilic & Polak, 2011). iPS cells are derived from somatic,

tissue-specific cells that can be reprogrammed using

defined factors to form pluripotent stem cells (Schenke-Lay-

land et al. 2008). Early human iPS cell lines were derived by

inserting genes encoding for transcription factors using ret-

roviral vectors (Takahashi et al. 2007; Yu et al. 2007; Park

et al. 2008). Since then, researchers have successfully

addressed safety concerns about inserting oncogenes and

insertional mutagenesis, realizing reprogramming without

known oncogenes using adenovirus vectors rather than ret-

rovirus vectors or using a plasmid with a peptide-linked

reprogramming cassette (Lo & Parham, 2009). The successful

reprogramming of human somatic cells into a pluripotent

ES cell-like state provides a method to generate customized,

potentially patient-specific pluripotent cells for regenera-

tive medicine efforts. However, this assumes that iPS cells

possess a differentiation potential similar to that of ES cells,

and critical study of the differentiation behavior of iPS cells

will be essential for iPS cell-based therapies to become clini-

cal reality (Schenke-Layland et al. 2008).

Multipotent stem cells can also self-renew; however, they

are restricted in their differentiation potential to certain cell

lineages (Votteler et al. 2010). Unipotent stem cells are the

least potent. They can self-renew and differentiate into

only one cell type (Ilic & Polak, 2011). Mesenchymal stem

cells (MSCs) are a typical example of multipotent stem cells.

MSCs are unspecialized mesodermal cells that reside within

niches in various tissues of the human body, including bone

marrow, skin, intestine, adipose tissue or the developing

human heart (Votteler et al. 2010; Schenke-Layland et al.

2011). The main biological function of multi- and unipotent

stem cells is to replenish dying cells, therefore contributing

to the regeneration of diseased or damaged tissues, as well

as to ensure normal cell turnover of renewable tissues (Vott-

eler et al. 2010).

In the field of women’s health, various pluri- and multi-

potent stem cells have found their application in research

approaches. Recent comprehensive reviews have critically

analyzed the potential to use stem cells to treat infertility

(Hayashi et al. 2012; Bhartiya et al. 2014; Volarevic et al.

2014). Specifically, the potential to achieve ovarian regener-

ation and oocyte production utilizing either a rare popula-

tion of cells that reside in human ovaries (White et al. 2012)

or pluripotent stem cells (Hayashi et al. 2012; Bhartiya et al.

2014) is both promising and exciting. However, inefficient

cell derivation and differentiation protocols, severe epige-

netic and genetic changes associated with extensive in vitro

manipulation, and ethical and regulatory constraints repre-

sent major challenges (Bhartiya et al. 2014), heating-up the

current debate over a clinical translatability of these studies.

Nevertheless, the idea to develop novel in vitro ‘disease-in-

a-dish’ models (Hayashi et al. 2012) or female reproductive

tract mimics (Laronda et al. 2013) utilizing human ES and

iPS cells in order to understand the precise molecular

pathologies of infertility, and to design new treatment

strategies is highly exciting. For example, King and col-

leagues have successfully used alginate hydrogels to create

a mouse 3D ovary and oviduct culture system that can be

potentially used to study mechanisms of ovarian cancer

development (King et al. 2011). It will be interesting to see

how this system can be transferred into the human system.

Fig. 1 Schematic depiction of tissue engineer-

ing concept.
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Stem cells have also been thought to either protect or

contribute to various diseases in women. For example, it has

been suggested that declining levels of endogenous estro-

gen in conjunction with age can contribute to a significant

endothelial dysfunction and a downregulation of the num-

bers of circulating endothelial progenitor cells (EPCs) in

postmenopausal women, which may contribute to coronary

artery disease (CAD; Hutter et al. 2012). Therefore, it has

been speculated that EPCs play a main role for cardiovascu-

lar health, and EPC number assessment could be used as a

biomarker for CAD diagnosis (Hutter et al. 2012). Other

studies have identified stem and progenitor cells that can

be responsible for normal tissue regeneration but also for

pathological proliferative disorders of the human endome-

trium, which is a highly dynamic tissue of mesodermal origin

that constitutes the mucosal lining of the fused Mullerian

ducts of the uterus that undergo cycles of growth and

regression with each menstrual cycle (Oliveira et al. 2012

Ferenczy & Bergeron, 1991; Gargett et al. 2009; Ye et al.

