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ABSTRACT 

 

Absolute uterine factor infertility (AUFI) is the inability to conceive caused 

by congenital or acquired uterine diseases, affecting 1 in 500 reproductive 

age women. Despite advancements in assisted reproductive technologies, 

the options for these women to achieve motherhood are limited to adoption 

or the use of gestational carriers. The transplantation of a donor uterus has 

been investigated in animal models and ultimately in patients as a potential 

curative therapy for AUFI; however, this approach is associated with 

concerns regarding organ donor shortage and the need for long-term 

immunosuppression therapy. Tissue engineering and regenerative 

medicine have emerged as novel therapeutic strategies that offer the 

potential for developing biological substitutes to restore uterine tissue 

structure and function in women with AUFI.  

 

The purpose of this dissertation is to investigate the use of an autologous 

bioengineered implant to functionally repair a large segment of one uterine 

horn in a rabbit model. We developed methods to fabricate uterine implants 

in vitro by seeding primary rabbit uterine-derived cells onto a polymer-based 

scaffold; demonstrating that the microstructure of the scaffold material 

supported seeded cells attachment and viability during the in vitro 

incubation period.  
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We then evaluated the regenerative potential of autologous engineered 

uterine implants in vivo for up to 6 months. Over time, the bioengineered 

uterine tissue formed patent cavities, organized cellular and anatomical 

structures, expressing specific markers within the myometrium and 

endometrium compartments, as well as generated contractile responses in 

vitro similar to those of native tissue. 

 

Lastly, we assessed the ability of the bioengineered uterus to assume its 

reproductive function. Our reproductive outcomes showed that 6 months 

after uterine tissue reconstruction, viable late-stage pregnancies occurred 

within the bioengineered segment and resulted in live births following 

natural breeding.   

 

In conclusion, we demonstrated that the use of an autologous 

bioengineered uterine implant is a feasible approach to restore uterine 

tissue structure and function in a rabbit model. These promising results 

provide insights into new pathways to overcome AUFI. 
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INTRODUCTION 

 

Fertility is a key element of reproductive health. By definition, a couple is 

considered infertile when they fail to conceive after one year or longer of 

timely unprotected intercourse1, 2. Infertility is recognized as a global public 

health issue by the World Health Organization, affecting between 8 to 12% 

of reproductive-aged couples worldwide 3. The experience of infertility often 

affects multiple life experiences, causing substantial socio-psychological 

impact4. Challenges to female fertility may arise from genetic abnormalities, 

infectious or environmental agents, aging, and certain acquired 

diseases. The most prevalent etiologies of female infertility include 

ovulatory disorders, fallopian tube occlusion, and endometriosis5.  

 

The development of assisted reproductive technologies, such as in vitro 

fertilization, and advanced understanding of infertility issues has 

translated to significant progress in the field of human reproductive 

medicine6. Nonetheless, despite these advances, uterine-related infertility 

remains an untreated health issue.  

 

Since the 16th century, when Leonardo da Vinci dispelled some of the 

mysteries surrounding the uterus, much has been discovered regarding its 

role in human reproduction7. However much remains to be learned. The 

uterus supports many complex biological functions including sperm 
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migration, nourishment of the implanted embryo and developing fetus, 

muscular contraction during childbirth, and provides structural support to 

the bladder and bowel. Uterine congenital anomalies (e.g. uterine 

agenesis, unicornuate uterus, bicornuate uterus, septate uterus, and other 

Müllerian duct malformations) and acquired diseases may affect a woman’s 

ability to successfully conceive and carry a full-term pregnancy. Acquired 

uterine infertility can be secondary to hysterectomy (due to leiomyoma, 

adenomyosis, postpartum hemorrhage, and cervical cancer) and severe 

intrauterine adhesions (Asherman’s Syndrome).  

 

The absence or non-function of the uterus, defined as absolute uterine 

factor infertility (AUFI), affects 1 in 500 women of childbearing age8. For 

these women, alternative pathways to parenthood have included adoption 

or foster parenting and, in countries where available, the use of a 

gestational carrier. However, these options are associated with several 

complex psychosocial, ethical, medical, moral, and legal issues9. 

Historically, no restorative treatment has been available for women 

with AUFI. The transplantation of a donor uterus has been investigated in 

animal models and ultimately in patients as a potential curative therapy for 

AUFI10, 11. The first live birth from a transplanted uterus was reported in 2014 

by Brännström and collaborators12. Organ transplantation is currently the 

gold-standard treatment for patients with end-stage disease and organ 

failure such as kidney, liver, and heart. In this context, uterus transplantation 
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falls into composite tissue transplants categories such as face and limb 

grafts. While considered a promising approach to overcome AUFI, the 

practice is still experimental and is associated with limitations including 

organ donor shortage and the need for long-term immunosuppression 

therapy, sharing some of the ethical concerns raised of non-life saving 

procedures13.  

 

Tissue engineering and regenerative medicine combines material science, 

cell biology, and biomedical engineering technologies to produce biological 

tissue substitutes. The possibility of developing a bioengineered uterus to 

restore uterine structure and function using biocompatible biomaterials and 

the patient’s own cells is an attractive alternative to overcoming organ 

transplantation-related limitations14. A wide range of biomaterials including 

synthetic and naturally-derived matrices are available sources for tissue 

regeneration.  Synthetic polymers such as polytetrafluorethylene and 

polyetherurethane/poly‐L‐lactide acid have been tested in a murine model 

to repair a section of the uterus, but these materials failed to provide optimal 

tissue ingrowth which lead to luminal obstruction15. Studies using biologic 

scaffolds including myofibroblast-rich autologous grafts16, collagen17, 18, and 

decellularized rat uterine matrices19, 20 have shown improved tissue 

integration and functional regenerative outcomes when seeded with cells.   
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To date, the optimal biomaterial for uterine tissue reconstruction has not 

been established, and current tissue engineering approaches to partial 

uterine repair are limited to small animal models. The overarching 

hypothesis of this work is that an engineered poly-DL-lactide-co-glycolide 

(PLGA)-coated polyglycolic acid (PGA) scaffold seeded with autologous 

myometrial- and endometrial-derived cells supports functional uterine tissue 

regeneration in a rabbit model. This hypothesis was tested in the following 

three chapters of this dissertation. Chapter II describes the in vitro 

fabrication of an engineered PGA/PLGA-coated scaffold seeded with rabbit 

primary uterine-derived cells. Chapter III describes our findings regarding 

the in vivo maturation of an autologous cell-seeded engineered uterine 

implant over the course of 6 months. Lastly, Chapter IV describes the 

functionality of the bioengineered uterine tissue regarding its in vitro 

contractile responses and reproductive outcomes.   
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ABSTRACT  

 

 

Advancements in developmental biology and regenerative medicine have given 

scientists unprecedented opportunities for understanding how the human body is 

designed. Replication of these integrated and sophisticated systems to restore 

normal function has become an awe-inspiring challenge. Regenerative medicine 

seeks to enhance the body’s ability to heal itself, with the potential to change the 

course of chronic diseases and improve the quality of life for patients with severe 

injuries. Progress in cell biology research, tissue-engineering technologies, gene 

editing, and materials science has enabled the development of novel cell-based 

therapies and functional tissue substitutes. Recently, three-dimensional (3D) 

bioprinting technologies have accelerated medical research innovation and 

optimized manufacturing methods to provide the customization and 

personalization of target tissues and organs. Here we discuss the progress of this 

rapidly evolving field and how it has been paving the way to advance biomedical 

research and healthcare. 

 

 

Keywords: Regenerative medicine; Stem cell therapy; Tissue engineering; 3D 

bioprinting. 
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Introduction 

 

The idea of creating new tissues and organs out of living body parts has fascinated 

philosophers and scientists during the cultural history of mankind. The early 

concept of in vivo regeneration can be traced back to the Greek mythological figure 

of Prometheus, a Titan whose liver was renewed daily after being devoured by an 

eagle, as a punishment from stealing fire from Zeus to offer it to humanity. The 

ancient Greeks also brought to public attention the notion that the regeneration of 

body parts occurs in nature through Aristotle (384-322 BC) observations of the 

regrowth of a lizard’s tail after amputation.  

 

Centuries of studies using different animal species have provided insight into the 

complex mechanisms involved in the regenerative pathway following injury. 

Scientists have shown that during salamander limb regeneration, a collection of 

stem/progenitor cells located on the native stump create a structure known as a 

blastema, from which multiple tissues layers (muscle, bone, nerves, and blood 

vessels) can form a fully functional regenerated limb in several days (Kragl et al., 

2009). Modern experiments using human tissue have provided evidence that the 

liver can regrow to its original size when a portion of it is removed (Michalopoulos 

and DeFrances, 1997), validating the ancient Greek myth. Other tissues in the 

human body (e.g. bone marrow, skin, intestine) have an innate capacity to 

regenerate as a result of a group of progenitor /stem cells with a robust proliferative 
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and self-renewing ability. But unlike salamanders, the human body has a limited 

capacity to reconstitute a fully functional body part after a severe damage.  

 

Wound healing is a process that occurs through a balance between regeneration 

and scar tissue formation in an attempt to restore homeostasis. During this 

complex process, factors like site of injury, extent, cause, co-morbidities, and age 

interplay and dictate the downstream healing pathway (Krafts, 2010). For example, 

following a minor injury, such as a paper cut, the skin is able to self-repair and the 

original biological structures can be completely restored to some extent, whereas 

after a heart attack or a spinal cord injury the repair process may result into scar 

tissue formation, which might impair functionality and lead to detrimental effects in 

the patient. 

 

In search of a clinical solution that would restore physiological function to injured 

or failed organs, scientists explored the idea of transplanting a healthy organ from 

a donor. In the mid-20th century important medical breakthroughs such as the first 

successful living kidney transplant between identical twins (Guild et al., 1955) , the 

first cell therapy with bone marrow transplant (Thomas et al., 1957, Mathe et al., 

1959), and the advent of immunosuppressant drugs (Calne et al., 1978), marked 

modern medicine (Kemp, 2006). Innovations in organ transplantation procedures, 

reconstructive surgery techniques, medical care, and drug development have 

contributed in improving the long-term survival of both grafts and patients. 

Currently, organ transplantation remains the mainstream therapy for end-stage 



28 

 

disease, but the demand for organs and tissues replacement exceeds the number 

of available donors, and many patients will die while on the waiting list. The critical 

shortage of donor organs along with the risk of immune system rejection in 

transplanted patients has established a driving force for physicians and scientists 

to search for novel therapies. 

 

 In the past decades, multiple scientific areas including developmental and 

molecular biology, cell biology, tissue engineering, biomaterials, gene editing, and 

nanomedicine converged in one field defined as regenerative medicine to advance 

biomedical research and potentially offer new therapeutic alternatives to restore 

organ function (Atala, 2009) (fig. 1). Historically, the term regenerative medicine 

was first used in 1992 (Kaiser, 1992) as a new technology that would impact the 

future of healthcare. Later in 1999, during a conference in Lake Como, Italy, the 

term brought all these areas under one defining field (Hasetine, 1999).  
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Figure 1. Interdisciplinary collaboration in the regenerative medicine field. 

 

This cross-disciplinary field has unifying aims: the regeneration of tissues and 

organs, replenishment of healthy living cells, and establishment or restoration of 

normal physiological function in the body (Baptista and Atala, 2014).  

 

Here we discuss the progress of this rapidly evolving field and how tissue-

engineering technologies have the potential to supply the widening demand of new 

therapies. 
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What is Tissue Engineering? 

The origin of the term “ tissue engineering” can be traced to 1985 (Fung, 2001). 

The goal of this interdisciplinary initiative is to develop living replacement parts for 

the human body to restore impaired function and reduce the burden of patients 

with severe injuries or failed organs. The process of engineering tissues starts with 

combining living cells, scaffold materials, suitable biochemical and physical 

factors, and ends with the full incorporation of a functional regenerated tissue into 

the patient (Fig.2) (Williams, 2006). 

Studies on growing cells in vitro long-term and on techniques for preservation of 

tissues and organs outside the body paved the way for the fields of transplantation 

and tissue engineering (Carrel and Burrows, 1911, Dutkowski et al., 2008).  The 

first application of tissue engineering was performed in the 1980s with an attempt 

to regenerate skin, before the term tissue engineering was coined (Green et al., 

1979, O'Connor et al., 1981, Burke et al., 1981, Yannas et al., 1982). 
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Figure 2. Tissue engineering paradigm. Tissue engineering elements include, but 

are not limited to: isolated cells or cell substitutes, matrices (biological or synthetic 

scaffolds), and physical or biochemical tissue-inducing stimulation (bioactive 

molecules). The net result of the combination of these elements is a transplantable 

biological tissue substitute. 

 

Tissue Engineering Strategies 

To successfully create tissue substitutes to replace structural defects or induce in 

vivo tissue regeneration one must consider the context of the injury or underlying 

disease while developing a suitable tissue engineering strategy. For instance, 

engineering tissues to repair a traumatic injury to the extremities may involve 

growth of multiple cells and tissues types (skin, skeletal muscle, nerve, bone, 
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cartilage, blood and lymphatic vessels); and in order to achieve that level of 

complexity, key factors come in to play including: identification of an ideal cell 

source; the ability to expand enough cells outside the body while preserving their 

required characteristics (phenotype of the cell); the selection of material scaffolds 

that allow cell attachment and growth in vitro and subsequent in vivo tissue 

maturation; and optimal bioreactors to precondition specific tissues under near 

physiological conditions prior to implantation ( e.g. a dynamic culture system that 

provides a flow stream and shear stress for engineered blood vessels) (Atala et 

al., 2012). 

 

Cell source for engineering organs 

Cells are one of the key elements in most tissue engineering approaches as the 

majority of the diseases arise from the loss or malfunction of different native cells 

types. Thus, the goal is to use disease-free single cells, harvested from an 

accessible source, that have the capability of large ex vivo expansion in a relatively 

short period, to generate engineered tissues that can be transplanted safely. There 

are two potential sources of cells: those from the patient (autologous) and those 

from a donor (allogeneic). Ideally, autologous cells sources are preferable as they 

genetically match to the recipient and therefore, avoid the use of anti-rejection 

drugs.  

 

Over the years, new cell culturing systems have been established to expand adult 

cells ex vivo. While it would be intuitive to directly use tissue-specific cells for 
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autologous tissue regeneration, there are some cases where it is difficult to harvest 

disease-free cells due to the extent of tissue damage, suboptimal cell extraction 

methods, and poor in vitro growth of terminally differentiated cells.  

 

The discovery of stem cells has fueled remarkable advances in regenerative 

medicine as a viable source of undifferentiated cells. Stem cells, when activated, 

have the ability to divide and renew themselves indefinitely and undergo 

differentiation into one linage (unipotent), multiple cell types (multipotent), or into 

all three embryonic germ layers (pluripotent) (Barrilleaux et al., 2006). To date, 

almost all organs have shown to harbor different populations of quiescent adult 

progenitor/stem cells including mesenchymal, epithelial, hematopoietic, 

endothelial, and neural lineages, that could serve as the primary repair sources to 

maintain tissue homeostasis (Goodell et al., 2015, Young, 2004).  The number and 

activity of quiescent adult stem cells in the body varies among tissues and with 

age (Barrilleaux et al., 2006).  

 

Bone marrow is the most widely explored source of autologous stem cells as it 

harbors not only hematopoietic stem cells but also mesenchymal stem cells 

(MSCs), whose progenitors have been found in distant tissues (Friedenstein et al., 

1976, Caplan, 1991, Bianco and Robey, 2001). Bone marrow MSCs hold great 

potential in regenerative medicine as demonstrated by several studies that these 

cells can differentiate into a variety of mesenchymal cell types (e.g. bone, cartilage, 

muscle, and fat) and may migrate to injured areas to where they are 
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immunomodulatory, making them desirable for a wide range of conditions 

(Pittenger et al., 1999, Sensebe and Bourin, 2009, Ceradini et al., 2004, Miyahara 

et al., 2006).  

 

Research into MSCs mechanisms of action has shown that they secrete factors 

(e.g. cytokines and growth factors) that may induce tissue remodeling (Faiella and 

Atoui, 2016). Currently, human MSCs-like populations have also been isolated 

from subcutaneous adipose tissue (Zuk et al., 2002), fetal or neonatal tissues 

(umbilical cord, Wharton’s jelly) (Rosada et al., 2003, Wang et al., 2004, Sarugaser 

et al., 2005, Can and Karahuseyinoglu, 2007), joint synovial membrane (De Bari 

et al., 2001), and dental pulp (Miura et al., 2003). Nonetheless, MSCs from distinct 

sources exhibit differences in ex vivo proliferation and differentiation potential 

(Kern et al., 2006, Al-Nbaheen et al., 2013). MSCs may have the ability to evade 

detection from immune cells under certain conditions (Ankrum et al., 2014, Faiella 

and Atoui, 2016). However, limitations regarding efficient cell isolation and 

purification methods along with controlled in vitro expansion are major challenges 

for their clinical use (Fossett and Khan, 2012).  

 

In the early 1980s, a new potential cell source that can develop into all cell types 

in the body was firstly obtained from the inner mass of mouse embryos and 

cultured indefinitely (Evans and Kaufman, 1981, Martin, 1981). These pluripotent 

stem cells were termed embryonic stem cells. In 1998, human embryonic stem 

cells were isolated from discarded in vitro fertilized embryos and a cell line with 
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unlimited undifferentiated proliferative potential and ability to differentiate into cells 

from all three embryonic germ layers (ectodermal, mesodermal, endodermal) was 

then characterized (Thomson et al., 1998).  

 

Scientists have also developed a method to obtain genetically matched embryonic 

stem cells that involved replacing the cell nucleus of an unfertilized egg with the 

nucleus from an adult somatic cell such as skin cells to generate a hybrid embryo 

(Willadsen, 1986). The resulting embryo can then be implanted into the uterus of 

a surrogate mother to generate an individual with an identical genome to the donor 

(reproductive cloning) or be cultured into an early stage with the purpose of 

deriving embryonic stem cells that could be differentiated into a specific cell type 

(therapeutic cloning) with no uterine implantation involved (Colman and Kind, 

2000, Yang et al., 2007, Tachibana et al., 2013).  The creation of Dolly the sheep, 

the first cloned mammal, was a scientific milestone announced in 1997 (Wilmut et 

al., 1997). 

