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Abstract  
The female reproductive tract produces hormones for reproductive function, cardiovascular, 
bone, and sexual health; it supplies a finite number of gametes, and supports fetal development. 
Diseases that affect each of the female reproductive tract organs, along with treatments that 
have direct, deleterious effects on the reproductive tract (e.g. chemotherapeutics), are 
understudied due to the lack of model systems that phenocopy in vivo function. This review 
describes a path toward developing female reproductive tract mimics. The models use isolated 
primary support cells cultured onto a biological scaffold and within a microfluidic system to 
create a niche and support the desired differentiation of epithelia, germ and somatic cells from 
patient-derived induced pluripotent stem cells (iPSCs). 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 
advance in personalized medicine. 
 
Abbreviations: DAZL, deleted in azoospermia-like protein; Dppa3, pluripotency associated 3; 
ECM, extracellular matrix; FOXJ1, forkhead box J1; iPSCs, induced pluripotent stem cells; 
PGCs, primordial germ cells; Stra8, stimulated by retinoic acid 8. 
 
Introduction 

The 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 affect 
each of the female reproductive tract organs [1-4]. Additionally, treatments that are aimed to rid 
patients of their diseases, including radiation and chemical therapies, could result in premature 
loss of fertility and the side effects that accompany it [5, 6]. This is especially detrimental to 
women, who have a finite number of gametes and whose cardiovascular, bone and sexual 
health rely on the hormonal milieu supported by their reproductive tract [6, 7]. Advances in 
bioengineered tissue mimetics, including ovarian follicles, represent an important new avenue of 
investigation in the study of normal reproductive function and the regeneration of diseased 
tissues [8]. The mouse, while the standard of biological research models, does not adequately 
represent the human female. Mice have short four-day cycles with no endometrial shedding, are 
often resistant to pathogens of the reproductive tract, rarely contract reproductive tract tumors or 
cancers, and are polyovulatory. Reproductive tracts from young, healthy women are almost 
never removed, nor should they be. This results in analysis of human samples that are removed 
from diseased and/or aged patients that have undergone various types of hormonal therapy. 
Moreover, ethical concerns exist that prevent researchers from enrolling pregnant women in 
clinical trials, and even women of reproductive age are excluded from many studies resulting in 
little new knowledge on drug efficacy or interactions in young, reproductive age women. Not 
only are reproductive tract diseases inadequately studied, researchers lack the models to 
analyze potential therapies for these diseases or how existing treatments may affect normal 
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reproductive tissues. In vitro model systems that mimic disease processes associated with 
reproductive organs could meet this need. 

Research into a personalized approach to understanding reproductive tract disease and 
restoring fertility or endocrine function would not only help the specific needs of patients in the 
future, but would allow for a model that could integrate a wider range of genetically and 
phenotypically diverse mimics into basic research. 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 [9-11]. Specifically, human iPSCs have been differentiated into 
cardiomyocytes, neurons and primordial germ cells [12-14]. 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.  

One specific example and urgent need for this technology is in the area of oncofertility – 
fertility restoration for young female cancer patients. Current technology includes 
autotransplantation of ovarian cortical strips laproscopically inserted into the ovary, once cancer 
treatments have been completed, to provide temporary fertility and hormonal support with some 
promising success [15-20]. However, a study in mice transplanted with ovarian tissue biopsied 
from patients with acute lymphoblastic leukemia (ALL) resulted in tumor formation creating the 
concern that tissue transplant may reintroduce cancer into the patient who recently survived the 
original disease [21]. To avoid this risk, iPSCs could be used as a personalized and purified 
source of somatic or germ cells for transplant. While biological offspring is a distant option, the 
more tangible restoration may be of endocrine function for children transitioning through puberty 
or for premenopausal women who lose gonadal function due to cancer treatment. Indeed, a 
piece of ovarian tissue was autotransplanted for the sole purpose of bringing a child with cancer 
through puberty, which carries the same intrinsic risk of reintroducing cancer cells as a 
transplant for the purpose of fertility [22]. Finally, transplants of uteri in non-human primates 
have been performed, with more success achieved in autotransplants where 
immunosuppression therapy is not required [23-28]. Uterine transplants in cancer patients are 
another utility for patient-specific, iPSC-derived reproductive tissue. 