2011; Yang & Huang, 2014). Endometriosis is an endome-

trium-associated disease that is manifested by the presence

of both endometrial glandular and stromal cells outside the

uterus (Kr�al�ı�ckov�a et al. 2014). While there have been many

hypotheses about the disease onset and progression, no

theory by itself explains all types of described endometriotic

lesions (Maruyama, 2014). It is therefore likely that multiple

mechanisms lead to endometriosis, including translocated

endometrial stem and progenitor cells (ESPCs). It will be

highly interesting to see if patient cells can be utilized to

establish 3D in vitro ‘disease-in-a-dish’ test systems with the

aim of shedding further light onto the mechanisms of how

endometriosis develops and can change into several types

of cancer.

Tissue engineering strategies in women’s
health

As described in the previous section, many groups have

shown that the endometrial tissue contains stem and progen-

itor cells that have a regenerative capacity. Verdi et al. (2014)

have comprehensively reviewed how these cells were utilized

to date for applications in tissue engineering and regenera-

tive medicine. For example, when seeded on scaffolds using

artificial meshes, ESPCs were used for the treatment of pelvic

organ prolapse (Edwards et al. 2013), and were tested in vivo

on a rat skin wound repair model in which ESPCs lead to a

promoted neovascularization, increased tissue integration,

reduced chronic inflammation and an increased deposition

of collagen fibers (Ulrich et al. 2012). Shoae-Hassani et al.

(2013) have shown that ESPCs could be differentiated into

smooth muscle cells on bioabsorbable polyethylene-glycol-

and collagen-containing hydrogels. The authors claim to fur-

ther utilize their culture system in order to engineer a urinary

bladder wall for the application in women, which is an

important clinical area considering that about 400 million

people worldwide are afflicted with urinary bladder disease

(Shoae-Hassani et al. 2013). Oerlemans et al. (2013) have

recently re-analyzed the role of tissue-engineered products

for the treatment of urological defects. They concluded, that

many promising tissue engineering efforts are currently con-

ducted with focus on the urinary system – some of which

have started to enter clinical practice, others need more

research efforts before they can be applied safely for human

disorders, especially with focus on women and children.

Another important area for the potential application of

tissue-engineered constructs in women’s health is genital

reconstructive surgery. Congenital and acquired malforma-

tions can adversely affect the normal anatomy of the female

reproductive tract. Genital malformations have an incidence

of 0.1–5% in the general female population (Oppelt et al.

2005). In addition to uterine malformations, vaginal and cer-

vical abnormalities, and malformations of the adnexa have

been described, although there are several classification sys-

tems available, with the latest from the ESHRE and ESGE try-

ing to describe the complexity of female genital

malformations (Grimbizis et al. 2013). Rare congenital geni-

tal malformations that are acquired during embryonic

development, such as Mayer–Rokitansky–K€uster–Hauser

(MRKH) syndrome, occur in approximately 1 in 4500 female

live births (Rall et al. 2013). While there exist a few reports

of family cases, the majority of MRKH cases occur randomly

throughout the general population (Morcel et al. 2007). To

date, the etiology of MRKH syndrome still remains unclear.