 

Even though somatic cell nuclear transfer technology combined with the derivation 

of human embryonic stem cell lines offers the possibility to generate patient 

specific cells for tissues and organs regeneration, its eventual clinical application 

is tied up in ethical controversy and regulatory hurdles as the process involves the 

destruction of human embryos (Doerflinger, 1999, Colman and Kind, 2000, 

Robertson, 2001). Furthermore, when transplanted into the body, these cells have 

the potential to form tumors called teratomas (Blum et al., 2009). 
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A decade later, researches inspired by previous findings showing that adult rodent 

fibroblasts could be directly converted into muscle cells (Lassar et al., 1986), 

developed an embryo-free solution for generating patient-specific pluripotent stem 

cells derived directly from an adult somatic cell, termed induced pluripotent stem 

cells (IPS cells) (Takahashi et al., 2007). This process involved the introduction of 

four genes that encode transcription factors that are normally found in pluripotent 

cells, into adult skin cells, thereby reprogramming them back into an embryonic-

like state (Takahashi et al., 2007, Yu et al., 2007, Park et al., 2008). The 

reprogramming technology has opened new horizons to an unlimited supply of 

autologous cells for a wide spectrum of clinical therapies without raising ethical 

concerns (Fox et al., 2014, Reardon and Cyranoski, 2014). However, the 

generation of enough patient-and-disease-specific cells, and the development of 

efficient methods to eliminate cells with tumorigenic potential are challenges that 

will need to be addressed before autologous cell therapies can be safely 

implemented into patients in need (Reardon and Cyranoski, 2014, Trounson and 

DeWitt, 2016, Mora et al., 2017). 

 

Highly multipotent stem cells can also be derived from placenta and amniotic fluid 

(Yen et al., 2005, De Coppi et al., 2007, Kim et al., 2007, Parolini et al., 2008). 

Amniotic fluid stem cells (AFSCs) can be collected safely during pregnancy, and 

placenta-derived stem cells can be obtained following birth. These cells present 

intermediate characteristics between embryonic stem cells/IPS cells and MSCs as 

they have the ability to differentiate into all three embryonic germ layers but do not 
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form teratomas when transplanted in vivo (Bossolasco et al., 2006, Siegel et al., 

2007). AFSCs have shown high proliferative rates, genetic and phenotype stability 

in vitro, and immunomodulatory properties in vivo (Bollini et al., 2011, Sedrakyan 

et al., 2012, Rota et al., 2012, Cananzi and De Coppi, 2012, Phermthai et al., 

2013). Preclinical and clinical studies suggest that multipotent perinatal stem cells 

are promising candidates for regenerative therapies in the cardiovascular, 

gastrointestinal, hematopoietic, musculo-skeletal, nervous, respiratory, endocrine, 

and urinary systems (Da Sacco et al., 2011, Murphy and Atala, 2013, 

Loukogeorgakis and De Coppi, 2016, Dziadosz et al., 2016). 

 

The advantage of perinatal sources of stem cells is that they are abundant, easy 

to isolate and expand, and unlike embryonic stem cells sources, their collection 

and use is not associated with ethical concerns. Furthermore, as AFSCs originate 

from the developing fetus, they could be transplanted in the prenatal period for 

treating congenital diseases, or could be banked for postnatal therapeutic 

applications. Future studies are needed to better understand eventual differences 

among stem cells obtained at different gestational periods and their potential to 

treat congenital and adult disorders. 

 

Scaffold Materials 

Almost all cells (except blood cells) are surrounded and interact with their 

extracellular matrix (ECM), which provides a dynamic microenvironment with an 

appropriate structure to guide and maintain cell-to-cell interaction and biological 
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function. The ECM is basically composed of water, structural proteins (collagen, 

elastin, fibronectin, laminin), and polysaccharides that are constantly being 

produced and remodeled to regulate cell behavior and tissue function (Discher et 

al., 2009, Frantz et al., 2010).  

 

In a biomaterial-based tissue engineering approach, scaffold materials are used 

as temporal substrates on which cells, and occasionally bioactive factors, are 

attached, and are then delivered to the desired site in the body, in order to support 

and facilitate the formation of a new tissue. The idea is to replicate, at least 

partially, the biological and mechanical features of the native ECM to maintain cell 

viability and controlled cell behavior while tissue formation occurs.  

 

Ideally, scaffold materials should be biocompatible to reduce inflammation, 

immune responses or foreign body reactions; and when biodegradable, the 

products resulting from degradation should not be harmful for the cells or other 

organs (Williams, 2008) . Two classes of biomaterials with a wide range of 

properties can be used for engineering tissues and organs: 1) naturally derived 

materials (collagen, alginate, gelatin, chitosan, fibrin, hyaluronic acid, acellular 

tissue matrices) often isolated from animal or human tissues, or 2) biodegradable 

synthetic materials (polymers such as polyglycolic acid, poly lactic-co-glycolic 

acid). Naturally derived materials have the advantage of containing the biological 

milieu and microstructure found in the native ECM which typically promotes 

excellent cell adhesion and growth (Atala, 2007); however, fabricating scaffolds 
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from biological materials with homogeneous and reproducible structures can be 

challenging. By contrast, synthetic scaffolds can be tailored with specific 

architecture and desirable chemical, physical, and biological features (e.g. 

degradation rate, mechanical strength, porosity, ordered fiber orientation) to suit 

particular clinical applications and improve their potential for cell adherence and 

ability to regulate cell growth (Peppas and Langer, 1994, Kim and Mooney, 1998).  

Each of these groups has specific advantages and disadvantages, and scientists 

have been developing strategies to combine different materials and incorporate 

more sophisticated chemistry to enhance the functional regeneration of tissues.  

 

Therefore, in biomaterials-engineering approaches there is no 'one-size-fits-all', 

and the successful design of novel scaffolds relies on a comprehensive 

understanding of the features of the ECM (e.g. composition, structure, and 

biomechanics) and cellular biology of target native tissue. 

 

Clinical Applications of Tissue Engineering Technologies 

Investigators have been working towards the development of several engineered 

tissue types for clinical applications. Targeted organs and tissues have different 

structural designs, and as the level of complexity increases, challenges might be 

encountered in the process of creating biological replacements.  
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Flat tissues structures such as skin are the least complex to be engineered. The 

increased numbers of burn victims during the Second World War (1939-1945) 

propelled scientists to study methods to reconstitute the skin.  

 

One of the earliest accomplishments in creating in vivo autologous functional skin 

substitutes was described using skin fibroblasts cultured in collagen gel (Bell et al., 

1981). To date, different types of human-derived skin cells have been co-cultured 

using a variety of approaches and the most promising strategies combines cells 

and biomaterials, some of which, are now commercially available for burn 

coverage and repair purposes (O'Connor et al., 1981, Carsin et al., 2000, Bottcher-

Haberzeth et al., 2010, Catalano et al., 2013).  

 

Tubular structures such as blood vessels and urethras have also been fabricated 

using autologous cells and implanted back into patients. These structures require 

a more complex scaffold foundation than flat skin grafts to maintain the desired 

shape and incorporate multiple layers of epithelial or endothelial cells (inner side) 

and smooth muscle cells (outer side). To engineer urethras, a tissue biopsy was 

taken from the bladder of five boys with urethral disease, and cells were expanded 

in vitro and seeded on tubular-shape synthetic scaffolds fabricated from a 

combination of biodegradable polymers (Raya-Rivera et al., 2011). The seeded 

scaffolds were then implanted in each patient to repair the urethral defect, and the 

engineered organ remained functional during a clinical follow-up of 6 years. For 

blood vessels, autologous cells were seeded on a polymer scaffold to produce an 
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engineered pulmonary artery for a four-year-old girl (Shin'oka et al., 2001).  The 

main advantage of using a living graft instead of a prosthetic construct is the 

potential to grow and remodel overtime without the need for replacement. With a 

different method, autologous vascular grafts have been engineered using 

fibroblasts and endothelial cells, and implanted in patients with end-stage renal 

disease requiring hemodialysis (L'Heureux et al., 2007, McAllister et al., 2009). 

 

Hollow non-tubular organs (e.g. bladders, vaginas) are even more complex, as the 

architecture is more specific to each organ, and there are more interactions with 

other organs. In general, the engineering process for hollow organs involves 

seeding a scaffold with at least two different cell types. However, the biomaterial 

employed should have an adequate architecture to provide structural support for 

several distinct cell layers and be endowed with elasticity and shape memory to 

allow more complex physiological processes such as storage of urine and 

micturition. Regeneration of bladder tissue has been achieved using autologous 

urothelial and smooth muscle cells seeded onto biodegradable (collagen-

polyglycolic acid) scaffold in seven patients with bladder dysfunction (Atala et al., 

2006). Cells were harvested from the patient’s bladder, expanded in vitro and 

seeded onto a custom-made scaffold that had the size and architecture optimized 

for each patient.  

 

Similarly, vaginal tissue constructs have been developed for girls born with a 

genetic absence or underdevelopment of the vagina. Autologous cells are isolated 



42 

 

from a tissue biopsy taken from the external genital area and cultured cells are 

seeded on a vaginal-shaped biodegradable material made to fit each patient. Data 

from annual follow-up visits show that the organs had normal function up to 8 years 

after the surgery (Raya-Rivera et al., 2014).  

 

Successful pilot studies using autologous-engineered tissues support the clinical 

potential of this technology. Nevertheless, clinical trials involving a large number 

of patients are required to ensure that the most innovative therapies are as safe 

and effective as possible.   

 

Three-dimensional (3D) organ bioprinting strategies. 

The emergence of a robotic fabrication process, named 3D printing, has opened a 

new realm of possibilities to develop human constructs suitable for clinical 

restoration of tissue and organ function (Gross et al., 2014). A typical bioprinting 

process would start with clinical data imaging acquisition (e.g. computed 

tomography and magnetic resonance imaging) of the target organ and its 

environment that is converted into a computer model of the appropriate anatomical 

structure to be printed. The digital information is then transferred to the printing 

system that controls a precise and patterned deposition of living cells, biomaterials, 

and bioactive molecules through a narrow nozzle, one layer at a time. In the printed 

3D constructs, biodegradable polymers are usually employed to provide initial 

mechanical and structural support while biomolecules offer the required biological 

cues to guide the incorporated cells to produce different tissue types (Murphy and 
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Atala, 2014, Lee and Dai, 2017, Skardal and Atala, 2015). In the final step, the 

printed tissue may require maturation in a bioreactor or could be implanted directly 

into a perfused and vascularized living tissue (Mironov et al., 2003).  

 

The concept of 3D printing started in the early 1980s with the idea of turning 

graphic drawings into 3D solid objects (Murphy and Atala, 2014). This process was 

termed stereolithography and involved a computer-assisted sequential deposition 

of thin layers of a plastic material that cross-links with ultraviolet light to form a 3D 

structure. Then, in the early 2000s, a desktop printer ink-jet cartridge was filled 

with a suspension of bovine cells in culture media to print cells onto a collagen 

substrate in a two-dimensional pattern (Wilson and Boland, 2003).  

 

A critical challenge in printing living tissue is to maintain an intact cellular structure 

throughout the process. Studies focused on optimizing the printing parameters 

have shown that it is feasible to reduce the stress on cells and preserve their 

morphology and viability (Qu et al., 2015, Park et al., 2017). The potential clinical 

applications of 3D printing include: fabrication of customized prostheses, scaffolds, 

implants or tissues with intricate details including ears (Mannoor et al., 2013), 

windpipes (Zopf et al., 2013), bone (Temple et al., 2014), cartilage (Schon et al., 

2017), ligaments (Liu et al., 2016), esophaguses (Park et al., 2016), and in vitro 

patient-specific disease models for pharmacological studies (Wang et al., 2014, 

Vanderburgh et al., 2017). 
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In recent decades, advances in 3D printing technology have allowed for the 

creation of scaffolds with complex geometry. 3D printers can dispense four 

different biomaterials to generate heterogeneous tissues (Jung et al., 2016) and 

produce stable, human-scale constructs using an integrated tissue and organ 

printing ( ITOP) system (Kang et al., 2016). This novel system utilizes a water-

based gel to optimize and maintain cell viability and growth, and a biodegradable 

scaffold material that provides a robust and temporary structure containing 

microchannels to support cell nutrition into the printed construct. During the printing 

process, both the water-based gel that contains the cells and scaffold material are 

deposited simultaneously in a precise pattern to form the desired shape. To date, 

human-shaped jawbone fragments, ear-shaped cartilage, and organized skeletal 

muscle tissue have been printed using the ITOP system (Kang et al., 2016). 

Constructs were successfully implanted in animal models and matured into 

functional tissue, suggesting that with further development, this technology could 

potentially be used to print living tailor-made replacement tissues for patients.  

 

In conjunction with the development of bioprinting technologies, printable 

biomaterials to support multi-scale fabrication have also advanced (Skardal and 

Atala, 2015). However, a current limitation for the development of complex solid 

tissues and organs is the cell-printing capability to recapitulate and incorporate a 

capillary-like branching vascular tree that would allow perfusion after the 

fabrication process (Mironov et al., 2003, Zadpoor and Malda, 2017).  
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Conclusions 

 

While fetuses can grow and regrow almost any tissue, such capability is turned off 

when full development is reached. Scientists are pursuing the possibility of finding 

an internal switch that could reactivate the regenerative potential post-delivery. 

 

A key goal of regenerative medicine is to mimic the body’s native physiological 

processes to foster new therapeutic options to the unmet demand for organs and 

need for tissue replacement. The current success of tissue engineering strategies 

has been limited to flat, tubular and hollow non-tubular organs. Solid organs have 

not yet been implanted in patients, and this is attributed to the inability to reproduce 

the complex micro-architecture of tissue components with a network of blood 

vessels able to maintain large quantities of multiple cell types.  

 

Organ printing is an emerging and fast-evolving technology that enables 

automation and sophisticated design capabilities to manufacture precise patient-

specific constructs that more closely match the composition and structural features 

of native tissues (Zadpoor and Malda, 2017).  

 

As research progresses, doctors might be able to scan wounds or damaged 

organs to create exact replica of the original structure, then print cells directly into 

the human body or precisely manufacture customized functional tissues and 

organs. 
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ABSTRACT 

 

The reproductive system plays a central role in women’s health. Conditions such 

as congenital malformations and acquired pathological diseases can negatively 

affect reproductive organs function and interfere with a woman’s quality of life. 

Despite advancements in reproductive medicine and reconstructive surgery, there 

is an increased demand for the development of immunocompatible biological 

tissue substitutes when native healthy tissue is lacking. Regenerative medicine 

and tissue engineering technologies offer the possibility to create lab-grown 

tissues to restore or establish normal organ function. Recent progress in creating 

functional human organs such as vagina, suggests that a regenerative medicine-

based approach is a potential alternative for conventional treatments in 

reproductive medicine and women’s health. In this chapter, we present an 

overview of the advances in the field. 

 

 

 

Keywords: regenerative medicine; tissue engineering; genital reconstruction; 

reproductive biology; stem cell; vagina; uterus; ovary. 
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Introduction 

 

Normal embryonic development of the female reproductive system results from the 

presence of two X chromosomes, the absence of SRY gene expression (sex-

determining region on the Y chromosome), and a complex network of gene 

interactions that determine the differentiation of the bipotential genital ridge into 

ovaries by 6-8 weeks of gestation (1, 2). In the genital ridge, primordial germ cells 

proliferate and enter meiosis to become oocytes (3). Subsequently, internal genital 

development follows the female pathway in which a pair of Müllerian ducts 

(alternatively known as paramesonephric ducts) derived from invagination of the 

coelomic epithelium within the intermediate mesoderm is retained. The Müllerian 

ducts grow caudomedially to reach the urogenital sinus around the 10th week and 

its fusion and differentiation forms the fallopian tubes, uterus, cervix and the upper 

two-thirds of the vagina in the midline pelvis. At birth, the development of 

reproductive structures proceeds and complete maturation is only achieved at 

puberty, when a cascade of hormone-regulated events results in adult physical 

characteristic and the capacity to reproduce. 

 

Environmental or genetic factors may compromise organogenesis resulting in a 

range of anatomical Müllerian duct malformations classified according to the 

developmental stage affected (duct formation, fusion, and septal reabsorption), 

with an estimated prevalence of 0.1 -5% of the general female population (4-7). 

Severe genital malformation such as Mayer-Rockitansky-Küster-Hauser syndrome 
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(MRKHS) (abnormal or absent uterus, cervix and upper part of the vagina) occurs 

in approximately 1 of 4,000 newborn girls, and can be associated with upper 

urinary tract and skeletal disorders (8-10).  

 

Congenital and acquired diseases may adversely affect a woman’s reproductive 

potential, leading to social and psychological problems (11-13). Despite 

advancements in reproductive medicine and reconstructive surgery over the past 

decades, there is an increased demand for therapies that have the potential to 

restore function and/or compensate for the absence of female genital tissues and 

organs. Regenerative medicine has emerged as an attractive alternative to 

overcome limitations of therapeutics approaches by integrating various 

technologies that range from tissue engineering to gene editing.  

 

This chapter highlights progress in regenerative medicine and tissue engineering 

applications in the female reproductive system. 

 

Principles of tissue engineering 

Tissue engineering combines cell biology, materials science, biomedical 

engineering, and an appropriate environment to develop implantable biological 

substitutes that can restore and maintain the normal organ function (14, 15).  

 

The development of a bioengineered tissue is a multistep process. As illustrated 

in Fig.1, the first step is finding a viable immunocompatible cell source for the tissue 
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of interest, preferably autologous, that can be isolated and expanded while 

maintaining the desired phenotype. When primary or progenitor autologous human 

cells cannot be obtained from a particular organ, pluripotent human stem cells are 

an alternative source of cells given their potential to differentiate into a specialized 

cells type. Alternatively, multiples studies have shown that adult stem cells derived 

from the bone marrow, amniotic fluid, cord blood, or placenta have a great potential 

for regenerative therapies (16). The next step in the process involves identifying a 

biocompatible material (scaffold) that supports cell growth in vitro and facilitates 

the complex process of tissue regeneration in vivo, withstanding the physiological 

and mechanical properties demanded by the organ (17). In select circumstances, 

biomaterials alone or loaded with growth factors may be sufficient to replace native 

tissue. The constructs (scaffold plus cells) are usually incubated and/or 

preconditioned in vitro using a bioreactor system or directly implanted into the 

patient for in vivo tissue maturation. 
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Figure 1. Schematic representation of tissue engineering and cell therapy 

approaches for the female reproductive system. ESC, embryonic stem cells; 

iPSCs, induced pluripotent stem cells. 