Somatic cells from a number of tissues have been used to induce embryonic stem cells 
(ESCs) into organ-specific cell types. For example, bladder mesenchyme can induce mouse 
ESCs into uteroepithelium, rat seminal vesicle mesenchyme can induce human ESCs into 
prostate epithelium and neonatal mouse uterine mesenchyme can induce human ESCs into 
female reproductive tract epithelium [29-31]. However, it is more desirable to utilize iPSCs than 
ESCs for reasons including, fewer ethical concerns, higher availability, and ability to utilize a 
patient source. As proof of principle, mouse iPSCs were differentiated into primordial germ cells 
(PGCs) and male or female germ cells through co-culture with testis or ovarian somatic cells, 
respectively [32, 33]. Human iPSC neural progenitors also differentiated once injected into a rat 
spinal cord [14].  

Based on the urgent need, both at the basic research level and for patient use, this 
review describes a path for developing female reproductive tract mimics using isolated primary 
support cells cultured onto a biological scaffold and within a microfluidic system to provide a 
niche and support the desired differentiation of epithelia and germ cells. A variety of steps are 
necessary before these tissues are ready for patients, but recent advances make the possibility 
of regenerative reproductive organs an important area of investigation. 
 
Recreating the Female Reproductive Tract. 

A three-dimensional (3D) culture system is essential for developing and maintaining the 
functionality, physiology and integrity of an organ culture mimic. The importance of the niche 
extends beyond nutrient and ligand support. Intracellular connections and signal transduction 
between cells cultured in a traditional versus a 3D culture system have shown significant 
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changes in morphology, differentiation capacity and gene expression profiles. For example, 
mammary epithelia cultured in a 3D system develop acinar structures and a basement 
membrane through integrin interactions with the extracellular matrix (ECM) [34]. Additionally, 
varying degrees of ECM density can be observed in an ovary, and each portion harbors follicles 
at different stages of activation or differentiation [8]. Likewise, primordial and secondary follicles 
require different degrees of rigidity within a 3D culture in order to maintain their integrity [35, 36]. 
Each organ within a reproductive tract mimic must be maintained in a suitable 3D culture 
system.  

The female reproductive tract organs are dynamic and require synchronization of 
movement and differentiation to guide ovulated oocytes, prepare for implantation and nurture a 
fetus to develop as an independent organism. It is necessary to not only see these organs as 
unique entities, but as one cohesive system that rely on biochemical interactions with each 
other for proper reproductive function. A schematic of how each reproductive tract tissue is 
affected in response to changing hormone levels during the menstrual cycle is presented in 
Figure 1. Recently developed high-throughput drug screens utilize 3D systems-level models that 
incorporate microfluidics to create a microenvironment that chemically and physically imitates 
the desired system [reviewed in 9]. Likewise, it is important to develop these organs in a 
connected microfluidic system in order to provide the sequence of hormones that control 
biological function in a dynamic manner.   Additionally, studies in postmenopausal women and 
women who have undergone premature ovarian failure demonstrate that hormone replacement 
regimens could improve the patients overall health, quality of life and is recommended by the 
American Association of Clinical Endocrinologists [37-40]. These non-reproductive tract effects 
of the endocrine hormones produced by the ovaries are important to program into other organ 
systems in order to ensure normal function. Thus, while we have focused on the role of female 
sex hormones on the adjacent reproductive tissues, it is important to keep the impact of the 
overall influence of estrogens and progesterones on all tissues of the body [6]. 

The following sections focus on the individual organs of the female reproductive tract 
and describe how one may mimic these organs by utilizing patient-derived iPSCs differentiated 
in a tissue-specific niche. A representative schematic is diagramed in Figure 2. In general, 
iPSCs derived from a diverse patient population could be initially induced in vitro with defined 
factors. One way to perform this induction down a differentiation path of choice is to initially 
induce the iPSCs into the primary embryonic lineage in which the desired cell type could arise 
[41, 42]. For example, the human fibroblast-derived iPSCs would be induced toward the 
mesodermal lineage for uterine epithelium differentiation with factors such as bone 
morphogenetic protein 4 (BMP4) and retinoic acid (RA) [43]. The desired cells would be 
identified and combined with uterine mesenchyme niche to induce further differentiation. The 
success of this differentiation would be analyzed by the presence of specific uterine epithelium 
markers and, most importantly, response to hormonal cues. In the future, this uterine mimic 
could be used to restore uterine function by replacing damaged or diseased sections of the 
uterus (Figure 2A). Additionally, this uterine mimic could be used within a microfluidic system, 
downstream of the ovarian source of hormones, to screen potential drugs that may prevent 
miscarriages (Figure 2B). 