There are varying phenotypes of MRKH syndrome. Some-

times, associated malformations such as upper urinary tract

(~40%) or skeletal abnormalities (~30–40%) can be diag-

nosed (Morcel et al. 2007). In order to restore the native

anatomy of the vagina, allowing a sexual function and

therefore potentially improving the patient’s quality of life,

various reconstructive surgery procedures have been pro-

posed (Brucker et al. 2011; Raya-Rivera et al. 2014). More-

over, a tissue-engineered vaginal replacement strategy has

been demonstrated in an autologous rabbit model (Dorin

et al. 2011). In this study, Dorin and colleagues used primary

isolated vaginal epithelial and smooth muscle cells that

were seeded onto tubular scaffolds made of polyglycolic

acid (Dorin et al. 2011). They then implanted the scaffolds

into the vaginal position in the cell donor rabbits, and after

6 months post-implantation, the authors found neovaginas

that closely resembled the native vaginal tissue in regards to

its histoarchitecture and function (Dorin et al. 2011). Never-

theless, based on the currently available data and the

current authors’ own clinical experience, the advantage of a

tissue-engineered vagina over the laparoscopic-assisted

creation of a neovagina cannot be seen (Rall et al. 2014), as

major problems remain with the tissue-engineered con-

structs, including tissue shrinkage.

Other investigators, including the authors’ own groups,

have focused on the engineering of cervix or uterus struc-

tures, either to design advanced human-based in vitro test
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systems or to create implantable ATMPs for patients who,

for example, have only a vaginal dimple and functional

uterine body (corpus uteri) without a cervix (Fig. 2a),

although it is a great challenge to keep fertility with an

anastomosis between the reconstructed neovagina and the

corpus uterus. House et al. (2010) reported on the successful

creation of a cervical-like construct made of silk scaffolds

and human primary isolated human cervical cells. L€u et al.

(2009) reported on the in vitro reconstruction of a uterine

tissue containing a smooth muscle layer that could be

implemented in an advanced research in vitro system. The

current authors’ own strategy is to identify the detailed

blueprint of the natural normal human cervix structures,

defining crucial cellular matrix and ECM elements, as well

as biomechanical properties that will allow to eventually

design a clinically relevant and fully functional cervix

replacement (Fig. 2).

Concluding remarks

Although much progress has been made in the fields of

stem cell research for the development of therapies and tis-

sue engineering for application in regenerative medicine in

women’s health, the translation into clinical practice has

been limited as no tissue-engineered vagina, cervix or

uterus has found its way into routine therapies. Neverthe-

less, stem cell- or ECM-based tissue engineering strategies

have a great potential for regenerative medicine. That

potential offers hope to millions of future patients who

have diseases for which existing treatments are inadequate

or, in many cases, are non-existing.

Acknowledgements

The authors thank Kratika Bharghava (Research Institute for

Women’s Health, T€ubingen) for her assistance with Fig. 2, and

Shannon Lee Layland (Fraunhofer IGB, Stuttgart) for his suggestions

on the manuscript. The authors are grateful for the financial sup-

port by the Medical Faculty of the Eberhard Karls University T€ubin-

gen, the Fraunhofer-Gesellschaft and the Fraunhofer IGB Stuttgart,

and the Ministry of Science, Research and the Arts of Baden-

W€urttemberg (33-729.55-3/214 and SI-BW 01222-91).

Conflict of interest

No conflict of interest needs to be declared.

Author contribution

K.S.L. and S.B. drafted, critically revised and approved the

article.

References

Bhartiya D, Hinduja I, Patel H, et al. (2014) Making gametes

from pluripotent stem cells – a promising role for very small

embryonic-like stem cells. Reprod Biol Endocrinol 12, 114.

Brucker SY, Rall K, Campo R, et al. (2011) Treatment of congeni-

tal malformations. Semin Reprod Med 29, 101–112.

Dorin RP, Atala A, Defilippo RE (2011) Bioengineering a vaginal

replacement using a small biopsy of autologous tissue. Semin

Reprod Med 29, 38–44.

Edwards SL, Werkmeister JA, Rosamilia A, et al. (2013)

Characterisation of clinical and newly fabricated meshes for

pelvic organ prolapse repair. J Mech Behav Biomed Mater 8,

53–61.