 

The Vagina 

The vagina is a distensible organ that extends from the vestibule of the vulva to 

the uterine cervix, which allows for sexual intercourse and serves as a channel for 

menstrual bleeding and childbirth. The vaginal canal is lined by a mucosa of 

nonkeratinized stratified squamous epithelium that has an important role as a 

barrier against harmful pathogens and harbors a dynamic microbiota that is 

shaped by ovarian hormone changes throughout a woman’s lifetime (18). The 
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muscular layers consist of highly vascularized fibromuscular tissues and a network 

of nerves that are associated with pleasurable sensation during sexual activity 

(19). 

 

Acquired vaginal pathologies or congenital anomalies including MRKHS, cloacal 

exstrophy, and complete androgen insensitivity syndrome, can adversely affect the 

vagina’s anatomy resulting in devastating psychosexual issues (20). Non-surgical 

vaginal dilation has been recommended as a first-line therapy but it is time 

consuming, distressing, and unfavorable for severe conditions (21). Another option 

is vaginal surgical reconstruction, which involves the creation of a canal 

(neovagina) between the bladder and rectum. A variety of vaginoplasty techniques 

have been described and a wide range of materials to line the surgically created 

cavity have been proposed including skin grafts, allogeneic tissue (amniotic 

membrane and epidermal sheets), peritoneum, artificial grafts, autologous buccal 

mucosa, and autologous in vitro cultured vaginal tissue (22).  

 

Although no consensus has been established regarding what material should be 

used for reconstructive surgery, the application of nonvaginal tissue has been 

associated with complications such as graft rejection, chronic stenosis, and poor 

mechanical strength. The lack of materials that adequately mimic the vaginal tissue 

structure has led researchers to apply tissue engineering techniques to fabricate 

autologous vaginal tissue grafts (23).  
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Engineering of functional vaginal tissue 

Preclinical studies demonstrated the feasibility of engineering functional vaginal 

tissue using preconfigured scaffolds seeded with autologous vaginal epithelial and 

smooth muscle cells in a rabbit model (24, 25). We applied a similar strategy on a 

pilot cohort study to assess the use of autologous cell-engineered vaginal 

constructs in four patients aged 13-18 years with MRKHS (26). Primary epithelial 

and muscle cells were isolated from 1 x 1-cm vulvar biopsies from each patient 

and expanded separately. Vaginal-shaped scaffolds made of decellularized 

porcine small-intestinal submucosa (SIS), a matrix rich in collagen and growth 

factors, were seeded with autologous cells at a density of 1 x 107 cells/cm2 (for 

each cell type) and incubated for a week before surgery. The constructs initially 

measuring 7 x10 cm were customized for each patient based on their pelvic cavity 

morphometric analyses. A vaginal reconstruction surgery was carried out for the 

autologous engineered vaginal constructs implantation and a vaginal stent was put 

in place following surgery and kept for 2 weeks. Subjects were followed up for 8 

years, and annual tissue biopsies, serial imaging, and clinical exams confirmed 

native tissue-like three-layered structure and long-term vaginal cavity patency. In 

addition, all patients were sexually active and had functional variables for arousal, 

lubrication, orgasm, satisfaction, and painless intercourse within the normal range.  

 

In another study, Panici et al. (27) reported the creation of an autologous in vitro 

cultured vaginal tissue for vaginoplasty in a 28-year-old woman with MRKHS. A 1-

cm2 full-thickness mucosal biopsy from the vaginal vestibule was taken and cells 
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were expanded onto collagen IV-coated plates for 2 weeks. When autologous in 

vitro cultured cells reached 314 cm2, they were mounted on hyaluronic acid-

embedded gauze, maintaining the epithelial cell layer away from the gauze, and 

used to cover the surface of a surgically created vaginal canal. The gauze was 

kept in place by a vaginal mold. Thirty days after the procedure, the canal appeared 

normal in length and depth and a neovagina wall biopsy revealed epithelization 

resembling native vaginal tissue. The same group reported a 12-month follow-up 

study in 23 women with MRKHS who underwent neovaginoplasty using the same 

approach (28). At 3 months after surgery, neovaginal biopsies showed vaginal-like 

tissue, and at 12 months, all patients had a satisfactory sexual quality of life. 

 

Although the clinical experience to date is promising and provides a compelling 

demonstration of safety and feasibility, the technology for creating human 

functional autologous engineered vaginas is not yet ready for wide application and 

this procedure is still considered experimental. 

 

The Uterus 

The uterus is the largest organ of the female reproductive system. It has an 

inverted pear-shape and is anatomically divided in uterine body or fundus (upper 

part) connected on each side to the fallopian tubes; and the lower segment where 

the cervix opens into the vaginal cavity. The average dimensions of the normally 

developed adult uterus are approximately 8 cm long, 5 cm wide (upper part), and 

3 cm thick. Its histological elements include the inner layer called endometrium 
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composed of luminal and glandular epithelium surrounded by stroma; the 

myometrium, consisting of oriented layers of smooth muscle cells; and the 

perimetrium, the serosa that envelops the organ.  

 

The uterus has complex vascular, contractile, and immune systems that together, 

in response to cyclic ovarian hormonal cues, support sperm migration, embryo 

implantation, fetal nourishment throughout gestation, and intense contractions 

during childbirth (29). The endometrium undergoes approximately 400 cycles of 

controlled cellular proliferation, differentiation, angiogenesis, breakdown, and 

shedding of the basal layer throughout a woman’s reproductive life (30). In 

addition, a dramatic process of uterine cell differentiation, hypertrophy, and 

hyperplasia occurs during pregnancy, increasing the uterus weight up to 10 times; 

and by 4-5 weeks postpartum it returns to non-gravid weight (31). Based on this 

dynamic tissue remodeling, evidences for the existence of adult progenitor/stem 

cells in the human uterus have been reported (32, 33). Abnormal endometrial 

progenitor/stem cells function and disruption of their surrounding niche may be 

associated with proliferative diseases such as endometriosis and endometrial 

cancer as well as inappropriate tissue remodeling, which can potentially affect 

embryo implantation and fetal development (34). 

 

Despite the advancement in minimally invasive surgical procedures, hormonal 

therapies and assisted reproductive technologies, congenital and acquired uterine 
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disorders remain a contributor to infertility in approximately 2-8% of woman in 

reproductive age (12, 35).  

 

Gestational surrogacy is an available option to achieve genetic motherhood; 

however, it involves complex legal issues and is still not approved in many 

countries (36-38). Human allogeneic uterus transplantation has been proposed, 

and it proves to be feasible and successful in terms of pregnancy. However, this 

approach raises concerns regarding donor shortage and adverse effects of 

immunosuppression (39, 40).  

 

The development of regenerative medicine strategies aims to restore, enhance, 

and maintain normal uterine function. 

 

Uterine tissue regeneration 

Initial experiments using synthetic polymer-based grafts to regenerate a section of 

a rat uterus showed that 6 weeks after implantation, nonabsorbable 

polytetrafluoroethylene (Teflon) elicits an intense local inflammatory response, 

leading to severe adhesions, obstruction, and poor tissue ingrowth; whereas 

endometrium-like tissue ingrowth was observed within biodegradable 

polyetherurethane/poly-L-lactide grafts, but they failed to provide luminal 

patency(41).  
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We investigated the possibility of engineering autologous uterine tissue using a 

biodegradable synthetic polymer seeded with primary cells (42, 43). Endometrium 

and myometrium cells were isolated from rabbit uterine horns and expanded in 

vitro separately. These cells were seeded in a stepwise fashion on the surface and 

lumen of preconfigured uterine-shape scaffolds formed from polyglycolic acid felt 

coated with poly-DL-lactide-co-glycolide (PLGA) in chloroform (5% w/v), which 

were used to replace a sub-total excised horn (mesometrium was retained) in 

animals from which the cells derived. Six months after cell-seeded construct 

implantation, the neo-uterine tissue showed organized cellular and anatomical 

structures as well as expression of specific markers for epithelial, stroma and 

smooth muscle cells. Breeding studies to assess in vivo functional responses of 

the engineered uterine tissue are being conducted. 

 

In another study, Campbell et al. (44) used the peritoneal cavity as an in vivo 

bioreactor to produce an autologous graft. Tubular boiled blood clot templates of 

2.5 x 0.5 cm were implanted into the peritoneal cavity of rats. After 2 weeks, the 

encapsulated myofibroblasts-rich tissue resulted from foreign body response was 

harvested and used to replace approximately one-third of one uterine horn of the 

host animal. At 12 weeks, the grafted tissue developed organized morphology with 

luminal and glandular epithelium, and two distinct layers of smooth muscle bundles 

interspersed with collagen, resembling native tissue. The researchers reported 

that grafted uterine horns supported embryo implantation and fetal development 
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to the late stages of gestation, with reproductive outcomes comparable to normal 

controls. 

 

Allogeneic extracellular matrices have also been tested as biological scaffolds 

alone, cell-seeded scaffolds, or growth factor delivery vehicle. Ansari et al. (45) 

replaced a segment of the rabbit uterine horn with a specially prepared human 

umbilical vein. At 6 months after implantation, there was no evidence of host 

rejection; the luminal surface of the graft showed epithelial reorganization but there 

was minimal myometrial ingrowth. In another study, Taveau et al. (46) tested the 

ability of different lengths (0.5˗2 cm) of SIS membranes to regenerate a segment 

of a rabbit uterine horn. Approximately 8 weeks after surgery, histological analysis 

showed tissue ingrowth of all layers within SIS grafts, but disorganized 

myometrium architecture. The authors examined tissue functionality by naturally 

mating animals 28 days after the surgical procedure. They reported that the ability 

to maintain luminal patency and support pregnancy was limited to the size of the 

grafts. Longer grafts did not provide enough mechanical strength and collapsed.  

In another study, bovine skin-derived collagen membranes loaded with collagen-

binding human basic fibroblast growth factor (bFGF) were used as scaffolds in a 

rat model (47). A section of the uterine horn was removed (approximately 1.5 cm 

in length and up to two-thirds in circumference) and replaced by 1.5 x 0.5 cm 

collagen membranes. At 90 days after surgical implantation, the bFGF delivery 

system enhanced vascularization, improved tissue ingrowth, with luminal and 
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glandular epithelium development and partially organized muscle bundles, and 

supported pregnancy.  

 

Ding et al. (51) investigated the effects of collagen membranes loaded with donor 

rat bone marrow-derived mesenchymal stem cells (BM-MSCs) in a murine model 

of severe uterine injury. They used isolated CD29+, CD44+, CD90+, CD34-, and 

CD45- BM-MSCs that displayed multilineage mesodermal differentiation. Collagen 

scaffolds (1.5 x 0.5 cm) were seeded with labeled BM-MSCs suspension (5 x 105 

cells/cm2 scaffold) and incubated for 1˗3 hours before being engrafted in a partially 

removed uterine horn. At 4 weeks after surgery, BM-MSCs were mostly located at 

the basal layer of the regenerated endometrium and the perigraft tissue expressed 

higher levels of bFGF, insulin-like growth factor 1, vascular endothelial growth 

factor (VEGF), and transforming growth factor-β1 compared with the collagen 

membrane-only group. At 90 days, neotissue showed increased blood vessel 

density and organized endometrium and myometrium structures, and supported 

embryo implantation and viable offspring with comparable size and weight to those 

from normal uterine tissue.  

 

The application of decellularization techniques has been explored to create 

naturally-derived matrices for uterine tissue reconstruction. As an initial step, 

Santoso et al. (48) described different protocols to decellularize rat uterine tissue 

patches using sodium dodecyl sulfate (SDS), high hydrostatic pressure (HHP), or 

Triton-X at optimized conditions; and examined matrices’ effects on in vivo uterine 



76 

 

tissue regeneration. Histological results indicated efficiency upon cell removal and 

minimal changes in the overall matrix structure using SDS and HHP protocols, 

whereas at the conditions used, Triton-X severely reduced collagen and elastin 

content within the matrix. At 30 days after the transplantation of 15 x 5-mm 

decellularized scaffolds into rat uteri, all uterine tissue layers were observed within 

the grafts, which were able to support pregnancy in both SDS and HHP groups. 

Vascular perfusion technique using Triton X-100, dimethyl sulfoxide, and sodium 

deoxycholate has also been applied to create whole uterus scaffold for tissue 

regeneration (49). Miyazaki et al. (52) attempted to repopulate a whole rat 

decellularized uterine matrix injecting 5.1 x 107 neonatal uterine cells, 2.7 x 107 

adult uterine cells, and 1.0 x 106 rat BM-MSCs in the uterine wall. After 3 days of 

incubation in a perfusion system, an endometrium-like tissue formation was 

observed, although cells were not evenly distributed within the matrix. When 

recellularized grafts measuring 1.5 x 0.5 cm were implanted in a partially excised 

rat uterine horn, uterine tissue ingrowth was noticed within the grafts and 

pregnancy outcomes were reported to be nearly comparable to animals with an 

intact uterus.  

 

In another study, Hellström et al. (53) isolated and expanded donor primary 

heterogeneous uterine cells and mixed them with rat green fluorescent protein 

(GFP)-labeled MSCs to recellularize whole-rat uterus matrices. Patches of 2 x 0.5 

cm were seeded through multiple injections of a cell mix (one primary uterine cell 

per 150 GFP-MSCs) and incubated for 72 hours. In vitro analysis of recellularized 
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scaffolds revealed limited cell distribution, mainly restricted to the matrices’ 

external surface. Recellularized patches of 5 x 10 mm were grafted in full-thickness 

excised uterine horns and animals were mated 6 weeks later. Uterine-like tissue 

ingrowth was described within the grafts, mainly from host cells (labeled GFP-

MSCs could not be found in the transplanted construct), and remodeled uterine 

horns supported pregnancy and fetal development, although embryo implantation 

did not occur directly over the patches.  

 

Autologous stem cell therapies targeting endometrial disorders such as severe 

intrauterine adhesions (Asherman’s syndrome) have been proposed and 

ultimately investigated in patients (54-56). Santamaria et al. (56) conducted a pilot 

study in 16 women (aged 30-45 years) with refractory Asherman’s syndrome and 

endometrial atrophy. Patients received granulocyte-colony stimulating factor 

infusion to mobilize BM-MSCs, and then CD 133+ cells (endothelial progenitor cell 

marker) were isolated from the peripheral blood. These freshly isolated cells were 

delivered (an average of 124.39 million cells) into the spiral arterioles via intra-

uterine arterial catheterization. After autologous BM-MSCs injection, patients 

received hormonal therapy and endometrium functionality was assessed. The 

authors reported increased endometrial vascularization and menses intensity and 

duration in the first 3 months after treatment. Pregnancies were achieved 

spontaneously and through in vitro fertilization, with two live births of healthy 

babies at term after cell therapy. 
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Uterine cervix tissue engineering 

The cervix has important mechanical and protective roles during pregnancy, and 

undergoes significant remodeling during parturition. An impaired uterine cervix can 

result in preterm birth, which is associated with significant perinatal complications. 

House et al. (57) demonstrated that tissue engineering strategies can be applied 

to create a three-dimensional (3D) cervical-like tissue constructs by seeding 

human cervical cells on silk sponge scaffolds. Stromal cells were isolated from 

premenopausal women’s cervical canal biopsies, seeded on a collagen-coated 

porous silk protein scaffold, and cultured under static or dynamic conditions.  After 

8 weeks, cervical cells proliferated on a silk-based scaffold and synthetized an 

extracellular matrix with biochemical constituents and morphology that resembled 

native tissue. The dynamic culture condition was associated with significantly 

increased collagen deposition, glycosaminoglycan synthesis, and mechanical 

stiffness. These results suggest that human tissue-engineered cervical-like 

constructs could be applied as an in vitro system to investigate cervical 

remodeling. 

 

The Ovaries 

The ovaries lie on each side of the lateral pelvic wall and are connected to the 

uterus by the fallopian tubes (58). The ovarian follicle is the functional unit of the 

ovary, and it is comprised of an oocyte (germ cell) surrounded by layers of somatic 

follicular cells (granulosa and theca cells), and a basement membrane. At birth, 

the ovarian cortex contains a pool of primordial follicles formed during embryonic 



79 

 

life, that determines a finite reproductive life span (59). Between puberty and 

menopause, hormonal signals recruit dormant primordial follicles, initiating a highly 

regulated process called folliculogenesis. Activated follicles increase in size over 

a period of weeks in a process regulated by both endocrine and intraovarian 

mechanisms (60). During folliculogenesis, granulosa cells proliferate and 

differentiate in several layers around the oocyte, theca cells differentiate into theca 

interna (androgen-secreting cells) and externa (connective tissue), and a fluid-

filled cavity (antrum) is formed. At this stage, follicle growth and development relies 

on pituitary gonadotropins (follicle-stimulating hormone and luteinizing hormone). 

Gap junctions are formed between cells, facilitating the communication between 

granulosa cells and the enclosed oocyte, which is essential for maturation and 

release of an egg capable of fertilization.  

 

At each reproductive cycle, ovarian follicles synthetize hormones (sex steroids and 

peptides), and a subset of dominant follicles that reach maturation and ovulation 

will undergo terminal differentiation and form the corpus luteum, which secretes 

progesterone, a hormone necessary to maintain pregnancy. 

 

Systemically, ovarian hormones have a fundamental role in preparing the uterus 

for embryo implantation, mammary gland development, sexual function, skeletal 

growth and bone homeostasis (61). At the onset of menopause, a natural and 

permanent cessation of ovulation occurs, and the suppression of sex steroids 

hormones production may lead to vasomotor symptoms, sleep disturbances, 
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urogenital problems, osteoporosis, and sexual dysfunction.  Pathological loss of 

ovarian function may occur due to surgical resection, early menopause, or ovarian 

failure in cancer-treated patients, impairing fertility and leading to an increased risk 

for cardiovascular diseases and osteoporosis.  

 

In the attempt to restore ovarian physiological roles as a gonad and endocrine 

gland, several approaches applying regenerative medicine principles have been 

explored. 

 

Tissue-Engineered Ovarian Follicles 

Human ovarian tissue banking has been proposed as an alternative to preserve 

fertility and future endocrine function in young women undergoing sterilizing 

chemotherapy or radiation (62). Immature follicles have the greatest potential to 

be preserved and recovered from the freeze-thawing process (63). However, after 

cryopreserved ovarian tissue transplantation, the onset of revascularization can 

take up to 5 days, and the ischemia-reperfusion damage may induce graft follicles 

depletion (64). Shikanov et al. (65) developed a delivery system combining 

hydrogels and angiogenic factors to enhance ovarian graft survival in mice. The 

ovarian cortical tissue was cryopreserved, thawed, and encapsulated in fibrin 

hydrogel modified with heparin-binding peptide (to provide a controlled release of 

heparin binding growth factors) loaded with VEGF. The encapsulated tissue was 

then transplanted into the ovarian bursal cavity. Results indicated that the delivery 
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strategy enhanced graft vascularization, improved survival of primordial follicles, 

and enabled natural conception and live births.  