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 differentiated by the 
paracrine factors and cytokines of the supportive cell type or niche. 
 
Female Reproductive Tract Organ Mimics 
 
The Ovary: Germ Cells and Somatic Endocrine Cells 

The ovary is the central organ of the female reproductive tract as it produces a haploid 
gamete that can be fertilized to develop into a viable embryo. Oocytes do not develop in 
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isolation but require close interactions with granulosa and theca cells to activate and mature. 
This somatic cell with germ cell unit is called the follicle. Follicles are maintained in a hierarchy 
of developmental stages that regulate a woman’s fertility during her reproductive life. The 
meiotically arrested primordial follicles delineate the fertility reserve of a female and rely on 
intraovarian factors for survival and eventual activation. Select follicles are recruited during each 
cycle and a dominant follicle is chosen in response to follicle stimulating hormone (FSH). This 
gonadotropin is important for development and prepares the mature oocyte to be terminally 
matured and released in response to luteinizing hormone (LH). The dominant follicle secretes 
estradiol and androstenedione in changing levels throughout the cycle [44]. After ovulation, the 
remaining somatic cells (granulosa and theca cells) form the corpus luteum (CL) and produce 
high levels of progesterone and estrogens to support endometrial function and implantation. If 
fertilization does not occur, the CL regresses, steroid production ceases and the endometrium is 
shed. 

The ability to recreate the germ cell and somatic cells of the follicle has progressed 
rapidly in recent years. Human iPSCs cultured with BMP-4, -7 and -8b for 1 to 2 weeks 
differentiated down the PGC lineage as measured by VASA and deleted in azoospermia-like 
protein (DAZL) expression [13]. Moreover, PGCs derived from mouse iPSCs that were 
reintegrated with ovarian somatic cells, develop into oocyte-like cells and produced live 
offspring. The embryonic ovarian stromal cells surrounding the iPSC-derived PGCs are enough 
to induce expression of early PGC markers like Nanos3 and developmental pluripotency 
associated 3 (Dppa3, also known as Stella), late PGC markers like DazL and stimulated by 
retinoic acid 8 (Stra8) and behave like oocytes within a follicle [33].  