Ferenczy A, Bergeron C (1991) Histology of the human endome-

trium: from birth to senescence. Ann N Y Acad Sci 622, 6–27.

Gargett CE, Schwab KE, Zillwood RM, et al. (2009) Isolation and

culture of epithelial progenitors and mesenchymal stem cells

from human endometrium. Biol Reprod 80, 1136–1145.

Grimbizis GF, Gordts S, Di Spiezio Sardo A, et al. (2013) The ES-

HRE/ESGE consensus on the classification of female genital

tract congenital anomalies. Human Reprod 28, 2032–2044.

Hayashi Y, Saitou M, Yamanaka S (2012) Germline development

from human pluripotent stem cells toward disease modeling

of infertility. Fertil Steril 97, 1250–1259.

A

BD

C

Fig. 2 (a) Schematic depiction of a functional

corpus uteri without a cervix. (b) Investigation

of natural cervix structures, including

columnar epithelial (ce), squamocolumnar

junctional (sj) and squamous epithelial (se)

cells, as well as (c) ECM components such as

proteoglycans (pg), collagen and elastic fibers

(cf and ef) will provide crucial information for

(d) the blueprint design of ex vivo-engineered

cervical implants.

© 2015 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.

Regenerative medicine in women’s health, K. Schenke-Layland and S. Y. Brucker784



House M, Sanchez CC, Rice WL, et al. (2010) Cervical tissue engi-

neering using silk scaffolds and human cervical cells. Tissue

Eng Part A 16, 2101–2112.

Howard D, Buttery LD, Shakesheff KM, et al. (2008) Tissue engi-

neering: strategies, stem cells and scaffolds. J Anat 213, 66–72.

Hutter R, Badimon JJ, Fuster V, et al. (2012) Coronary artery dis-

ease in aging women: a menopause of endothelial progenitor

cells? Med Clin North Am 96, 93–102.

Ilic D, Polak JM (2011) Stem cells in regenerative medicine: intro-

duction. Br Med Bull 98, 117–126.

King SM, Quartuccio S, Hilliard TS, et al. (2011) Alginate hydro-

gels for three-dimensional organ culture of ovaries and ovi-

ducts. J Vis Exp 52, 2804.

Kr�al�ı�ckov�a M, Losan P, Vetvicka V (2014) Endometriosis and can-

cer. Womens Health 10, 591–597.

Laronda MM, Burdette JE, Kim J, et al. (2013) Recreating the

female reproductive tract in vitro using iPSC technology in a

linked microfluidics environment. Stem Cell Res Ther 4(Suppl

1), S13.

Lo B, Parham L (2009) Ethical issues in stem cell research. Endo-

crin Rev 30, 204–213.

L€u SH, Wang HB, Liu H, et al. (2009) Reconstruction of engineered

uterine tissues containing smooth muscle layer in collagen/

matrigel scaffold in vitro. Tissue Eng Part A 15, 1611–1618.

Nerem RM (2006) Tissue Engineering: The hope, the hype, and

the future. Tissue Eng 12(5), 1143–1150.

Maruyama T (2014) Endometrial stem/progenitor cells. J Obstet

Gynaecol Res 40, 2015–2022.

Morcel K, Camborieux L, Programme de Recherches sur les

Aplasies M€ull�eriennes (PRAM), Guerrier D (2007) Mayer-Rokit-

ansky-K€uster-Hauser (MRKH) syndrome. Orphanet J Rare Dis 2,

13.

Oerlemans AJ, Feitz WF, van Leeuwen E, et al. (2013) Regenera-

tive urology clinical trails: an ethical assessment of road blocks

and solutions. Tissue Eng Part B Rev 19, 41–47.

Oerlemans AJ, van Hoek ME, van Leeuwen E, et al. (2014) Hype

and expectations in tissue engineering. Regen Med 9, 113–122.

Oliveira FR, Dela Cruz C, Del Puerto HL, et al. (2012) Stem cells:

are they the answer to the puzzling etiology of endometri-

osis? Histol Histopathol 27, 23–29.