 

When autologous transplantation of cryopreserved ovarian tissue carries the risk 

of re-introducing malignant cells into the patient, strategies for in vitro maturation 

of early-stage follicle have the potential to provide an additional option to preserve 

and restore fertility. Several in vitro culture methods for the follicle-enclosed oocyte 

maturation have been successfully investigated in mice and large animal species. 

However, the translation into human follicles has been challenged by their greater 

diametric sizes, creating the need for extended culture time (66, 67). Culture of 

early-stage human ovarian follicles in 2D systems has been associated with spatial 

disruption of cells, because the portion of the follicle that is in contact with the 

culture substrate attaches to the surface and granulosa cells migrate away from 

the oocyte, leading to flattened follicles (68-71). To address 2D-related limitations, 

3D culture systems have been developed to recapitulate the biological architecture 

of ovarian follicles and provide an environment that supports follicle growth and 

maturation (72, 73). Pangas et al. (74), pioneered the use of alginate as a hydrogel 

for the in vitro culturing  individual immature ovarian follicles in a mice model. 

Alginate is a naturally occurring polysaccharide, typically extracted from brown 

algae, and one of the most commonly used biomaterials for encapsulation owing 

to its biocompatibility, low toxicity, low cost, biomechanical properties, and its 

ability to form gel in the presence of calcium ions (75, 76). Studies using alginate-

based encapsulation techniques have demonstrated preserved in vivo-like 
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spherical follicle morphology and communication between the somatic and germ 

cell, creating a microenvironment that favors normal folliculogenesis and proper 

steroidogenesis (73, 77-80). Xiao et al. (81) described a two-step follicle culture 

method that supports human oocyte maturation. In the first step, secondary 

follicles were mechanically isolated from the patients’ ovaries and encapsulated 

individually in 0.5% alginate hydrogels. The beads were cultured in 96-well plates; 

once the follicles reached the antral stage (400-500 μm), they were released and 

transferred to low-attachment plates and then cultured for up to 30-40 days. This 

two-step strategy aimed to recapitulate the dynamics of in vivo ovarian 

folliculogenesis, in which immature follicles gradually move from the rigid cortex 

zone to the less dense perimedullary region. The authors reported the 

development of fertilizable metaphase II oocytes using this in vitro maturation 

approach.  

 

In another study, Krotz et al. (82) created a self-assembled artificial human ovary 

to mature early antral oocytes. Theca cells isolated from antral follicles of 

reproductive-aged women were seeded into agarose molds to form a honeycomb 

structure. Granulosa cell spheroids or cumulus-oophorus complexes (COC) were 

then placed in the honeycomb openings and the constructs were cocultured for up 

to 7 days. At 72 h, theca cells surrounded the COC, resulting in self-assembled 

microtissues that supported oocyte maturation. 
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Cell encapsulation techniques have also been investigated as a potential cell-

based hormone therapy for menopausal symptoms. This delivery system aims to 

reduce unwanted side effects of hormone replacement therapy by providing an 

endogenous pulsatile hormone release regulated by the hypothalamus-pituitary-

gonad axis. Ideally, the microcapsules should be biocompatible, provide a barrier 

between the allogeneic ovarian cells and the recipient to prevent immune rejection, 

and promote long-term cell survival. Sittadjody et al. (83) developed an engineered 

multilayer ovarian tissue that secretes ovarian hormones in vitro in response to 

follicle-stimulating hormone and luteinizing hormone. Ovarian cells were isolated 

from immature rats and encapsulated in alginate hydrogel as a multilayer construct 

that recapitulates native follicular architecture. Using a micro-fluidic device, poly-

L-ornithine coated microcapsules containing granulosa cells were mixed with 

theca cells and suspended in 1.5% alginate to be encapsulated. Multilayered 

constructs were cultured in the presence of gonadotropins and showed sustained 

secretion of sex steroids and peptide hormones over 30 days.  

 

Microencapsulated ovarian cells have been reported to secret steroid hormones in 

vivo. Gou et al. (85) implanted approximately 2 x 106 microencapsulated allogeneic 

ovarian cells in the abdominal cavity of ovariectomized mice. Ninety days after 

transplantation, cells within the microcapsules survived and maintained the 

balance of bone absorption and formation by secreting estrogen continuously. 

Similarly, Liu et al. (86) co-microencapsulated granulosa and theca cells in 

alginate-chitosan-alginate and transplanted them into ovariectomized rats. 
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Animals exhibited normal serum levels of estradiol and progesterone for 60 days 

and most of the retrieved microcapsules remained intact. 

 

Regenerating Ovarian Tissue from Stem Cells 

Recent studies in reproductive biology have challenged the belief that most female 

mammals are born with a finite number of oocytes that are incapable of postnatal 

renewal.  The existence of germline stem cells (GSCs) in the juvenile and adult 

mouse ovary was first postulated by Johnson et al. (87). During an investigation of 

follicular atresia, a series of experiments revealed that based on the oocyte 

degeneration and clearance rates, proliferative germ cells are needed to support 

the animals’ reproductive life span. The researchers identified a group of large 

ovoid cells in the surface epithelium of the ovary that immunostained positive for 

the specific germline marker mouse Vasa homologue (MVH) and incorporated 5-

bromodeoxyuridine, thus confirming their proliferative potential. Furthermore, the 

MVH-positive cells expressed genes involved in the initiation of meiosis 

(synaptonemal complex protein 3).  Finally, ovarian tissue from wild type mice 

grafted into ovaries of mice with ubiquitous expression of GFP, contained GFP-

positive germ cells surrounded by wild type granulosa cells, indicating that 

proliferative germ cells sustain oocyte and follicle production in the postnatal 

mammalian ovary (87).  

 

A study conducted by Zou et al. (88) made a major breakthrough claiming that 

postnatal mouse ovaries retain the capacity for oogenesis. Using a cell-sorting 



85 

 

approach, GSCs, also referred as oogonial stem cells (OSCs), were isolated from 

the cortical layer of neonatal and adult mouse ovaries and cultured for a long term. 

After being infected with GFP virus, these cells were transplanted into ovaries of 

infertile mice; and results indicated they underwent oogenesis and produced live 

GFP- positive offspring.  In a subsequent study, White et al. (89) refined a 

fluorescence-activated cell sorting protocol to isolate OSCs from mice ovaries and 

applied the same strategy into cryopreserved ovarian tissue from reproductive-

aged women. Using an antibody against DEAD-box polypeptide 4 (DDX4, the 

human ortholog gene of MVH), rare mitotically active cells were purified from 

human ovarian cortical tissue. These cells showed primitive germline profile, in 

vitro growth properties, and were able to generate oocytes in vitro and in vivo after 

xenotransplantation into immunodeficient female mice.  

 

Nevertheless, the potential clinical relevance of the human equivalent of mouse 

OSC findings should be further explored because the incidence of OSCs in young 

adult mice ovaries is estimated to be extremely low, approximately 0.014% of all 

ovarian cells (89).  

 

Extraovarian sources have been used to obtain germ-like cells including the bone 

marrow (90), fetal and newborn skin (91, 92), mesenchymal cells (93), embryonic 

stem cells (ESCs), and induced pluripotent stem cells (iPSCs) (94, 95). 

Hayashi’s group achieved major progress in reproductive biology, reprogramming 

murine ESCs and iPSCs into fully functional oocytes in vitro (95). Previously, 
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Hayashi et al. (94) reported the ability to differentiate murine ESCs and iPSCs into 

primordial germ cell-like cells (PGCLCs) that can develop into functional oocytes 

when transplanted into immunocompromised female mice. After in vitro maturation 

and fertilization, these PGCLCs-derived oocytes contributed to fertile offspring 

(94).  In adition, a stepwise culture system was used to reconstitute in vitro the 

entire cycle of the mouse female germ line (95). Starting with either ESCs or 

iPSCs, the expression of several genes was induced to create PGCLCs, which 

were then mixed with female gonadal somatic cells obtained from embryos to 

support germ cell in vitro development into mature oocytes. An in vitro fertilization 

protocol was used to test the oocytes’ functionality, and the resulting embryos were 

transferred into surrogate females. The authors reported that only 3.5 % of two-

cell embryos derived from laboratory-grown oocytes resulted in viable offspring, 

which was much lower than from in vivo˗generated oocytes (61.7 %), and the pups 

were healthy and grew into fertile adults. This culture technique may provide a 

platform to study molecular and cellular mechanisms of oogenesis of other 

mammalian species, including humans. 

 

Other Tissue Engineering Application in the Female Reproductive System 

Pelvic Organ Prolapse 

Pelvic organ prolapse (POP) is the abnormal descent of organs such as the uterus, 

bladder, urethra, intestine, and vagina that occurs when the pelvic floor supporting 

ligaments and muscles weakens. The estimated prevalence is approximately 30-

40% of all women; pregnancy, aging, obesity, and genetic predisposition are the 
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main risk factors. Commonly, these women experience symptoms of bladder, 

bowel and sexual dysfunction that negatively affect their quality of life (96). Surgical 

treatment options for POP involve reconstructive procedures with native tissue 

and/ or the use of synthetic meshes to support the pelvic structural defect. 

However, mesh-related complications such as infection, mesh exposure, 

perforation, chronic inflammation, mesh shrinkage (97), and the lifetime risk of 

requiring repeated surgeries (98) has led scientists to develop engineered grafts 

to enhance pelvic floor support and provide a more durable treatment. Hung et al. 

(99) engineered a fascia equivalent from isolated human vaginal fibroblasts. Full-

thickness vaginal biopsies were taken from symptomatic POP patients and cells 

with high collagen I/III ratios were used for in vivo experiments, because they 

expressed greater proliferation potential.  Vaginal fibroblasts were labeled with 

dialkylcarbocyanine fluorescent solution, suspended in collagen gel, and seeded 

into biodegradable PLGA scaffolds. Fascia constructs were incubated in vitro for 

5 days and implanted into immunodeficient mice subcutaneously. At 12 weeks 

after the surgical procedure, histological analysis of the grafts revealed the 

presence of labeled cells within a well-organized tissue formation, with an 

abundant collagen gel-coated PLGA grafts. 

 

The use of cells derived from prolapsed vaginal tissues may not be ideal though; 

as they have shown in vitro characteristics including delayed fibroblast-mediated 

collagen contraction and lower production of collagen synthesizing enzymes 

compared with non-prolapsed tissue (100).   
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As an alternative autologous cell source, human endometrial mesenchymal stem 

cells (eMSCs) have been investigated in tissue engineering approaches for POP 

repair. Previously, human endometrial eMSCs were identified in a perivascular 

location in the human endometrium; characterized as multipotent, highly 

proliferative and self-renewing stromal stem cells; and isolated using CD146, 

platelet-derived growth factor receptor-β, and sushi domain containing-2 (SUSD2) 

markers (33). Using a xenogeneic model, Ulrich et al. (101) investigate the in vivo 

tissue responses and mechanical behavior of a novel nondegradable scaffold 

seeded with human eMSCs. In that study, SUSD2-enriched human eMSCs were 

labeled and seeded into 10 x 25-mm polyamide mesh coated with 12% porcine 

gelatin at a density of 250,000 cells/mesh. According to the authors, polyamide 

mesh has biomechanical properties comparable to those of vaginal tissue. After 

48 h of incubation, the constructs were implanted into the dorsum of 

immunodeficient rats and assessed at different time points up to 90 days. The cell-

seeded mesh showed enhanced vascularization at day 7 after implantation; and 

at 90 days, results reveled a mild chronic inflammatory response, improved tissue 

organization, and minimal fibrosis around the seeded graft, which provided higher 

extensibility compared with nonseeded meshes. In addition, the organized 

collagen deposition was identified as being of rat origin, not human, which 

suggested that eMSCs exert a paracrine effect over the long term.  
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Future preclinical studies using clinically relevant models that represent a woman’s 

pelvic tissue environment would be necessary to evaluate the efficacy and adverse 

effects of tissue-engineered grafts for pelvic reconstructive surgery (102). 

 

Conclusions and Future Trends 

 

A successful pilot study of autologous engineered vaginal organs, with up to 8 

years’ follow-up, supports the potential of regenerative medicine technologies for 

treating female genital organs disorders. However, clinical trials involving a large 

number of patients are required to ensure that the most innovative therapies are 

as safe and effective as possible.   

Advances have been made with the engineering of uterine tissue in preclinical 

models, but additional studies of biomaterials that produce adequately 

vascularized uterine tissue should be performed in systems that mimic the complex 

architecture and plasticity of the human uterus. In addition, important findings 

regarding the identification of human eMSC with capabilities similar to those of BM-

MSCs make the uterus an attractive source of stem cells that should be further 

explored for autologous cells therapy and tissue engineering applications. 

Regenerative medicine principles have also been used to reconstitute the entire 

process of oogenesis in vitro and to engineer functional ovarian follicles, which 

represents a major achievement in reproductive biology. Nevertheless, challenges 

remain regarding the optimization of these in vitro culture systems for human 

gonadal cells.  
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Finally, the future of regenerative medicine applications for the human female 

reproductive system will rely on better understanding organogenesis and the 

complex physiological mechanisms of these organs to achieve the ultimate 

potential of these technologies. 
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CHAPTER II  

 

TISSUE ENGINEERING UTERINE CONSTRUCTS IN VITRO 

 

ABSTRACT 

 

The uterus supports many complex biological functions needed for a viable live 

birth. Despite advancements in assisted reproductive technologies, absolute 

uterine-factor infertility remains unsolved. Engineering a uterine tissue substitute 

would potentially benefit women with a malformed or dysfunctional uterus. The 

objective of this study was to evaluate the use of a cell-seeded biodegradable 

scaffold composed of a combination of polyglycolic acid (PGA) and poly-DL-

lactide-co-glycolide (PLGA) for in vitro engineering uterine implants. The 

PGA/PLGA-coated scaffolds were fabricated into a semi-circular shape. 

Subsequently, we seeded rabbit primary myometrium- and endometrium-derived 

cells onto the polymer scaffold using a stepwise method. We demonstrated that 

rabbit uterine-derived cells maintained their phenotype during ex vivo expansion. 

Furthermore, the polymer scaffold porous microstructure allowed for cells 

attachment and growth during the in vitro incubation period. Collectively, these 

results indicate that seeding rabbit uterine-derived cells onto a polymer scaffold 

may be an alternative method to engineered implantable autologous constructs for 

subtotal uterine repair.   
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Introduction 

 

The uterus supports many complex biological functions that are essential for 

mammalian reproduction1. Factors adversely affecting uterine integrity, such as 

congenital anomalies or acquired diseases, may compromise a woman’s ability to 

conceive and/or successfully carry a viable fetus to term2,3. Approximately 6% of 

women undergoing infertility treatments in the United States have a dysfunctional 

uterus4. Despite advancements in assisted reproductive technologies, absolute 

uterine factor infertility (AUFI) remains one of the main unsolved disorders affecting 

conception.  

 

Allogeneic uterine transplantation is currently under investigation as an alternative 

treatment for AUFI5-7. Since 2014, live births have been reported in women who 

received transplanted uteri8,9. Although it does require donors and the use of anti-

rejection therapies, uterine transplantation remains a promising treatment10,11. 

 

Regenerative medicine and tissue engineering technologies have emerged as an 

attractive option for overcoming donor organ shortages and transplantation-related 

limitations12. To this end, scientists are exploring the use of biomaterials combined 

with the patient’s own cells for augmentation or replacement of absent or damaged 

tissues and organs. Polymeric biomaterials have been widely used for engineering 

functional tissue substitutes; among them, synthetic polymers represent the 

largest group of biodegradable three-dimensional (3-D) matrices. They can be 
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manufactured under controlled conditions and exhibit predictable and reproducible 

mechanical and physical properties. Synthetic polymers including 

polytetrafluorethylene (PTFE), polyetherurethane/poly‐L‐lactide (PU/PLLA)13, 

polyglycolic acid (PGA)14,15, and poly-DL-lactide-co-glycolide (PLGA)- coated PGA 

scaffolds16 have already been investigated in animal models of uterine and 

genitourinary tissue regeneration. Our laboratory first reported the successful 

fabrication and implantation of bioengineered bladders17 and urethras18 in human 

patients using autologous cell-seeded PGA-based scaffolds. In this study, we 

investigated the use of PGA/PLGA-coated scaffolds for fabricating implantable 

engineered uterine constructs seeded with rabbit primary uterine cells. We first 

investigated the feasibility of isolating and expanding rabbit uterine-derived cells 

ex vivo and evaluated their phenotypic markers expression. Then, we fabricated a 

semi-circular shaped PGA/PLGA-coated scaffold designed to potentially substitute 

a subtotal section of one rabbit uterine horn. In vitro expanded myometrium-

derived cells were seeded onto the outer surface of the scaffold and endometrium-

derived cells were seeded on the inside. Uterine cell-seeded constructs were in 

vitro incubated for eight days and cellular attachment and viability were analyzed 

at different time points.    

  

Materials and Methods 

Uterine tissue harvest and cell isolation. Under general anesthesia (2–5% 

isoflurane) and using aseptic technique, one uterine horn was identified through a 

midline laparotomy and completely excised from all rabbits. The uterine horn was 
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transported in cold phosphate-buffered saline (PBS) supplemented with 1% 

antibiotic and antimycotic. Using aseptic techniques, the uterine tissue was 

transferred to a petri dish, dissected free of connective tissue, opened lengthwise, 

and washed with cold PBS to remove any debris. The endometrial lining was gently 

scrapped off and minced into 1 mm3 pieces using a scalpel, and then transferred 

to tissue culture dishes. The myometrium tissue layer was then minced into 1–2 

mm3 pieces and transferred to a different culture plate for smooth muscle cell 

isolation. After the explants adhered to the dish surface (5 minutes), Dulbecco’s 

Modified Eagle’s growth medium (DMEM) - F12 (SH3026101; Fisher Scientific) 

supplemented with 10% fetal bovine serum (FBS; 100-500; Gemini Bioproducts), 

epidermal growth factor recombinant human protein (5 ng/mL; ThermoFisher), 

bovine pituitary extract (40 ng/mL; Invitrogen), and 1% antibiotic/antimycotic 

solution was gently added to the endometrial samples. In a separate culture dish, 

high-glucose DMEM (SH30243FS; Fisher Scientific) containing 10% FBS and 1% 

antibiotic/antimycotic solution (SV3007901; Fisher Scientific) was added to 

myometrial tissue explants. The uterine explants were incubated in humidified 

chambers at 37°C and 5% CO2 until cell outgrowth was observed (4–5 days), after 

which the residual tissue pieces were gently removed. Primary uterine-derived 

cells were expanded until sufficient cells were obtained for seeding a uterine 

scaffold.  
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All animal experiments were performed with the approval of the Wake Forest 

University Institutional Animal Care and Use Committee, and in compliance with 

the Animal Welfare Act and the Guide for Care and Use of Laboratory Animals.  

