
Introduction

Th e female reproductive tract produces hormones, 

supplies gametes and supports embryos through fetal 

development. Understudied and poorly understood 

diseases, including those contracted through sexual 

transmission, benign tumors and cancers, develop in or 

aff ect each of the female reproductive tract organs [1-4]. 

Advances in bioengineered tissue mimetics, including 

three-dimensional ovarian follicle culture, represent an 

important new avenue of investigation in the study of 

normal reproductive function and the regeneration of 

diseased tissues [5]. Great headway has been made in 

induced pluripotent stem cell (iPSC) derivation from 

human somatic cells for many organs, and new methods 

have been employed to derive these cells without 

integration of viral vector or transgene sequences [6-8]. 

Utilizing iPSCs to create the reproductive tract organ 

mimics would allow for new drug testing, and could 

provide personalized regenerative treatment options that 

restore fertility and/or endocrine function.

Recreating the female reproductive tract

Th e female reproductive tract organs are dynamic and 

require synchronization of movement and diff erentiation 

to guide ovulated oocytes, prepare for implantation and 

nurture a fetus to develop as an independent organism. It 

is necessary not only to see these organs as unique 

entities, but also as one cohesive system (Figure  1). 

Recently developed high-throughput drug screens utilize 

three-dimensional systems-level models that incorporate 

microfl uidics to create a microenvironment that chemi-

cally and physically imitates the desired system (reviewed 

in [9]). Likewise, it is important to develop reproductive 

organs in a connected microfl uidic system in order to 

provide the sequence of hormones that control biological 

function in a dynamic manner. Additionally, nonrepro-

ductive tract eff ects of the endocrine hormones produced 

by the ovaries are important to program into other organ 

systems in order to ensure normal function. Th us, while 

we have focused on the role of female sex hormones on 

the adjacent reproductive tissues, it is important to keep 

in mind the impact of the overall infl uence of estrogens 

and progesterones on all tissues of the body [10].

Each section below describes how the dynamic cell 

type within each female reproductive tract tissue could 

be replaced by patient-derived iPSCs that have been 

diff erentiated by the paracrine factors and cytokines of 

the supportive cell type or niche. A representative 

schematic is shown in Figure 2.
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Improving our fund of knowledge about reproductive 

tract biology and creating reproductive organs for 

patients who have lost gonadal, uterine or vaginal/

cervical function is a major step forward in women’s 

health and an important advancement in personalized 

medicine.
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Female reproductive tract organ mimics

The ovary: germ cells and somatic endocrine cells

Th e ovary is the central organ of the female reproductive 

tract because it produces a haploid gamete that can be 

fertilized to develop into a viable embryo. Oocytes do not 

develop in isolation but require close interactions with 

granulosa and theca cells to activate and mature. Th is 

somatic cell with germ cell unit is called the follicle.

Figure 1. Changes in the reproductive tract throughout the menstrual cycle. Follicle stimulating hormone (FSH) from the pituitary promotes 

follicle growth in the ovary. These follicles produce estrogen (E). In response to E, the functionalis layer of the uterine epithelium and the stratifi ed 

layer of the vaginal epithelium thicken as the infi ndibulum of the fallopian tube comes in contact with the ovary. The luteinizing hormone (LH) 

surge from the pituitary causes the dominant follicle to ovulate. The remaining follicular cells develop into a corpus luteum that produces E and 

progesterone (P). In turn, P promotes more proliferation within the uterus and vagina, and cornifi cation in the vagina. The uterotubal junction 

of the fallopian tube widens to allow the passage of the ovulated oocyte or fertilized embryo. Reduced E and P levels induce atrophy of vaginal 

epithelium and menstruation of the uterine functionalis layer.
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Follicles are maintained in a hierarchy of developmental 

stages that regulate a woman’s fertility during her 

reproductive life. Th e ability to recreate the germ cell and 

somatic cells of the follicle has progressed rapidly in 

recent years. Human iPSCs cultured with BMP-4, BMP-7 

and BMP-8b for 1 to 2  weeks diff erentiated down the 

primordial germ cell lineage, as measured by VASA and 

deleted in azoospermia-like protein (DAZL) expression 

[11]. Moreover, mouse iPSCs that were reintegrated with 

ovarian somatic cells behaved as primordial germ cells 

and contributed to live off spring upon in vitro maturation 

and fertilization. Th e embryonic ovarian stromal cells 

surrounding the iPSC-derived cells induce expression of 

early and late stage primordial germ cell markers, such as 

Nanos, developmental pluripotency associated 3 (Dppa3, 

also known as Stella) and DazL, and contribute to the 

multi-layered follicle as the iPSC-derived cells mature 

into germinal vesicle stage oocytes [12]. Th e mechanical 

environment, which controls mechano trans duction and 

physical forces, of the ovary is important to this process 

and can be engineered into the system using biomaterials 

[5,13,14]. Th e extracellular matrix contri butes to the 

physically-distinct ovarian compartments, and is more 

dense and less vascularized in the rigid outer cortex, 

where primordial follicles reside, than the less dense 

medulla, where the recruited follicles grow, diff erentiate 

and prepare for ovulation [15-18].

Ultimately, the proper niche environment of support 

cells within a synthetic scaff old, that recreates both the 

cortex and medulla compartments, could be constructed 

to promote ordered iPSC-derived oocyte-containing 

follicle activation and sequential development of mature 

gametes. A functioning ovary mimic would then release 

the right hormones at the right time in the right amount 

to support endocrine function of reproductive and other 

target tissues.