In addition to the somatic cell function in driving the activation and growth of follicles, the 
mechanical environment, which controls mechanotransduction and physical forces, of the ovary 
is important to this process and can be engineered into the system using biomaterials [8, 36, 
45]. Part of what creates the physically distinct areas of tissues is the extracellular matrix 
(ECM). The ECM is more dense and less vascularized in the rigid outer cortex of the ovary, 
where primordial follicles reside, than the less dense medulla, where the recruited follicles grow, 
differentiate and prepare for ovulation [46-49]. The ECM acts as a depository for growth factors 
and other ligands that induce cellular responses. The outer cortex provides an important 
environmental niche in which immature follicles can reside for decades of life. To phenocopy 
this part of the ovarian environment requires creating an artificial scaffold to simulate the ECM 
signaling factors and the mechanotransduction properties of the ovary. In the future iPSC-
derived oocytes, surrounded by primary granulosa and theca cells, within a synthetic scaffold 
which recreates both cortex and medulla compartments could be imagined in order to retain the 
ordered activation of follicles and sequential development of mature gametes. A microfluidic 
system could provide the appropriate levels of FSH and LH to trigger the normal cyclical 
regulation of follicle development, something which is not possible in static culture. 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 Fimbria and Muscular Passages 
 The female reproductive tract organs, the fallopian tubes, uterus, cervix and vagina, 
develop from the Müllerian duct. The most anterior portion of the Müllerian duct develops into 
the fallopian tubes. These tubes are the site of fertilization, initial embryo development, and can 
be phenotypically and functionally divided into four segments. The segment closest to the ovary, 
the infundibulum, is shaped like the bell of a trumpet, consists of a fimbriated portion and is 
highly susceptible to hormonal changes [50]. The fimbriated portion is made of densely ciliated 
cells, which express acetylated tubulin. During ovulation, the tubal epithelial cells from the 
infundibulum respond to estrogen secretion from the ovary and come in contact with it. The 
ciliated cells express oviductal glycoprotein 1 (OVGP1) and guide the ovum through the ostium 
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or opening of the fallopian tube [51]. The ovum is received as a cumulus mass and remains that 
way unless it becomes fertilized. Fertilization occurs within the ampulla, which is highly ciliated 
and made of many folds. The most distal portion of the fallopian tube to the ovary is the isthmus, 
and is connected to the uterotubal junction or interstitial region. This portion of the fallopian tube 
contains more paired box 8 protein (Pax8)-positive secretory than ciliated cells and has fewer 
folds than the ampulla. The uterotubal junction provides tightly regulated movement of sperm 
from the uterus to the fallopian tube or embryo into the uterus. The opening and closing of this 
junction is regulated by steroid hormones and differs at points in the menstrual cycle. Prenatal 
exposure to a non-steroidal estrogen, diethylstilbestrol, or disruption of micro-RNA synthesis 
disrupts this junction in mice [52, 53]. The arrival of the embryo into the uterus must be precisely 
synced with uterine epithelial differentiation for proper implantation [9]. Failure of the embryo to 
be released into the uterus can result in implantation within the fallopian tube, which is known as 
an ectopic pregnancy and can be detrimental to the life of the mother. 
 A 3D microfluidic culture system is salient in maintaining the integrity of a fallopian tube 
mimic and ensuring a response to estrogen signals from the ovary [54].  As in most organs, the 
oviduct mesenchyme determines the adjacent epithelial cell fate. Undifferentiated epithelial cells 
adjacent to the ampulla will differentiate into more ciliated cells, while those adjacent to the 
isthmus mesenchyme will form more secretory cells [55]. With this in mind, region specific 
mesenchyme can be utilized to support and differentiate iPSCs into the appropriate epithelial 
cell type. Differentiation 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 mentioned above. The constructed organ pieces can then be integrated to form the 
entire fallopian tube and assembled within the microfluidic system.  
 
The Uterus:  Cycling Endometrium and Contractile Myometrium 

The primary purpose of the uterus is to harbor and nurture the developing fetus 
throughout gestation. The dynamic and regenerating uterine endometrium potentially undergoes 
hundreds of cycles that involve differentiation, growth and shedding throughout a woman’s 
reproductive lifespan [56]. The endometrium is composed of two layers, the functionalis layer, 
which contains glands with loose stroma, and basilis layer, which contains branching glands and 
dense stroma. Both layers receive steady support by the myometrium. Estrogen receptor-alpha 
(ESR1) and progesterone receptor (PR) expression increases in the functionalis endometrium 
upon increased estrogen secretion by the ovary. The endometrium thickens and luminal and 
glandular cells multiply during the proliferative phase. The induced proliferation of this layer 
gradually ceases upon ovulation and induction of progesterone. The uterus prepares for a 
potential blastocyst implantation by secreting glycogen and other histotrophic products [57]. The 
physiological changes that occur during the menstrual cycle are accompanied by changes in the 
gene expression profile, including upregulation of fucosyltransferase 4 (Fut4) during the early 
and mid-secretory stages and upregulation of transforming growth factor alpha (Tgfα) during the 
mid-secretory to menstrual stages [58]. Without implantation, the circulating estrogen and 
progesterone levels fall, and the functionalis layer is shed, leaving the basilis layer to remodel 
and rebuild the uterine lining. The regenerative capacity of the uterine tissue has been attributed 
to adult stem cells that reside in the basilis layer [59-61]. Basic fibroblast growth factor (bFGF) 
and platelet-derived growth factor (PDGF) are secreted by the adjacent stroma to induce 
proliferation of the endometrial stroma, and hepatocyte growth factor (HGF) produced from 
these cells induces proliferation of the adjacent endometrial epithelium [56]. Inappropriate 
remodeling of this tissue can lead to miscarriage or infertility. However, little is known about 
implantation of the embryo due to lack of models that appropriately mimic the human menstrual 
cycle, implantation and pregnancy. 
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Human ESCs that were differentiated into embryoid bodies and cultured with neonatal 
mouse uterine mesenchyme differentiated into female reproductive tract-like cells that formed 
ductal glands, expressed PAX2 and homeobox A10 (HOXA10) and responded to cycling 
estrogen and progesterone by secreting glycodelin A [31]. Primary myometrial cells have been 
isolated from biopsy samples, cultured and are able to replicate the in vivo tissue [62-64]. A 
biological scaffold, such as a fibrin-alginate network, could be utilized to support mesenchymal 
cell expansion. It is clear that the neonatal mouse uterine mesenchyme produced specific 
factors not produced in other cell types that contributed to the differentiation of hESCs. 
However, the identity of these components remain unclear, but could include TGF-beta and 
wingless-type MMTV integration site family (WNT) morphogens [31]. 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 hysterectomies or removal of 
leiomyomas. Myometrial cells may support iPSC differentiation in a similar manner to form a 
uterine mimic and provide a high throughput screen for drug testing and/or tissue replacement 
with patient-specific phenotypes and genotypes. Immunocytochemistry with an antibody against 
vimentin could identify stromal cell differentiation, while K18 and cancer antigen 125 (CA-125) 
staining could identify epithelial differentiation of the female reproductive tract. Interaction 
between cultured human uterine tissue and human cytotrophoblast cells induces a 
differentiation or decidualization response, including increased expression of insulin-like growth 
factor binding protein-1 (IGFBP-1) in the uterine stroma cells [65]. This technique could be used 
to determine functionality of the uterine tissue mimic and determine how diseases or potential 
treatments may affect implantation. 
 