 

 Characterization of isolated endometrium- and myometrium-derived cells. 

We performed immunocytochemical and flow cytometric analyses to characterize 

the primary isolated uterine cell phenotypes. For immunofluorescence staining, 

cells were cultured on 8-well chamber slides, fixed, permeabilized with 100% ice-

cold methanol for 15 minutes, and washed before adding blocking solution (Protein 

Block Serum-free, X0909; Dako) for 30 minutes at room temperature (RT). Cells 

were incubated overnight at 4oC with the following primary antibodies separately: 

anti-pan cytokeratin (AE1/AE3, 1:50, ab28028; Abcam), vimentin (1:100, ab28028; 

Abcam), smooth muscle myosin heavy chain 11 (MHC, 1:250 ab683; Abcam), 

calponin (1:100, C2687; Sigma-Aldrich), and smooth muscle alpha-actin (α-SMA, 

1:40, ab18147; Abcam). Samples were washed and incubated for 30 minutes at 

RT with either goat anti-mouse Alexa Fluor 488 (1:500, A11017; ThermoFisher) or 

Alexa Fluor 594 (1:100, A11020; ThermoFisher) secondary antibodies. Slides 

were mounted in ProLong® Gold antifade with DAPI (P36931; ThermoFisher), 

protected from light, and analyzed with a Leica Upright Fluorescent microscope 

under a magnification of 400X. 

 

For flow cytometric analysis, 200,000 uterine-derived cells were collected in 

separate tubes, fixed in 4% formaldehyde for 20 minutes, and treated with a 
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blocking solution containing 0.1% Triton X-100 and 3% bovine serum albumin (A-

9647; Sigma-Aldrich) for one hour at RT. Uterine-derived cells were 

immunolabeled with the following primary antibodies: R-phycoerythrin-conjugated 

CD9 (1:100, CBL162P; Millipore), vimentin (1:100), α-SMA (1:100), or calponin 

(1:100) for one hour at RT; followed by incubation with fluorescein isothiocyanate 

(FITC)-conjugated IgG (1:250, ab79092; Abcam) for 60 minutes. Negative controls 

included phycoerythrin-labeled mouse IgG2b, K Isotype (559529; BD 

Pharmingen), and FITC mouse IgG2a (ab79092; Abcam). Samples were analyzed 

using a FACSCalibur instrument (Becton Dickinson Immunocytometry Systems).  

 

Fabrication of engineered uterine constructs. Two mm-thick non-woven 

biodegradable polymer membranes composed of polyglycolic acid (PGA; 

Biomedical Structures, Warwick, RI) with a bulk density of 60 mg/mL, 15 µm fibers, 

inter-fiber distance of 100–200 µm, and 95% porosity measuring 7 x 2.5 cm ( length 

x width) were coated with poly-DL-lactide-co-glycolide (PLGA, 50:50; Sigma-

Aldrich). Under a fume hood, the membranes were immersed into a 5% PLGA 

solution in chloroform (5% w/v) until saturated. The membranes were removed and 

the solvent allowed to evaporate.  PGA/PLGA-coated membranes were then 

configured into a semi-circular shape, suturing the edges around a Pasteur glass 

pipette (1367820B; Fisher Scientific). A second coating of the PLGA solution was 

applied and allowed to dry out. The configured scaffolds were then kept in a 

desiccator for 24–48 hours prior to sterilization with ethylene oxide gas. Prior to 

cell-seeding, scaffolds were submerged in medium overnight, and myometrial-
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derived cells (8 × 107 cells/mL) were seeded onto the outer side of the scaffolds 

and cultured for 4 days. The constructs were then turned over using sterile forceps, 

and endometrial-derived cells (8 × 107 cells/mL) were seeded on the inner surface 

of the scaffold and incubated for an additional 4 days. The stepwise seeding 

process involved gently pipetting cells onto the scaffold surface in a uniform layer. 

Seeded scaffolds were incubated for two hours at 37oC to allow for cell attachment 

before being immersed in culture media. The medium was changed every 24 

hours.  

 

Microstructural analyses. Uterine constructs were subjected to scanning 

electron microscopic (SEM) analyses. Samples were carefully harvested at day 8 

after cell seeding, fixed in 2.5% glutaraldehyde, dehydrated in ethanol, and dried 

overnight. The specimens were then sputter coated with gold (Hummer 6.2, 

Anatech) and imaged with a Hitachi S570 system scanning electron microscopic 

(Hitachi Hi-Tech), with an accelerated voltage of 25 kV at 40X and 120X 

magnification. 

 

Cell viability. Live/dead viability/cytotoxicity kit (L-3224; ThermoFisher 

Scientific) was used for determining cell viability within the uterine constructs 

according to the manufacturer's instructions. Briefly, an assay solution 

containing 0.5 μl/ml Calcein-AM and 2 μl/ml Ethidium homodimer-1 was 

prepared in PBS. Harvested samples (3 x 3 mm) were washed with PBS, 

transferred to the assay solution, and incubated at room temperature for 20 
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minutes. Fluorescence microscopy was used to evaluate the live/dead staining 

of cells in the polymer scaffolds. In the images, the live cells are shown as green 

and dead cells are red. To measure the viability and proliferation of cells within 

the scaffold, we used the PrestoBlue reagent (A13261; ThermoFisher Scientific) 

according to the manufacturer's instructions. Briefly, a 10% PrestoBlue assay 

solution mixed in growth media was added to each 4 mm construct samples and 

incubated for 20 minutes at 37oC with 5% CO2 in the dark. After incubation, 100 

μl of assay solution from each sample was placed into the wells of a 96-well 

plate and fluorescence intensity was measured using a microplate reader at the 

excitation/emission of 535nm/615nm nm (SpectraMax M5, Molecular Devices, 

Sunnyvale, CA). Non-seeded polymer scaffolds were used as controls.  

 

 

Results 

Characterization of cultured primary uterine cells. The inner layer of the full 

thickness uterine biopsies (Fig.1a) yielded cuboidal and elongated cells (Fig.1b) 

that expressed epithelial and stromal markers cytokeratin AE1/AE3 (1:50, 

ab28028; Abcam) (Fig.1c) and vimentin (1:100, ab28028; Abcam) (Fig. 1d) 

respectively. The outer layer of the uterine biopsies yielded spindle shaped smooth 

muscle-like cells (Fig.1e) that were positive for smooth muscle myosin heavy chain 

11 (MHC, 1:250 ab683; Abcam), calponin (1:100, C2687; Sigma-Aldrich), and 

smooth muscle alpha-actin (α-SMA, 1:40, ab18147; Abcam) (Fig. 1 f-h). Flow 

cytometric analyses of third-passage cultured cells showed that a high percentage 



117 

 

of the endometrium-derived samples expressed CD9 (1:100, CBL162P; Millipore) 

(78%) and vimentin (1:100) (96%), while myometrium-derived cultures expressed 

αSMA (1:100) (96%) and calponin (1:100) (90%) (Fig. 1 i-l). These phenotypes 

and cell marker profiles are consistent with native endometrial and myometrial cells. 

 

Figure 1. Phenotype of in vitro-cultured uterine cells. (a) Uterine horn biopsy. (b-

d) Endometrium-derived cultured cells: (b) phase contrast microscopic 

appearance of cultured endometrial cells, (c,d) positive staining (Red; Alexa Fluor 

594) for pan cytokeratin AE1/AE3 and vimentin. (e-h) Myometrium-derived 

cultured cells: (e) phase contrast microscopic appearance of cultured myocytes, 
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(f) positive staining (Green; Alexa Fluor 488) for the smooth muscle markers MHC, 

αSMA, and calponin. (i-l) Histograms showing the percentage of cells expressing 

(i) CD9 and (j) vimentin in endometrium cultures, and (k) calponin and (l) αSMA in 

myometrium cultures. Nuclei are stained with DAPI (blue). Red curves: 

phycoerythrin (PE) - or fluorescein isothiocyanate (FITC)-labeled cells; black 

curves: negative controls. 

 

Fabrication of engineered uterine constructs. PGA/PLGA scaffolds were 

configured in a semi-circular shape (Fig. 2a). The average size of the constructs 

was 7 x 2.5 cm (length X width) (Fig. 2 b). Ten million cells/cm2 collected from the 

myometrium-derived cultures were seeded onto the outer layer of the scaffold and 

ten million endometrium-derived cells/cm2 were seeded on the inner side of the 

scaffold using a sequential cell seeding method (Fig. 2c).  
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Figure 2. Polymer scaffold fabrication. (a) PGA/PLGA-coated mesh molded in a 

semi-circular shape around a Pasteur glass pipette. (b) The scaffold’s semi-

circular shape was maintained after the sterilization process, when the mold was 

removed. (c) Gross image of a uterine-derived cell seeded PGA/PLGA-coated 

scaffold.   

 

In vitro analyses of uterine implants. To determine cell viability, we took 

samples from the constructs at different time points during the incubation period. 

Live/dead cell assay (L-3224; ThermoFisher Scientific) indicated high cell viability 
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within the constructs on day 2 (Fig. 3a), day 4 (Fig. 3b) and day 8 (Fig.3c) after 

sequential cell seeding method. Additionally, we investigated biological activity of 

the cells within the scaffold using fluorometric PrestoBlue assay (Fig. 3d). Our 

results confirmed that seeded cells were viable and metabolic active during the in 

vitro incubation period. 
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Figure 3. Cell viability in the uterine constructs. (a) The live/dead staining 

indicates high cell viability on day 2, (b) day 4, and (c) day 8 after uterine-derived 

cell seeding process. (d) Fluorometric PrestoBlue assay confirmed cell viability 

during the 8-day incubation period. (Green: live cells; red: dead cells). 

Uterine-engineered constructs were also characterized by SEM. Figure 4 depicts 

the 3-D interconnected porous network of the PGA-based scaffold. Representative 
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SEM images of cell-seeded constructs at day 8 showed uniform cell attachment 

(Fig. 4b) and distribution (Fig. 4d) throughout the scaffold. 

Figure 4. Scanning electron microscopy of the uterine engineered constructs. (a,c) 

The images depicted the synthetic polymer scaffold interconnected network of 

fibers and highly porous microstructure. (b) Representative images of samples 

taken at day 8 from cell-seeded constructs revealed cell attachment and (d) 

250µm 250µm 

a b 

c d 

1 mm 1 mm 
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uniform distribution throughout the scaffold at 120X and 40X magnification 

respectively. 

 

These data indicate that the PGA/PLGA-coated scaffold provided a favorable 3-D 

microarchitecture for rabbit primary uterine-derived cell attachment and 

proliferation in vitro. 

 

Discussion 

 

Our strategy for engineering tissues using biodegradable polymer scaffolds 

seeded with primary cells has been effectively explored in several preclinical 

studies14-16,19,20, and ultimately applied successfully in human patients to restore 

function in hollow organs such as the bladder17, urethra18, and vagina21. In this 

study, we followed the same strategy for in vitro characterization of engineered 

uterine tissue implants using PGA/PLGA-coated scaffolds seeded with rabbit 

primary uterine cells.  

 

We demonstrated the feasibility of isolating and ex vivo expanding rabbit primary 

myometrium- and endometrium-derived cells. Both cell types maintained their 

phenotype during expansion. Rabbit uterine-derived cells were seeded onto semi-

circular PGA/PLGA-coated scaffolds using a sequential seeding method and 

remained viable and metabolic active during eight days of in vitro incubation. 
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The selection of biomaterials is an essential factor in tissue engineering 

applications. A variety of scaffold materials have been tested to create implantable 

uterine patches including decellularized rat22-24 and porcine25 uterine matrices, 

peritoneal-derived myofibroblast-rich capsules26, mouse endometrial cell sheet27, 

and collagen membranes either loaded with collagen-binding human basic 

fibroblast growth factor28 or stem cells29,30. In this study, we investigated the use 

of a biodegradable PGA/PLGA-coated scaffold as a candidate material for 

engineering uterine implants. Synthetic polymers have been widely used as 

scaffold materials for tissue engineering applications. Unlike naturally-derived 

biomaterials, synthetic polymers can be manufactured in large scale, have a long 

shelf time, and their properties such as porosity, degradation time, and mechanical 

characteristics can be tailored for specific applications31.  To this end, PGA/PLGA- 

based scaffolds have the advantage of being Food and Drug Administration-

approved for human application in selected patients17,18. 

 

The use of synthetic polymer scaffolds without cells as uterine grafts has resulted 

in poor tissue ingrowth and failed to maintain luminal patency in a rat model13.  In 

order to develop autologous implantable-engineered uterine constructs that can 

replace critical-sized uterine defects in a large animal model, we seeded rabbit 

myometrium-derived cells in the outer surface and endometrium-derived cells in 

the inner side of the scaffold to potentially deliver an adequate number of viable 

cells in vivo that could benefit uterine tissue regeneration. The development of 

methods for isolation and expansion of autologous cell ex vivo is advantageous for 
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the fabrication of implantable-engineered tissues to overcome the shortage of 

tissue/organ donors, minimize the risks of systemic immunological reactions, and 

long-term use of immunosuppressant therapy.  

 

The scaffold microstructure and composition are paramount to provide seeded 

cells access to nutrients and most critically oxygen until in vivo neovascularization 

occurs. SEM micrographs of the PGA/PLGA-coated scaffold showed a highly 

porous 3-D interconnect fiber structure that is essential to support cell adhesion, 

nutrient diffusion, and facilitate blood vessel formation. Additionally, we were able 

to achieve a uniform cell coverage throughout the scaffold after our stepwise 

sequential seeding method. Lastly, our results confirmed high cell viability during 

the in vitro incubation period, supporting further in vivo studies. 

 

 Conclusions 

 

This study supports the application of PGA/PLGA-coated scaffolds for in vitro 

fabrication of implantable autologous cell-seeded engineered uterine constructs. 

Our findings provide insight as to the biocompatibility of PGA/PLGA-coated 

scaffolds and should be further explored in a rabbit model of a subtotal uterine 

defect.  
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CHAPTER III 

 

IN VIVO MATURATION OF A BIOENGINEERED AUTOLOGOUS UTERINE 

CONSTRUCT 

 

 

ABSTRACT 

 

Treatment options for women with absolute uterine factor infertility are limited and 

alternative therapies are needed. Bioengineered uterine implants could be of 

benefit by providing biological uterine tissue substitutes. We propose that 

autologous cell-seeded polymer-based implants will restore uterine tissue 

structure in rabbits. Primary uterine cells were isolated, expanded ex vivo, and 

seeded onto poly-DL-lactide-co-glycolide-coated polyglycolic acid biodegradable 

scaffolds. Constructs were implanted in a full-thickness subtotal excised uterine 

horn. At 6 months post-implantation, the cell-seeded engineered uteri developed 

organized luminal/glandular epithelium, stroma, vascularized mucosa, and two-

layered myometrium. Our work describes a time-course in vivo maturation of an 

autologous bioengineered implant that formed native tissue-like structures. The 

results from this study provide promising therapeutic approach to partial uterine 

tissue repair. 
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Introduction 

 

The uterus supports many complex biological functions that are essential for 

mammalian reproduction1. Factors adversely affecting uterine integrity, such as 

congenital anomalies or acquired diseases, may compromise a woman’s ability to 

conceive and/or successfully carry a viable fetus to term2, 3. The absence or non-

function of the uterus, defined as absolute uterine factor infertility (AUFI), affects 1 

in 500 women of childbearing age4. Approximately 6% of women undergoing 

infertility treatments in the United States have a dysfunctional uterus5. Despite 

advancements in assisted reproductive technologies, AUFI remains one of the 

main unsolved disorders affecting conception.  

 

Allogeneic uterus transplantation is currently under investigation as an alternative 

treatment for AUFI6-8. Since 2014, live births have been reported in women who 

received transplanted uteri9, 10. Although it does require donors and the use of anti-

rejection therapies, uterine transplantation remains a promising treatment11, 12. 

 

Regenerative medicine and tissue engineering technologies have emerged as an 

attractive option for overcoming donor organ shortages and transplantation-related 

limitations13. To this end, scientists are exploring the use of the patient’s own cells 

combined with biomaterials for augmentation or replacement of diseased or 

damaged tissues and organs. The advantages of creating tissue substitutes using 

autologous cells sources include minimizing the risks of systemic immunological 
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reactions, donor grafts availability, and disease transmission. Regenerative 

medicine techniques have already enabled the implantation of bioengineered 

tissues and organs such as bladders14, blood vessels15, 16, urethras17, and 

vaginas18 in human patients.  

 

In this study, we investigated the in vivo development of autologous engineered 

uterine constructs using a rabbit model. Rabbits have long been used in 

reproductive biology research and are ideal for uterine tissue regeneration studies 

as they have a relatively large uterus compared with other laboratory animals, with 

two separated functional uterine horns and cervices, each with a capacity to carry 

a pregnancy19. Our goal was to examine the ability of autologous tissue-

engineered uterine implants to develop uterine tissue structures in vivo as a 

potential strategy for partial uterine tissue repair. 

 

Materials and Methods 

Animal Protocol. All animal experiments were performed with the approval of the 

Institutional Animal Care and Use Committee and in accordance with all federal 

guidelines. Rabbits were euthanized according to the guidelines set forth by the 

American Veterinary Medicine Association.  

 

Experimental design. A schematic representation of the study design is depicted 

in Figure 1. Female New Zealand rabbits (3.5-4 kg) were purchased from Charles 

River Laboratories (Wilmington, MA) and single-housed at the Wake Forest 
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University animal facility. They were fed standard rabbit chow (Purina, Largo, FL), 

received water ad libitum, and were kept in rooms with automatically controlled 

temperature (22.0 +/– 0.1°C) and light-dark cycles (14 hours of light and 10 hours 

of dark). A total of 36 rabbits underwent full excision of one uterine horn. Rabbits 

later had a subtotal excision of their remaining uterine horn, and were assigned to 

four groups: 1) a tissue-engineered uteri group (n=9) where the subtotal excision 

was repaired with an autologous cell-seeded scaffold- in this group, autologous 

primary uterine cells that were isolated from the initially retrieved tissue were 

expanded and seeded onto semi-circular-shaped biodegradable polymer scaffolds 

composed of poly-DL-lactide-co-glycolide (PLGA)-coated polyglycolic acid (PGA); 

2) a non-seeded scaffold group (n=9), where the subtotal excision was repaired 

with a polymer scaffold only; 3) a subtotal uterine excision-only group (n=9), where 

the subtotal excision was repaired by suturing the remaining edges together; 4) 

and a normal control group (n=9), where animals underwent a sham laparotomy.  