The fallopian tubes: ciliated fi mbria and muscular 

passages

Th e female reproductive tract organs  – the fallopian 

tubes, uterus, cervix and vagina  – develop from the 

Müllerian duct. Th e most anterior portion of the 

Müllerian duct develops into the fallopian tubes. Th ese 

tubes are the site of fertilization and initial embryo 

development, and can be phenotypically and functionally 

divided into four segments, the infundibulum, ostium, 

ampulla and uterotubal junction. A three-dimensional 

micro fl uidic culture system is salient in maintaining the 

Figure 2. Example of induced pluripotent stem cell-derived tissues for use in tissue repair or drug discovery. (a) Restore uterine function: 

uterine tissue is transplanted to remedy frequent miscarriages due to uterine endometrium malformation. (b) Test drug effi  cacy: a similar uterine 

tissue mimic is used to screen potential drugs for treatment of frequent miscarriages. iPSCs, induced pluripotent stem cells.
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integrity of a fallopian tube mimic and ensuring response 

to estrogen signals from the ovary [19].

As in most organs, the oviduct mesenchyme deter-

mines the adjacent epithelial cell fate. Undiff erentiated 

epithelial cells adjacent to the ampulla will diff erentiate 

into more ciliated cells, while those adjacent to the 

isthmus mesenchyme will form more secretory cells [20]. 

With this in mind, region-specifi c mesenchyme can be 

utilized to support and diff erentiate iPSCs into the appro-

priate epithelial cell type. Diff erentiation of the iPSCs 

into the desired epithelium can be monitored through 

expression of PAX8, forkhead box J1 (FOXJ1) and 

acetylated tubulin, and the proper response to paracrine 

signals from the ovary can be monitored through 

expression patterns and physiology as mentioned above. 

Th e constructed organ pieces can then be integrated to 

form the entire fallopian tube and assembled within the 

microfl uidic system.

The uterus: cycling endometrium and contractile myometrium

Th e primary purpose of the uterus is to harbor and 

nurture the developing fetus throughout gestation. Th e 

dynamic and regenerating uterine endometrium poten-

tially undergoes hundreds of cycles that involve diff er en-

tiation, growth and shedding throughout a woman’s 

reproductive lifespan. Th e uterus prepares for a potential 

blastocyst implantation by secreting glycogen and other 

histotrophic products [21]. Inappropriate remodeling of 

this tissue can lead to miscarriage or infertility. However, 

little is known about implantation of the embryo due to a 

lack of models that appropriately mimic the human 

menstrual cycle, implantation and pregnancy.

Human embryonic stem cells that were diff erentiated 

into embryoid bodies and cultured with neonatal mouse 

uterine mesenchyme diff erentiated into female repro duc-

tive tract-like cells that formed ductal glands, expressed 

PAX2 and homeobox A10 (HOXA10). Additionally, these 

cells secreted glycodelin A in response to cycling 

estrogen and progesterone [22]. A biological scaff old, 

such as a fi brin–alginate network, could be utilized to 

support mesenchymal cell expansion. While it would be 

ideal to create healthy and diseased uterine mimics from 

primary tissue biopsies, the types of tissue collected for 

research are mostly from older women undergoing hys-

ter ectomies or removal of leiomyomas. Myometrial cells 

may support iPSC diff erentiation in a similar manner to 

form a uterine mimic and provide a high-throughput 

screen for drug testing and/or tissue replacement with 

patient-specifi c phenotypes and genotypes.

The cervix and vagina: barrier and passage

Together the cervix and the vagina act as a barrier from 

potential exterior pathogens that may aff ect the more 

cranial reproductive tract organs. While the endocervix 

epithelium remains columnar like the uterine epithelium, 

the ectocervix is phenotypically similar to the vagina. In 

order to create a working vaginal mimic that can respond 

to hormones, it is important to establish an epithelium–

stroma interaction that could be maintained within a 

biochemical scaff old. Th e Müllerian duct epithelium 

diff erentiates into stratifi ed squamous epi the lium along 

the ectocervix and vagina in response to paracrine signals 

from the mesenchyme. Th e basal layer of vaginal 

epithelium expresses the delta-N isoform of the tumor 

protein 63 (TP63), much like the basal layer of skin 

[23,24]. Because interaction with other undiff er en tiated 

cell types with the developing mesenchyme can induce 

the expression of delta-N-Trp63 in mice, the potential for 

the vaginal mesenchyme to induce a similar stratifi ed 

squamous epithelium from iPSCs would be of interest 

[25]. Th e diff erentiated iPSC recombined with the vaginal 

mesenchyme could create the vaginal tissue mimic. 

Appropriate identifi cation of these stratifi ed squamous 

cell layers could be achieved by identifying expression of 

E-cadherin (CDH1) and K14.

Signifi cance

Th e studies and concepts described here support the 

rationale for developing reproductive tract mimics. To 

create an ideal reproductive tract mimic, each tissue 

niche needs to be developed in order to support iPSC 

diff erentiation into the appropriate cell type. Given the 

hormonal response profi le of these tissues, a microfl uidic 

system is warranted. Establishing tissue banks of biopsies 

collected from both healthy and diseased patient tissues 

at various points in the menstrual cycle will provide a 

wide range of biological/fertility/infertility mimics.

Th e future of medical technology for the female 

reproductive tract will rely on the ability to accurately 

mimic these dynamic tissues in a system that can be 

adapted for genetic variations and diseased models, and 

can be replicated for high-throughput screens. While this 

concept may seem futuristic, recent advances in iPSC 

and microfl uidic technologies indicate that organ mimic 

development is on the horizon to satisfy the urgent 

unmet needs of patients.
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