The Cervix and Vagina:  Barrier and Passage 

Together the cervix and the vagina act as a barrier from potential exterior pathogens that 
may affect the more cranial reproductive tract organs. While the endocervix epithelium remains 
columnar like the uterine epithelium, the ectocervix is phenotypically similar to the vagina. 
These tissues are comprised of mesenchyme and epithelium layers that lack glands. The 
epithelium consists of a basal layer and approximately 28 layers of stratified squamous cells 
that maintain the integrity of the barrier through mucous production and cornification. The 
epithelial layers can change in thickness and composition in response to circulating hormones 
[66-68]. Loss of ovarian function results in epithelium atrophy and a slowed mucous production 
in the vagina and ectocervix [69]. The proliferative effects of estradiol on this tissue require 
ESR1 expression in the stroma, much like in the uterine tissue [70-72]. Additionally, exposure to 
estradiol induces PR expression and induces stratification and cornification in mouse vaginal 
tissue [70, 73]. In order to establish 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 scaffold.  
 The Müllerian duct epithelium differentiates into stratified squamous epithelium along the 
ectocervix and vagina in response to paracrine signals from the mesenchyme. The basal layer 
of vaginal epithelium expresses the delta-N isoform of the tumor protein 63 (TP63), much like 
the basal layer of skin [74, 75]. Because interaction with other undifferentiated cell types with 
the developing mesenchyme can induce the expression of deltaN-Trp63 in mice, the potential 
for the vaginal mesenchyme to induce a similar stratified squamous epithelium from iPSCs 
would be of interest [76]. The differentiated iPSC recombined with the vaginal mesenchyme 
could create the vaginal tissue mimic. Appropriate identification of these stratified squamous cell 
layers could be achieved by identifying expression of E-cadherin (CDH1) and K14. 
 
Significance 
 The studies and concepts described here support the rationale for developing 
reproductive tract mimics. To create an ideal reproductive tract mimic each tissue niche needs 
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to be developed in order to support iPSC differentiation into the appropriate cell type. Given the 
hormonal response profile of these tissues, a microfluidic 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.  

The 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 replicated for high throughput screens. While this concept 
may seem futuristic, recent advances in iPSC and microfluidic technologies indicate that organ 
mimic development is on the horizon to satisfy the urgent unmet needs of patients. 
 
The authors have nothing to declare. This article is part of a supplement for the NIH 
Microtissue Initiative. The published review (of 1500 words) can be found in Stem Cell 
Research & Therapy. Funding for this review, and the costs of its publication, is supported by 
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Figure 1: Changes in the reproductive tract throughout 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 stratified 
layer of the vaginal epithelium thickens as the infindibulum 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). P in turn promotes more proliferation within the uterus and 
vagina, and cornification 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. 

Figure 2: Example of iPSC-derived tissues for use in tissue repair or drug discovery. (A) In 
this example uterine tissue is transplanted to remedy frequent miscarriages due to uterine 
endometrium malformation and (B) a similar uterine tissue mimic is used to screen potential 
drugs for treatment of frequent miscarriages. 
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