 

Engineered uterine constructs fabrication. The fabrication of engineered 

uterine construct was performed as previously described in Chapter II. Constructs 

were incubated in serum-free media for 24 hours before implantation. Non-seeded 

scaffolds were prepared for implantation identically to that of the cell-seeded 

scaffolds except without the addition of cells. The average time elapsed between 

uterine tissue harvest and engineered uterine construct implantation was 38 ± 5.9 

days. 
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 Engineered uterine constructs implantation. Under general anesthesia, 

animals were prepared for aseptic surgery, and a lower midline incision was 

performed to expose the uterus. A semi-circular full-thickness segment of 6-8 cm 

in length (depending on individual differences in the recipient uterus) was excised 

from the remaining uterine horn, retaining 2-3 mm of the native tissue at the 

mesometrium side, and 0.5-1 cm in length of the native proximal and distal 

segments for anastomosis. Uterine implants were sutured in place using a simple 

interrupted pattern with 6-0 Vicryl® sutures (Ethicon) to restore the uterine horn 

shape. In the uterine subtotal excision-only group, the residual native uterine tissue 

was closed using 6-0 Vicryl® sutures with no construct implanted. Non-absorbable 

tag sutures (6-0 Prolene® suture, Ethicon) as well as small titanium clips 

(HorizonTM; Teleflex) were placed proximally, distally, and longitudinally to the 

anastomotic sites for future identification of the operated area. Upon completion of 

the implantation procedure, the uterus was inserted back into the abdomen and 

the incision was closed. In the normal control group, rabbits underwent a sham 

laparotomy wherein the uterine horn was exposed and returned to the abdominal 

cavity, followed with incision closure. All animals were transferred to their housing 

units upon anesthetic recovery, where they were administered analgesics and 

provided appropriate post-operative care.  

 

Morphohistological analyses of engineered uterine implants. A total of 36 

animals were sacrificed at 1, 3, and 6 months after uterine reconstruction surgery 

for morphological and histological analyses (n=3 per experimental group per time 
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point). Prior to euthanasia, hysterograms were performed under fluoroscopy to 

assess uterine cavity outline. Animals were anesthetized, placed on a fluoroscopy 

table, and diluted (1:10) contrast medium (Conray®, iothalamate meglumine 

injection U.S.P. 60%) was instilled into the uterine cavity through the cervical canal 

via a cannula. Digital fluoroscopic images were acquired using the Siremobil 

compact L system (Siemens).  

 

Tissue samples from the engrafted area were retrieved for histological assessment. 

Specimens were fixed in 10% neutral buffered formalin for 48 hours, processed 

(ASP300S; Leica Biosystems), and paraffin-embedded (EG1160; Leica 

Biosystems). Serial paraffin cross-sections (7 µm) were prepared and either 

stained with hematoxylin and eosin (H&E) using an automated stainer (ST5010 

autostainer XL; Leica Biosystems) or Masson’s Trichrome (MT). Three slides 

containing cross-sections from the retrieved tissues (n=3 per experimental group 

per time-point) were imaged using a motorized inverted microscope (Olympus 

IX83), and digitized for further morphometric analysis. The endometrial thickness 

was estimated by measuring the points of greatest perpendicular depth (n=4 per 

field) at the anti-mesometrial area from the luminal surface to the endometrium-

myometrium interface under a magnification of 100×. To determine uterine gland 

abundance, microscopic fields were selected in the lateral and anti-mesometrial 

sides of each section using a 20× objective, and the number of uterine glands was 

calculated per cross-section and normalized per endometrial area. Images 

captured from MT stained slides (under a magnification of 100×) were used to 
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determine the relative content of collagen/connective tissue (blue) and smooth 

muscle (red) in the uterine tissue. The relative collagen content was calculated as 

the total amount of blue stained areas divided by the sum of all red and blue stained 

areas in the regions of interest (ROI) in three high-power fields. The uterine lumen 

and blank areas were subtracted from all calculations for accuracy. For 

immunohistochemistry (IHC), sections were blocked with avidin/biotin kit (SP-

2001; Vector Laboratories) and incubated overnight at 4oC with anti-α-SMA (1:40, 

ab18147; Abcam), anti-uteroglobin (7G4E9, 1:100, ab50711; Abcam), anti-

CD31/PECAM-1 (C31.7, NBP2-15188; Novus biological), anti-estrogen receptor 

alpha (sc-5002; Santa Cruz), and anti-progesterone receptor (sc-811; Santa Cruz) 

separately. Next, biotinylated goat anti-mouse IgG (BA 9200, 1:300; Vector 

laboratories), biotin-streptavidin HRP complex, and DAB chromogen (SK-415, 

ImmPACK DAB substrate kit; Vector Laboratories) were used to develop the 

reaction. CD31-stained slides were used for blood vessel density evaluation. The 

number of CD31-positive stained blood vessels in the endometrium was counted 

from at least 3 selected fields per section under a magnification of 200×. All images 

were analyzed using Olympus cellSens dimension software (version 1.16).  

 

Statistical analysis. All values are expressed as the mean ± standard deviation 

(SD). For comparison of continuous variables across multiple groups, one-way 

analysis of variance (ANOVA) followed by Tukey test were used. Statistical 

analyses were conducted using the R computer software for Windows (version 

3.3.2). A p-value less than 0.05 was considered statistically significant.  
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Figure 1. Study Design. (a) One uterine horn was completely removed from all 

animals for primary uterine cell isolation and expansion. (b) Myometrium- and 

endometrium-derived cells were expanded separately before being seeded onto 

polymer scaffolds composed of poly-DL-lactide-co-glycolide (PLGA)-coated 

polyglycolic acid (PGA). (c) Custom-made semi-circular scaffolds were seeded 

with myometrium-derived cells on the outer surface and endometrium-derived cells 

on the inside in a stepwise fashion. (d) Constructs were allowed to mature in vitro 

for 8-10 days. Non-seeded scaffolds were incubated in vitro with media for the 

same period of time. (e) The single-horn uterus was subtotally excised, and 

animals received either an autologous cell-seeded construct or a non-seeded 

scaffold. In the subtotal excision-only group, the defective uterine segment was 
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closed with sutures. (f) The engrafted horns were retrieved at 1, 3, and 6 months 

after implantation for morphohistological analysis. 

 

Results 

Engineered uterine constructs fabrication and implantation. Semi-circular 

PGA/PLGA scaffolds were custom-made for each animal based on measurements 

taken at the excised uterine horn. The implants size ranged from 6–8 cm in length 

and 2.5 cm in width. Ten million myometrium-derived cells/cm2 were seeded on 

the outer layer of the scaffold and ten million endometrium-derived cells/cm2 were 

seeded on the inside of the scaffold using a sequential seeding method. Constructs 

were in vitro incubated for 9 ± 1.4 days prior to implantation. During surgical 

implantation, rabbits had a subtotal semi-circular excision of their remaining uterine 

horn and received either a cell-seeded construct, a non-seeded scaffold, or had 

the defect repaired by suturing the remaining edges (Fig. 2). Titanium clips were 

used to delineate the margin between the native tissue and the area of scaffold 

implantation. An additional normal control group underwent a sham laparotomy. 

The surgical procedures were uneventful and no major postoperative 

complications were observed during the study. 
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Figure 2. Uterine engineered construct in vivo implantation. (a) Schematic drawing 

of the subtotal uterine excision and scaffold implantation procedures; (a’)  surgical 

excision of one uterine horn and scaffold implantation. (b) Picture of the engrafted 

uterine horn. Black arrows indicate tag sutures and titanium clips inserted at the 

anastomosis; M = mesometrium (native tissue). 

 

Gross findings. Animals were sacrificed at 1, 3, or 6 months after the uterine 

reconstruction surgeries (n=3 per group per time point). During necropsy, 

abdominal organs (bladder, bowel, vagina, fallopian tubes, ovaries, and 

peritoneum) were inspected and no gross pathological abnormalities were 

identified. The uterine engrafted sites were identified in all experimental animals 

by the presence of marking sutures and titanium clips and specimens were 

harvested and submitted for histological analysis. Figure 3 shows gross 

macroscopic findings. At 1 month after surgery, both the tissue-engineered uteri 

and non-seeded scaffold groups showed mild adhesions between the uterus and 
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adjacent organs (bladder and intestine), as well as a partially degraded scaffold 

material in. Animals in the subtotal excision-only group had anastomotic strictures 

and hydrometra in 67% of the retrieved uterine horns. At 3 and 6 months, the 

polymer scaffold material was not visually present in the engineered uteri group or 

in the non-seeded scaffold group. At 6 months, the subtotal excision-only group 

had areas of exposed endometrium and fibrotic scars along the surgical site. 

 

Figure 3. Gross macroscopic findings of the reconstructed uteri at 1, 3 and 6 

months after implantation. Black arrows indicate marking sutures at the surgical 
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anastomosis. White arrow heads indicate presence of a partially degraded scaffold 

material. 

 

At 6 months, contrast medium was instilled into the cervical canal under 

fluoroscopic observation to investigate the morphology of the uterine cavities. 

Serial hysterograms depicted in Figure 4 showed patent cavities with preserved 

tubular configuration in the tissue-engineered uteri group, multiple filling defects 

and marked strictures along the lumen in the non-seeded scaffold group, and 

severe proximal luminal blockage with incomplete contrast filling of the cavity in 

the subtotal excision-only group.   

Figure 4. Hysterograms performed 6 months after implantation. Tissue-

engineered uteri group hysterograms revealed fully distended cavities. Non-

seeded scaffold group had multiple luminal filling defects suggesting adhesions 

and strictures. Subtotal excision-only group had severe luminal obstruction. Black 

arrows indicate uterine filling defects. Yellow arrow head indicates contrast 

extravasation through the catheter insertion opening caused by upstream uterine 

cavity blockage.   
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Histomorphological analyses of engineered uterine implants. Tissue cross-

sections were stained with Masson’s trichrome and used to calculate the relative 

collagen and smooth muscle content in samples retrieved at 1, 3, and 6 months. 

At 1 month post implantation, the scaffold material had partially degraded and 

maintained the luminal cavity structure in animals receiving tissue-engineered 

uterine implants and non-seeded scaffolds (Fig.5a). In contrast, the subtotal 

excision-only group showed abundant granulomatous tissue formation and 

complete luminal stenosis (Fig. 5a). At the anastomosis site, the tissue-engineered 

uteri group had greater full-thickness cellular coverage surrounding the polymer 

fibers with less collagen content than non-seeded scaffold group and subtotal 

excision-only group (37± 5%, 68 ± 4%, 64 ± 4%, respectively; p < 0.01) (Fig. 5d). 

Three months post-surgery, the scaffold material underwent complete 

biodegradation. The tissue-engineered uteri group had developed an epithelial 

lining, distinct stroma, and smooth muscle bundles in the outer layer (Fig 5b). The 

non-seeded scaffold group had epithelial coverage, partially formed stromal layer, 

scarce smooth muscle fibers, and greater collagen content compared to the tissue-

engineered group (61± 5% vs. 39 ± 3%; p < 0.01) and normal controls (61± 5% vs. 

25 ± 2%; p < 0.001) (Fig. 5d). The subtotal excision-only group had an incomplete 

development of the endometrial and myometrial layers and greater collagen 

content than controls (53 ± 3% vs. 25 ± 2%; p < 0.01) (Fig 5b). At 6 months post-

implantation, there were no obvious histologic boundaries between the native 

uterus and the tissue-engineered implants (Fig. 5c). The tissue-engineered uteri 

group formed inner circular and outer longitudinal layers of smooth muscle 
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bundles, with less collagen content than the non-seeded scaffold group (47±1% 

vs. 66 ± 6%; p < 0.05), and higher than the control group (47±1% vs. 25± 2%; p < 

0.05) (Fig. 5d).  
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Figure 5. Histological analysis of Masson’s trichrome stained cross-sections from 
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reconstructed uterine segments retrieved at 1, 3, and 6 months post-surgery. (a) 

At one month post-implantation, the polymer material (black arrow heads) was 

partially degraded in the tissue-engineered uteri and non-seeded scaffold groups. 

The subtotal excision-only controls showed abundant granulomatous tissue 

accompanied by luminal strictures. (b) At three months, the polymer material was 

completely resorbed. Distinct myometrium and endometrium structures developed 

in the tissue-engineered uteri group. (c) Six months after surgery, the seeded 

constructs showed organized tissue structures with native-like endometrium and 

myometrium layers, while the non-seeded scaffolds formed a thin uterine wall, and 

the subtotal excision-only controls failed to restore all uterine tissue layers. (d) 

Statistical analysis of the relative collagen content (under a magnification of 100×) 

demonstrated that the tissue-engineered uteri group formed less fibrotic tissue 

over time than the non-seeded scaffold group. Masson’s trichrome staining: blue, 

collagen/connective tissue; red, smooth muscle. Black arrows indicate the 

interface between the native uterine tissue and surgical area. Error bars, mean ± 

SD. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bars 500 µm and 200 µm. 

 

We investigated the distribution of smooth muscle bundles using immunostaining 

for αSMA at 3 and 6 months after implantation. The tissue-engineered uteri group 

formed denser smooth muscle bundles overtime compared to the other groups, 

with native-like double-layered arrangement (Fig. 6). 
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Figure 6. Immunohistochemical staining for α-SMA at 3 and 6 months after 

implantation. Scale bars 50 µm. 

 

We also evaluated the neo-uterine mucosa tissue structure regarding 

neovascularization, endometrium thickness, and gland density. CD31 

immunostaining was used to identify blood vessels within the endometrium layer 

(Fig. 7). Blood vessel density in the tissue-engineered uterine group was 

comparable to controls (29.9 ± 2.6 vs. 30.1± 2.3, respectively; p =0.95), and 

significantly greater than the non-seeded group and the subtotal excision-only 

group (29.9 ± 2.6, 8.8 ± 1.2, 7.3 ± 0.9, respectively; p < 0.001).   
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Figure 7. Neovascularization of the uterine mucosa 6 months after implantation. 

(a) Immunostaining for CD31 indicates positive endothelial cells in the capillaries 

and lining of mature blood vessels. (b) Quantitative analysis of blood vessel 

density per field under a magnification of 200× showed greater endometrium 

neovascularization in tissue-engineered uteri group than the non-seeded group 

and the subtotal excision-only group. Scale bar 50 µm. Red arrows indicate blood 

vessels. Error bars, mean ± SD. *** p < 0.001. 
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H&E cross-sections were used to measure endometrium thickness and gland 

density per field (Fig.8).The tissue-engineered uteri group formed native-like 

epithelial crypts (Fig. 8a,a’) and had greater endometrium thickness than the non-

seeded scaffold group and the subtotal excision-only group (315.6 ± 129.5 µm, 

166.6 ± 48.1µm, 167.1 ± 65.3 µm, respectively; p<0.01) (Fig. 8b). Although the 

endometrium layer in the tissue-engineered uteri group was thinner than that of 

controls (469.7± 79.7 µm; p < 0.01), it had comparable gland density (5.32 ± 3.5 

vs. 5.36 ± 1.1, respectively; p = 0.98) (Fig. 8 b, c).  

Figure 8. Histomorphometrical analysis of the neo-uterine mucosa at 6 months 

after implantation. (a, a’) Hematoxylin-eosin (H&E) cross-sections of uterine horns. 
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(b) Analysis of the average endometrial thickness measured at the points of 

greatest perpendicular depth under a magnification of 100× showed that the 

tissue-engineered uteri group formed thicker inner layer than the non-seeded 

scaffold group and the subtotal excision-only group. (c) Average number of 

endometrial glands per field using a 20× objective showed that the endometrial 

gland density was comparable between the tissue-engineered uteri group and 

normal controls. Black arrowheads indicate the interface between the native 

uterine tissue and engrafted site; Scale bar (a) 500µm; (a’) 100 µm. Error bars, 

mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

We further investigated the in vivo structural maturation of the endometrium layer 

in the tissue-engineered uteri using IHC staining for key hormone receptors. We 

confirmed that the expression of estrogen receptor alpha (Fig. 9a), progesterone 

receptor (Fig. 9b), as well as uteroglobin (Fig. 9c), which is a specific intrauterine 

protein involved in blastocyst development, had a similar pattern than that of native 

controls.   
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Figure 9. Immunohistochemical staining of functional markers in the tissue-

engineered uteri at 6 months after implantation. (a,d) Estrogen receptor alpha 

positive cells in the endometrium and myometrium layers. (b,e) Progesterone 

receptor expression in epithelial and stromal cells (c,f) Uteroglobin expression 

showed the presence of secretory glands structure in the engineered uteri. Scale 

bar: 100 µm, 100 µm, 20 µm, respectively. LE: luminal epithelium. GE: glandular 

epithelium. 

 

Collectively, these results indicate that the tissue-engineered uteri group formed 

patent lumina with neovascularized native uterine tissue-like structures. In 

contrast, the non-seeded scaffold group had a sparse cellular structure and lumen-
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occlusive scar formation. Histological features found in the subtotal excision-only 

group showed a poorly formed uterine structure, consisting primarily of scar tissue. 

  

Discussion 

 

We report a regenerative medicine-based approach to create a bioengineered 

uterine-like tissue structures in a rabbit model. Our results demonstrate that an 

autologous cell-seeded bioengineered uterine implant develops all uterine tissue 

layers, including a vascularized endometrium with secretory gland structures and 

2-layered myometrium, within 6 months after implantation in a subtotally excised 

rabbit uterine horn.  

 

A variety of biomaterials have been tested for reconstruction of small segments of 

the uterus in rodents including decellularized rat uterine matrix20-22, peritoneal-

derived myofibroblast-rich capsules23, mouse endometrial cell sheet24, and 

collagen membranes either loaded with collagen-binding human basic fibroblast 

growth factor25, or stem cells26, 27. We used a biodegradable polymer scaffold 

composed of PGA/PLGA-coated. These synthetic materials have been widely 

used as scaffolds for tissue engineering applications, are Food and Drug 

Administration-approved for human application, and are suitable for reconstructive 

surgery in selected patients14, 17.  
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The inherent regenerative capacity in rodent tissues, including complex solid 

organs, is well known, as it has been shown that normal regeneration can occur 

across small distances using just matrices alone, without the need for transplanted 

cells, as the cells from the native tissue in-vivo can fill in defects of up to 0.5 cm 

from any edge28. Therefore, larger animal models, where one can replace critical-

sized defects with engineered constructs, are important in highlighting potentially 

clinically relevant regeneration. Our findings in a rabbit model demonstrate that the 

intrinsic regenerative mechanisms alone do not support functional restoration of 

uterine tissue layers following a large excision. 