Oppelt P, Renner SP, Brucker S, et al. (2005) The VCUAM

(Vagina Cervix Uterus Adnex-associated Malformation) classifi-

cation: a new classification for genital malformations. Fertil

Steril 84, 1493–1497.

Park IH, Zhao R, West JA, et al. (2008) Reprogramming of

human somatic cells to pluripotency with defined factors. Nat-

ure 451, 141–146.

Pusch J, Votteler M, G€ohler S, et al. (2011) The physiological

performance of a three-dimensional model that mimics the

microenvironment of the small intestine. Biomaterials 32,

7469–7478.

Rall K, Barresi G, Wallwiener D, et al. (2013) Uterine rudiments

in patients with Mayer-Rokitansky-K€uster-Hauser syndrome

consist of typical uterine tissue types with predominantly ba-

salis-like endometrium. Fertil Steril 99, 1392–1399.

Rall K, Schickner MC, Barresi G, et al. (2014) Laparoscopically

assisted neovaginoplasty in vaginal agenesis: a long-term out-

come study in 240 patients. J Pediatr Adol Gynec 27, 379–385.

Raya-Rivera AM, Esquiliano D, Fierro-Pastrana R, et al. (2014)

Tissue-engineered autologous vaginal organs in patients: a

pilot cohort study. Lancet 384, 329–336.

Schenke-Layland K, Nerem RM (2011) In vitro human tissue

models – moving towards personalized regenerative medicine.

Adv Drug Deliv Rev 63, 195–196.

Schenke-Layland K, Rhodes KE, Angelis E, et al. (2008) Repro-

grammed mouse fibroblasts differentiate into cells of the car-

diovascular and hematopoietic lineages. Stem Cells 26, 1537–

1546.

Schenke-Layland K, Nsair A, Van Handel B, et al. (2011) Recapit-

ulation of the embryonic cardiovascular progenitor cell niche.

Biomaterials 32, 2748–2756.

Shoae-Hassani A, Sharif S, Seifalian AM, et al. (2013) Endome-

trial stem cell differentiation into smooth muscle cell: a novel

approach for bladder tissue engineering in women. BJU Int 8,

854–863.

Takahashi K, Tanabe K, Ohnuki M, et al. (2007) Induction of

pluripotent stem cells from adult human fibroblasts by

defined factors. Cell 131, 861–872.

Ulrich D, Edwards SL, White JF, et al. (2012) A preclinical evalua-

tion of alternative synthetic biomaterials for fascial defect

repair using a rat abdominal hernia model. PLoS One 8,

e50044.

Verdi J, Tan A, Shoae-Hassani A, et al. (2014) Endometrial stem

cells in regenerative medicine. J Biol Eng 8, 20.

Volarevic V, Bojic S, Nurkovic J, et al. (2014) Stem cells as new

agents for the treatment of infertility: current and future per-

spectives and challenges. Biomed Res Int 2014, 507234.

Votteler M, Kluger PJ, Walles H, et al. (2010) Stem cell microen-

vironments – unveiling the secret of how stem cell fate is

defined. Macromol Biosci 10, 1302–1315.

White YAR, Woods DC, Takai Y, et al. (2012) Oocyte formation

by mitotically active germ cells purified from ovaries of repro-

ductive-age women. Nat Med 18, 413–421.

Yang J, Huang F (2014) Stem cell and endometriosis: new

knowledge may be producing novel therapies. Int J Clin Exp

Med 7, 3853–3858.

Ye L, Mayberry R, Lo CY, et al. (2011) Generation of human

female reproductive tract epithelium from human embryonic

stem cells. PLoS One 6, e21136.

Yu J, Vodyanik MA, Smuga-Otto K, et al. (2007) Induced plurip-

otent stem cell lines derived from human somatic cells. Sci-

ence 318, 1917–1920.

785

© 2015 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.

Regenerative medicine in women’s health, K. Schenke-Layland and S. Y. Brucker