 

Our strategy for bioengineering functional tissues using autologous primary cells 

seeded onto biodegradable scaffolds to replace clinically relevant defects has 

been effectively explored in preclinical studies29-33, and ultimately applied 

successfully in human patients to restore function in hollow organs such as the 

bladder14, urethra17, and vagina18. We are now following the same strategy for 

engineering uteri.  

 

Our findings correlated to both the seeding status of the constructs and the length 

of in vivo maturation. A major unanswered question in tissue engineering is 

whether cells in a maturing bioengineered tissue originate from the seeded 

scaffold, are derived from host tissue, or both. The answer to this question might 

be organ specific and has far-reaching practical implications in regenerative 

medicine overall. The identification of adult progenitor/stem cells in both human 
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and mouse uteri suggests that these cells play a role in uterine physiology and 

tissue repair34. Clearly, the autologous seeded cells played an important role in 

uterine regeneration, as only cell-seeded constructs developed functional uterine 

structures. They might have signaled surrounding uterine stem cells or circulating 

cells to migrate into the construct, acted as space fillers until the host cells 

infiltrated in, or participated in the maturation of the neo-uterine tissue. However, 

these hypotheses and the mechanisms involved in these processes were not 

tested in this study. Investigations that utilize differentially labeled endometrium 

and myometrial primary cells should be conducted to determine their distribution 

within the scaffold and respective contribution to the neo-uterine tissue formation.  

 

Conclusions 

We applied regenerative medicine principles to develop functional autologous 

bioengineered uterine tissues in a rabbit model of a subtotal uterine defect. Our 

findings introduce a new method for creating uterine tissue substitutes and their 

functionality should be further investigated in reproductive studies.  
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CHAPTER IV 

 

FUNCTIONAL STUDIES OF A BIOENGINEERED UTERINE TISSUE 

 

 

ABSTRACT 

Bioengineering strategies have demonstrated the potential to treat uterine factor 

infertility. Critical to their success is the development of native tissue-like 

functionality. The objective of this study is to evaluate the functionality of 

autologous cell-seeded polymer-based uterine implants in a rabbit model. Primary 

uterine cells were isolated, expanded ex vivo, and seeded onto poly-DL-lactide-

co-glycolide-coated polyglycolic acid biodegradable scaffolds. Constructs were 

implanted in a subtotal excised uterine horn. At 6 months post-implantation, cell-

seeded engineered tissue strips generated in vitro smooth muscle contractile 

responses to uterotonic agents similar to those of native uterine tissue strips.  

Importantly, animals harboring bioengineered uterine tissue implants supported 

fetal development until late-stage as well as live births following natural mating. 

Our findings indicate that a bioengineered implant can mature in vivo into a neo-

uterine tissue with native-like function. The results from this study provide 

promising therapeutic approach to partial uterine tissue repair and should be 

further investigated for its translational potential applicability. 
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Introduction 

 

Research on uterine regeneration is advancing towards the creation of a functional 

bioengineered uterine tissue. Tissue engineering technologies have been applied 

to develop models that enhance the understanding of uterine cell-cell interaction 

and tissue function under normal and pathological conditions. Uterine tissue 

strcutures1-5 and their coordinated contractions6 have been described in in vitro 

models. Studies focusing on engineering partial uterine patches for organ 

reconstruction have achieved successful conception and pregnancy in small 

animal models7-14. However, relatively little is known about the contractile 

properties of the tissue-engineered neo-uteri generated to date. In order to support 

normal conception, implantation, gestation, and birth, it is imperative that 

appropriate tissue structures and biomechanical properties are achieved in vivo. 

  

Previously, we described the in vivo development of a bioengineered uterine tissue 

in a rabbit model. The engineered constructs maintained luminal patency, became 

vascularized, and developed endometrium and myometrium structures and 

phenotypes at 6 months following implantation. The objective of this study was to 

evaluate the in vitro contractile activity of the bioengineered uterus and its ability 

to support late-stage pregnancy.  
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Materials and methods 

Animal Protocol. All animal experiments were performed with the approval of the 

Institutional Animal Care and Use Committee and in accordance with all federal 

guidelines. Rabbits were euthanized according to the guidelines set forth by the 

American Veterinary Medicine Association.  

 

Experimental design. Female New Zealand rabbits (3.5-4 kg) were purchased 

from Charles River Laboratories (Wilmington, MA) and single-housed at the Wake 

Forest University animal facility. They were fed standard rabbit chow (Purina, 

Largo, FL), received water ad libitum, and were kept in rooms with automatically 

controlled temperature (22.0 +/– 0.1°C) and light-dark cycles (14 hours of light and 

10 hours of dark). A total of 54 rabbits underwent full excision of one uterine horn. 

Rabbits later had a subtotal excision of their remaining uterine horn, and were 

assigned to four groups: 1) a tissue-engineered uteri group (n=17) where the 

subtotal excision was repaired with an autologous cell-seeded scaffold- in this 

group, autologous primary uterine cells that were isolated from the initially retrieved 

tissue were expanded and seeded onto semi-circular-shaped biodegradable 

polymer scaffolds composed of poly-DL-lactide-co-glycolide (PLGA)-coated 

polyglycolic acid (PGA); 2) a non-seeded scaffold group (n=17), where the subtotal 

excision was repaired with a polymer scaffold only; 3) a subtotal uterine excision-

only group (n=7), where the subtotal excision was repaired by suturing the 

remaining edges together; 4) and a normal control group (n=10), where animals 

underwent a sham laparotomy. 
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Engineered uterine constructs fabrication and implantation. The fabrication 

and implantation of engineered uterine construct was performed as previously 

described in Chapters II and III.  

 

In vitro contractility assays. To determine the contractile responses of neo-

uterine tissues, pharmacological testing was conducted in a tissue bath system at 

6 months after implantation in nonpregnant and pregnant uterine tissue strips. Full-

thickness tissue strips of approximately 1 x 0.5 cm (L x W) were harvested from 

the engrafted site of each uterine horn.  All strips were mounted immediately after 

removal in an organ bath system (Danish Myo Technology, Aarhus, Denmark). 

The two ends of the strips were secured with nylon threads and suspended 

vertically in a longitudinal orientation in a 40 mL glass chambers containing Krebs-

Henseleit solution (K4002; Sigma-Aldrich) supplemented with 0.35g/L of CaCl2 

and 1.7 g/L of NaHCO3, aerated with 95% oxygen and 5% carbon dioxide at 37˚C. 

One end of the strip was attached to a static platinum hook and the other to an 

isometric force transducer. Samples were stretched to 1 g tension, allowed to 

equilibrate for 60 minutes, and washed with fresh Krebs solution. The system was 

calibrated before each experiment. Each organ bath study was started by exposing 

strips to 60 mM of potassium chloride (KCl) (AA43398AK; Fisher Scientific), a 

nonspecific activator of contraction, to confirm smooth muscle viability. High K 

depolarizes the smooth muscle cell membrane and opens voltage dependent 

calcium channels, resulting in an influx of extracellular calcium which leads to 

activation of contractile machinery. Viable nonpregnant uterine strips were 
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exposed first to cumulative concentration of phenylephrine (10-7 to 10-3.5 M) 

(76014-004-33; Éclat Pharmaceuticals) and then to oxytocin (10-7 – 10-4.5 M) 

(O4375; Sigma-Aldrich). Cumulative concentrations were added at half 

increments.  Viable pregnant uterine strips were challenged with three different 

concentrations of oxytocin (10-7 M, 10-5.5 M, and 10-4.5 M). Samples were washed 

three times with fresh Krebs between exposures to different agonists and allowed 

a 20-minute equilibration period before each experiment. All uterine tissue strips 

were exposed to a second KCl challenge at the end of the assay. Tension was 

measured continuously and the mean contractile force (MCF) expressed in 

milinewtons (mN) was used as an index of contractility. The effects of 

phenylephrine and oxytocin were expressed as percentage of the mean MCF 

generated by the KCl challenges (average responses measured at the beginning 

and end of the assay). Concentration-response curves were generated for each 

group to determine the half-maximal effective concentration (EC50). The isometric 

forces recorded are considered to originate from the longitudinal smooth muscle 

layer. Drug concentrations are expressed as final concentrations in the bath and 

all drugs were diluted in distilled water immediately prior to use. 

 

In vivo reproductive study. Pregnancy studies were conducted in 42 rabbits. 

Animals were assigned to four groups: the tissue-engineered uteri group (n=14), 

non-seeded scaffold group (n=14), subtotal uterine excision-only controls (n=7), 

and normal controls (n=7). Rabbits were naturally mated with fertile New Zealand 

male rabbits 6 months after undergoing the scaffold implantation procedure. 
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Mating occurred in a breeding cage and was confirmed by observing male 

mounting behavior and the presence of sperm in vaginal smears. The mating day 

was considered gestation day zero, and the presence of fetuses was confirmed on 

standard radiographs taken at day 29-30. Pregnant rabbits were scanned using a 

computed tomography (CT) system (Aquilion 32; Toshiba) with a three-

dimensional body image reconstruction system to determine the fetus' positions in 

relation to the titanium clips placed around the implants. 

 

Rabbit delivery/Cesarean section. On day 29-30 of gestation, rabbits were 

administered buprenorphine (0.03 mg/Kg intramuscular) for sedation, and general 

anesthesia was induced and maintained while the animals were on a ventilator 

with inhaled isoflurane (2–5%) and oxygen. Following a midline laparotomy, the 

pregnant uterus was exposed and examined for the number of fetuses in relation 

to the engrafted site and uterine location. The viability and body weights of the 

delivered offspring were assessed at birth. All animals were euthanized following 

surgical delivery, and a gross morphopathological analysis of the offspring was 

conducted by an independent pathologist.  

 

Statistical analysis. Contractile force data were acquired using LabChart 8.0 

(ADInstruments, Sydney, Australia) and analyzed using GraphPad Prism 8.0 for 

Windows (GraphPad Software, San Diego CA). Concentration-response curves 

were generated using a four-parameter nonlinear regression. The data were 

compared by one-way analysis of variance (ANOVA) or two-way ANOVA followed 
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by the Tukey multiple comparisons test. Reproductive outcomes were compared 

by Fisher’s exact test or one-way ANOVA and corrected for multiple comparisons. 

Statistical analyses were conducted using the R computer software for Windows 

(version 3.3.2).  A p-value less than 0.05 was considered statistically significant. 

 

Results 

In vitro contractility responses in nonpregnant uterine strips. Contractile 

responses of the neo-uterine tissue are critical for successful functional 

regeneration. Full-thickness uterine tissue strips were harvested from animals in 

the tissue-engineered uteri group (n=3), non-seeded scaffold group (n=3), and 

normal control group (n =3) at 6 months after construct implantation. Samples were 

connected to an organ bath system to record the isometric tension (Fig. 1a). The 

MCF generated after KCl challenges were similar in the tissue-engineered uteri 

group and controls (47.57 ± 2.4 mN and 40.78 ± 10.7 mN, respectively; p = 0.58); 

and was significantly lower in the non-seeded group (18.28 ± 3.8 mN; p < 0.05) 

(Fig. 1b).  
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Figure 1. In vitro contractility study. (a) Organ bath system. (b) Contractile 

responses of the longitudinal layer of non-pregnant uterine strips to two exposures 

to 60 mM of KCl. Strips in the non-seeded group had a weaker contractile response 

to KCl. Data are mean ± SEM. Kruskal-Wallis one-way analysis of variance 

followed by a Dunn post hoc test (n=3/group). * p < 0.05. MCF, mean contractile 

force; KCl, potassium chloride. 

 

The maximum relative MCF (%KCl) generated by cumulative concentrations of 

phenylephrine were similar in the tissue-engineered uteri group and controls 

(151.9 ± 24.4% and 158.3 ± 48.9%, -logEC50 5.3 ± 0.5 and 5.2 ± 0.8, respectively; 

p = 0.7) (Fig. 2a). The non-seeded group strips had a significantly lower maximum 

relative MCF response than the other experimental groups (94.9 ± 10.8%, -logEC50 
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4 ± 0.5; p < 0.0001). Both the tissue-engineered and non-seeded groups had 

weaker contractile responses to progressive concentrations of oxytocin compared 

to those of controls, and fail to generate a response curve (Fig. 2b). The maximum 

relative MCF generated by the non-seeded uterine tissue strips (8.3 ± 5.4%) was 

significantly lower than that of controls (42.6 ± 13.5%; p < 0.05) and comparable 

to the tissue engineered uterine group (15.7 ± 8.6%; p = 0.8) .  

 

 

 

Figure 2. Phenylephrine and oxytocin-induced contractile responses on the 

longitudinal layer of non-pregnant neo-uterine tissue strips at 6 months. Values are 
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means ± SEM. MCF, mean contractile force; KCl, potassium chloride. (n=3 per 

group). *, p < 0.05; * *, p < 0.01;***, p < 0.001. 

 

Pregnancy outcomes. To investigate the in vivo reproductive function of the 

bioengineered uterus, we conducted studies using fertile males for natural mating 

starting 6 months after performing the uterine reconstruction procedure. Forty-two 

rabbits were used for these investigations. Animals were assigned to four groups: 

the tissue-engineered uteri group (n=14), non-seeded scaffold group (n=14), 

subtotal uterine excision-only controls (n=7), and normal controls (n=7). The 

reproductive outcomes are depicted in Table I. Pregnancies were confirmed 29-30 

days post- successful mating (identifying sperm within the vagina following mating) 

by visualizing fetal bone formation with standard x-rays. The locations of the 

fetuses within the uteri (relative to the titanium clip-demarcated segments) were 

determined using computed tomography (CT) (Fig. 3a), which was then confirmed 

macroscopically during surgical delivery (Fig. 3b-d). While pregnancies occurred 

in all 4 groups of rabbits, only those receiving the tissue-engineered construct had 

pregnancies within the reconstructed segment of the uterus (4/10 rabbits, p<0.05 

vs. other groups). There was no difference in the average body weights of 

delivered fetuses arising in the tissue-engineered segments and native uterine 

tissue, and their body weights were comparable to normal controls (p = 0.994). 

Additionally, no major congenital malformations were found at necropsy (Fig. 3e). 

The average number of offspring was lower in all experimental groups than in the 

normal controls (p ≤ 0.001). All the pregnancies identified in the non-seeded group 
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and partial excision-only group occurred in the proximal native segment (cervical 

end). Non-viable pregnancy rates were 100% (1/1) in the subtotal excision-only 

controls, 28.6% (2/7) in the non-seeded scaffold group, 10% (1/10) in the tissue-

engineered uteri group, and none in normal controls.  

These results indicate that the tissue-engineered uterine implants were able to 

achieve uterine reproductive function by supporting pregnancies and live births. 
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Figure 3. Fetal development site identification at day 29-30 post mating in a single-

horn pregnant uterus. (a) Computed tomography image of a fetus within the tissue-

engineered uterus, demarcated by the titanium clips. (b, d) Pregnancies in the 

tissue-engineered uteri group at birth. ( b’, d’) Close-up images of titanium clips 

and marking sutures indicating fetal development within the bioengineered 

segment. (c) Gross appearance of a newborn from a tissue-engineered uterus. 

Yellow arrows indicate titanium clips. Black arrows indicate titanium clips and non-
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absorbable sutures at the margins of the engrafted site. V: vagina. Scale bar: 1 

cm. 

 

In vitro contractility responses in pregnant uterine strips. At the time of 

surgical delivery, tissue strips were obtained from the engrafted segment and 

prepared for isometric recording of the contractions. Myometrium contractility was 

recorded in 15 tissue strips from the tissue-engineered group, 12 from the non-

seeded group, and 15 from the controls. The MCFs in response to the KCl 

challenges were similar in the tissue-engineered and control groups (61.4 ± 5.1 

mN and 68.5 ± 5.4 mN, respectively; p = 0.6). The non-seeded group had a 

significantly weaker response than the tissue-engineered group (35.7 ± 5.6 mN; p 

< 0.01) and controls (p < 0.001).     

 

When comparing oxytocin-induced responses, uterine contractility in the tissue-

engineered group remained significantly higher than in the non-seeded group at 

10-5.5 M (89.1 ± 4.5 % vs. 30.8 ± 7.6%; p < 0.0001) and 10-4.5 M (101.2 ± 4.6% vs. 

53.5 ± 13%; p < 0.001) and were similar to those of controls ( 23.7± 9.7%; p  = 

0.99; 85.2± 11%; p = 0.93; 102.1 ± 10.2%; p = 0.99, respectively). 
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Figure 4. Contractile responses of pregnant uterine tissue strips. (a) Mean 

contractile responses to two exposures to 60 mM of KCl.(b) Oxytocin-induced 

contractile responses. Kruskal-Wallis one-way analysis of variance followed by 

Dunn post hoc test * p < 0.01, ** p < 0.001, *** p < 0.0001. Data are mean ± SEM. 

MCF mean contractile force; KCl, potassium chloride. 
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Discussion 

 

We report a regenerative medicine-based approach to create functional neo-

uterine tissues in a rabbit model. Our results demonstrate that autologous cell-

seeded bioengineered uterine implants develop in vitro contractile responses 

comparable to those of native tissue and support late-stage pregnancies with live 

births after 6 months of in vivo uterine reconstruction.    

 

The uterus possesses complex biomechanical functionality that changes 

throughout the course of pregnancy15. Uterine functions are conducted by the two 

main compartments: the endometrium (luminal mucosa) and myometrium (thickest 

outer layer). The endometrium is essential for the establishment of uterine 

receptivity, embryo implantation, and pregnancy, while the myometrium is 

responsible for force development and contraction. Remodeling of the uterus 

occurs during the reproductive cycle, pregnancy, and parturition. During 

pregnancy, regional anatomical changes are observed including loss of junctional 

integrity in the epithelium16, stroma decidualization, and the thinning of the 

myometrial thickness in the lower uterine segment17. A human uterus increases in 

size from an average weight of approximately 60 g pre-pregnancy to 1000 g at 

term18; moreover, the mechanical requirements of the uterus are complex, as the 

tissue must both support fetal growth and be capable of undergoing synchronized 

and forceful contractions during labor.  
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 Most polytocous species, including rabbits, have well-defined inner circular and 

outer longitudinal myometrial layers. During uterine contraction, unopposed 

shortening of the circularly oriented layer constricts the lumen, whereas 

unopposed shortening of the longitudinal outer muscle layer shortens the length of 

the organ. Rabbit uterine contractile activity is modulated by a broad array of 

agents, including oxytocin19-21 and alpha adrenergic agonists22. Our results 

indicate that nonpregnant bioengineered uterine strips have similar in vitro 

longitudinal layer phenylephrine-induced contractile responses to controls, and 

can generated higher MCFs than non-seeded strips. However, nonpregnant strips 

from the non-seeded and tissue-engineered group had poor in vitro contractile 

responses to high concentrations of oxytocin. On the other hand, pregnant 

bioengineered uterine tissue strips were more sensitive to oxytocin than non-

seeded strips and had native-like contractile responses. Oxytocin and 

phenylephrine work through different receptors which expression is regulated by 

gonadal steroids22-24. Therefore, our findings suggest low expression or decreased 

activity of oxytocin receptors on nonpregnant uterine tissue strips.  

 

Our reproductive outcomes showed that only the tissue-engineered uterine 

segment supported fetal development to term and viable live births after natural 

mating, similar to those in control rabbits. The advantages of using rabbits for 

reproductive studies include: 1) females are always in estrus and ovulation is 

induced by mating, resulting in an exactly defined pregnancy stage, 2) they have 

a short reproductive cycle (pregnancy lasts for 31 days), and 3) placental 
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morphology and function are similar to humans25.Leporine early embryo 

development differs from that of rodents, as the first contact with a receptive 

endometrium occurs in the anti-mesometrial side at the time of blastocyst 

attachment, and a displacement over the mesometrial side subsequently occurs 

where the placenta eventually develops26. CT imaging and macroscopic findings 

at delivery confirmed placentation within the tissue-engineered segment. 

Moreover, offspring from the tissue-engineered uteri were well-formed and had 

body weights comparable to those of the normal controls at birth. Even though the 

number of fetuses per pregnancy was lower than in the normal controls, the overall 

reproductive function of the tissue-engineered uteri was re-established, as viable 

pregnancies occurred in both the reconstructed and native uterine segments. The 

poor reproductive outcomes observed in the non-seeded scaffold group and 

subtotal excision-only group are likely due to incomplete development of all uterine 

tissue structures. Our findings demonstrate that the intrinsic regenerative 

mechanisms alone do not support functional restoration of uterine tissue layers 

following a large excision. 

 

It has been proposed that the growth of the fetus inside the uterus applies tension 

to the uterine wall and, in conjunction with endocrine factors, triggers the onset of 

labor27. While in this study uterine activity or labor-induced contraction were not 

investigated in vivo, our in vitro contractile studies provide insights into the 

functionality of the bioengineered uterus at term.   
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Potential limitations of the current study should be noted. First, due to size 

constraints of the samples, isometric contraction studies were only performed 

along the longitudinal axis of the uteri. Second, the circulating concentration of 

estradiol, progesterone, and oxytocin, which may affect agonist receptor activity, 

were not assessed at the time of tissue harvest. Third, we were unable to assess 

the bioengineered uterine tissue responses during earlier stages of pregnancy. In 

future studies, the endometrium or decidual layer may be removed from the uterine 

strips to determine their relative contribution to the contractile responses and 

pregnancies may be induced by transferring a set number of embryos for early 

reproductive outcomes comparisons. 

 

Conclusion 

 

Larger animal models, in which replacing critical-sized defects with engineered 

constructs is possible, are important for identifying potentially clinically relevant 

tissue regeneration and reestablishment of organ function. Our findings introduce 

a method for creating functional autologous tissue substitutes to treat partial 

uterine defects. Further preclinical studies are needed to investigate the function 

of the bioengineered uterus at various stages of pregnancy and to perform long-

term follow-up of the delivered offspring.  
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Table I. Reproductive outcomes comparisons among experimental groups. 

Outcomes Tissue engineered uteri 

group (n=14) 

Non-seeded scaffold 

group (n=14) 

Subtotal excision-only 

group (n=7) 

Normal 

controls 

(n=7) 

p-value 

Uterine Segment Engineered  Native  Scaffold  Native  Operated Native Native 
 

Pregnancy rate 4/14, 28.5%g 6/14, 42.8% g 0/14, 0% 7/14, 50% 0/7, 0% 1/7, 14.3% 7/7,100% e,f < 0.01 b 

Term delivery  3/4, 75% 6/6, 100% 0/14, 0% 5/7, 71.4% 0/7, 0% 0/1, 0% 7/7, 100% 0.093 b 

Average litter per 

pregnancy a 

1 1.4 ± 0.8 N/A 1 N/A 1 3.9 ± 1h,f ≤ 0.001c 

Offspring average 

body weight  at 

birth (g) 

46.7 ± 9.5 42.6 ± 9 N/A 44 ± 11 N/A N/A 45.5 ± 5.3 0.994 d 

 

a Average litter per pregnancy: the average number of fetuses in a single-horn pregnant uterus.  

 b Fisher exact test,c Kruskal-Wallis test, and d ANOVA test: critical level of significance, p < 0.05. 
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e p < 0.05, Normal controls vs. subtotal excision-only group. 

f p < 0.05, Normal controls vs. non-seeded scaffolds group. 

g p < 0.05, Tissue engineered uteri group vs. subtotal excision-only group. 

h p < 0.05, Normal controls vs. tissue engineered uteri group. 

Data are presented as mean ± SD. 



180 

 

REFERENCES 

 

1. Lu, S.H. et al. Reconstruction of engineered uterine tissues containing 

smooth muscle layer in collagen/matrigel scaffold in vitro. Tissue 

engineering. Part A 15, 1611-1618 (2009). 

2. Schutte, S.C. & Taylor, R.N. A tissue-engineered human endometrial 

stroma that responds to cues for secretory differentiation, decidualization, 

and menstruation. Fertil. Steril. 97, 997-1003 (2012). 

3. Schutte, S.C., James, C.O., Sidell, N. & Taylor, R.N. Tissue-engineered 

endometrial model for the study of cell-cell interactions. Reprod. Sci. 22, 

308-315 (2015). 

4. MacKintosh, S.B. et al. A three-dimensional model of primary bovine 

endometrium using an electrospun scaffold. Biofabrication 7, 025010 

(2015). 

5. Wang, H. et al. A novel model of human implantation: 3D endometrium-like 

culture system to study attachment of human trophoblast (Jar) cell 

spheroids. Mol. Hum. Reprod. 18, 33-43 (2012). 

6. Young, R.C. & Goloman, G. Allo- and xeno-reassembly of human and rat 

myometrium from cells and scaffolds. Tissue engineering. Part A 19, 2112-

2119 (2013). 

7. Campbell, G.R. et al. The peritoneal cavity as a bioreactor for tissue 

engineering visceral organs: bladder, uterus and vas deferens. J. Tissue 

Eng. Regen. Med. 2, 50-60 (2008). 



181 

 

8. Li, X. et al. Regeneration of uterine horns in rats by collagen scaffolds 

loaded with collagen-binding human basic fibroblast growth factor. 

Biomaterials 32, 8172-8181 (2011). 

9. Song, T. et al. Regeneration of uterine horns in rats using collagen scaffolds 

loaded with human embryonic stem cell-derived endometrium-like cells. 

Tissue engineering. Part A 21, 353-361 (2015). 

10. Santoso, E.G. et al. Application of Detergents or High Hydrostatic Pressure 

as Decellularization Processes in Uterine Tissues and Their Subsequent 

Effects on In Vivo Uterine Regeneration in Murine Models. PLoS One 9 

(2014). 

11. Hellstrom, M. et al. Bioengineered uterine tissue supports pregnancy in a 

rat model. Fertil. Steril. (2016). 

12. Miyazaki, K. & Maruyama, T. Partial regeneration and reconstruction of the 

rat uterus through recellularization of a decellularized uterine matrix. 

Biomaterials 35, 8791-8800 (2014). 

13. Ding, L. et al. Transplantation of bone marrow mesenchymal stem cells on 

collagen scaffolds for the functional regeneration of injured rat uterus. 

Biomaterials 35, 4888-4900 (2014). 

14. Hiraoka, T. et al. STAT3 accelerates uterine epithelial regeneration in a 

mouse model of decellularized uterine matrix transplantation. JCI insight 1 

(2016). 

15. Mahmoud, H., Wagoner Johnson, A., Chien, E.K., Poellmann, M.J. & 

McFarlin, B. System-level biomechanical approach for the evaluation of 



182 

 

term and preterm pregnancy maintenance. J. Biomech. Eng. 135, 021009 

(2013). 

16. Aplin, J.D. & Ruane, P.T. Embryo-epithelium interactions during 

implantation at a glance. J. Cell Sci. 130, 15-22 (2017). 

17. Degani, S., Leibovitz, Z., Shapiro, I., Gonen, R. & Ohel, G. Myometrial 

thickness in pregnancy: longitudinal sonographic study. J. Ultrasound Med. 

17, 661-665 (1998). 

18. Hytten, F.E. & Cheyne, G.A. The size and composition of the human 

pregnant uterus. J. Obstet. Gynaecol. Br. Commonw. 76, 400-403 (1969). 

19. Maggi, M. et al. Vasopressin and oxytocin receptors in vagina, myometrium, 

and oviduct of rabbits. Endocrinology 122, 2970-2980 (1988). 

20. Fuchs, A.R. Regulation of uterine activity during gestation and parturition in 

rabbits and rats. Basic Life Sci. 4, 403-422 (1974). 

21. Cross, B.A. On the mechanism of labour in the rabbit. J. Endocrinol. 16, 

261-276 (1958). 

22. Hoffman, B.B., Lavin, T.N., Lefkowitz, R.J. & Ruffolo, R.R., Jr. Alpha 

adrenergic receptor subtypes in rabbit uterus: mediation of myometrial 

contraction and regulation by estrogens. J. Pharmacol. Exp. Ther. 219, 290-

295 (1981). 

23. Nissenson, R., Fluoret, G. & Hechter, O. Opposing effects of estradiol and 

progesterone on oxytocin receptors in rabbit uterus. Proc. Natl. Acad. Sci. 

U. S. A. 75, 2044-2048 (1978). 



183 

 

24. Jacobson, L. et al. Rabbit myometrial oxytocin and alpha 2-adrenergic 

receptors are increased by estrogen but are differentially regulated by 

progesterone. Endocrinology 120, 1184-1189 (1987). 

25. Fischer, B., Chavatte-Palmer, P., Viebahn, C., Navarrete Santos, A. & 

Duranthon, V. Rabbit as a reproductive model for human health. 

Reproduction (Cambridge, England) 144, 1-10 (2012). 

26. Wooding, F.B., G Comparative placentation : structures, functions, and 

evolution. (Springer, Berlin, Heidelberg; 2008). 

27. Shynlova, O., Tsui, P., Jaffer, S. & Lye, S.J. Integration of endocrine and 

mechanical signals in the regulation of myometrial functions during 

pregnancy and labour. Eur. J. Obstet. Gynecol. Reprod. Biol. 144 Suppl 1, 

S2-10 (2009). 

 

 

 

 

 

 

 

 

 

 

 



184 

 

CHAPTER V 

 

APPLICATION OF A BIOENGINEERED UTERINE CONSTRUCT IN 

NONHUMAN PRIMATES 

 

ABSTRACT 

 

Our previous studies in rabbits indicated that an autologous bioengineered uterine 

implant formed uterine tissue-like structures and patent cavities within 6 months 

after implantation, which supported fetal development and live and well-formed 

offspring. In this preclinical pilot study we followed the same strategy and tested 

the feasibility of bioengineering uterine tissue in female baboons (Papio sp), aiming 

to translate this technology to a clinical setting. We utilized baboons due to the 

relatively large size of their uterus and similar anatomy and reproductive 

physiology to humans. Animals had the anterior uterine wall reconstructed with an   

autologous engineered uterine implant and were monitored for changes in the 

menstrual cycle pattern and uterine morphology.  At 14 weeks, we observed 

radiologic evidence of complete resorption of the scaffold material, restoration of 

the uterine cavity lining, thinning of the uterine wall, and wedge-shaped retraction 

at the implantation site. We anticipate that this experimental study can be used to 

predict clinically relevant biological performance of the functionality of the 

bioengineered uterus and inform new therapeutic strategies that could 

meaningfully contribute for the treatment of uterine factor infertility. 
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Introduction 

 

Regenerative medicine has demonstrated its potential to treat female infertility as 

well as to overcome the existing limitations in organ transplantation technologies. 

Focusing on strategies to overcome absolute uterine infertility (AUFI), investigators 

have developed tissue engineered constructs for partial uterine repair using 

different biomaterials and cell sources in murine models1. We conducted proof-of-

concept studies in rabbits that demonstrated successful fabrication and in vivo 

development of functional autologous bioengineered uterine tissues that 

supported full-term pregnancy and viable live births. These outcomes are 

promising and should be further explored in animal models that closely resemble 

human biological systems. In this regard, nonhuman primates (NHPs) are an 

attractive model to advance knowledge before moving this technology towards 

clinical application (Fig. 1). Preclinical studies of NHPs will generate stronger 

evidence of the application of this technology for the treatment of AUFI. 

 

Human beings and NHPs share similarities including upright posture, reproductive 

physiology, uterine histological structure and function, immune function, and risk 

of age-associated diseases2. Like humans, old world NHPs have a menstrual cycle 

and the uterus undergoes a dramatic tissue remodeling including cycles of growth, 

differentiation, degeneration (menses), and regeneration during their reproductive 

life. In these species, the extent of remodeling is more pronounced compared to 

estrous cycling or induced ovulating animals such as rabbits.  Therefore, NHP 
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models of female reproductive diseases offer unique opportunities to generate 

complementary data to bridge translational research.   

 

Figure 1. Translational pathway for bioengineering strategies to treat uterine 

infertility.  

 

We are currently investigating the use of an autologous cell-seeded engineered 

uterine implant in a preclinical pilot study using large NHPs such as baboons 

(Papio sp.). The relatively large size and similar uterine anatomical shape are the 

main advantages of this genus of NHPs3. The characteristics of the menstrual 

cycle in baboons are very similar to those of women, except that it is slightly longer; 

and the duration of pregnancy is about two-thirds that of humans4. Additionally, 
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baboons breed with high fertility rates in captivity and have been widely used for 

preclinical studies investigating uterine pathologies, endometriosis, and uterus 

transplantation 5-18.  

 

The aim of this ongoing study is to test the feasibility of implanting an autologous 

cell-seeded engineered construct to repair a full-thickness partial excision of the 

anterior uterine wall. Our goal is to optimize scaffold design, NHP primary uterine 

cells isolation and expansion protocols, as well as to develop appropriate surgical 

techniques for uterine tissue reconstruction in NHPs. 

  

Materials and Methods 

For this study, we used two 6-year old female baboons (Papio anubis) weighing 

12–13 kg each. They were purchased from certified commercial sources. 

Menarche in baboons occurs between 4 to 5 years of age, which means that our 

model is equivalent to young reproductive-age women. All procedures were 

previously approved by the Wake Forest University Institutional Animal Care and 

Use Committee, and done in compliance with the Animal Welfare Act and the 

Guide for Care and Use of Laboratory Animals. We also have in house 

environmental enrichment experts that customize and optimize the psychosocial 

living conditions for each animal. 
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Uterine tissue biopsy and primary cells isolation. 

Animals were sedated with ketamine 10–15 mg/Kg intramuscularly and 1–5% 

isoflurane was used to induce and maintain anesthesia. The surgical field was 

prepared in a sterile‐fashion and a 5–6 cm lower midline abdominal incision was 

made to expose the uterus. Then, vasopressin was injected in the myometrium 

prior to the resection to minimize bleeding. A 1 x 1 cm full-thickness resection of 

the anterior uterine wall was performed for primary endometrium ad myometrium 

cells isolation, and uterine reconstruction was performed in two layers using or 4-

0 PDS.  After careful hemostasis, the abdominal wall was closed. 

 

Using aseptic techniques, the uterine tissue was transferred to a petri dish 

containing cold Hank’s Balanced Salt Solution (HBSS). The endometrial lining was 

gently scrapped off and minced using a scalpel, digested in a solution containing 

type I collagenase (1 mg/ml, Sigma, SCR103) and  deoxyribonuclease I (0.05%, 

Sigma, 11284932001) for 1 hour, and then filtered through a 100 μm mesh to 

eliminate cellular debris. The myometrium was finely minced and digested for 1.5 

hours in collagenase I (1 mg/ml), collagenase II (1 mg/ml, Sigma, 234155), and 

deoxyribonuclease I 0.05%, and then filtered through a 100 μm mesh. The filtrate 

was centrifuged at 1200 rpm for 5 min, then resuspended and plated in growth 

medium. Endometrium medium contained DMEM/F12 glutamax supplemented 

(Thermo fisher, 10565042), 10% FBS, 10ng/ml EGF (Thermo fisher, PHG0315), 

and 1% antibiotic/antimycotic; and myometrium medium contained smooth muscle 

cell growth medium 2 (Promocell, C-22062) with 1% antibiotic/antimycotic. Cells 
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were incubated in humidified chambers at 37°C and 5% CO2, and grown to 

confluence before used in the experiments. 

 

Engineered uterine construct fabrication 

We fabricated 2 x 2 cm uterine patches as described previously. Briefly, the PGA 

felts (ATEX Technologies, Pinebluff, NC) were coated with 5 % w/v PLGA and the 

solvent was allowed to evaporate for 2 hours. The scaffolds were kept in a 

desiccator for 24–48 hours prior to sterilization with ethylene oxide gas. Prior to 

cell-seeding, scaffolds were submerged in medium overnight. Myometrial-derived 

cells (8 × 107 cells/mL) were seeded onto the outer side of the scaffolds and 

cultured for 4 days. The constructs were then turned over using sterile forceps and 

endometrial-derived cells (8 × 107 cells/mL) were seeded on the inside surface of 

the scaffold and incubated for an additional 4 days. The stepwise seeding process 

involved gently pipetting cells onto the scaffold surface in a uniform layer. Seeded 

scaffolds were incubated for two hours at 37oC to allow for cell attachment before 

being immersed in culture media. The medium was changed every 24 hours, and 

constructs were incubated in serum-free media for 24 hours before implantation.  

 

Autologous engineered uterine construct implantation 

Under general anesthesia, a full-thickness resection of the anterior uterine wall of 

approximately 2 x 2 cm was performed from the fundus downwards, preserving 

the insertion of the fallopian tubes insertion. The autologous engineered construct 

was implanted into the native uterus using 4-0 PDS interrupted sutures. Tag 
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sutures using 5-0 prolene were placed at the corners of the anastomosis for future 

identification of the implantation site. The scaffold was covered with an omentum 

flap. A 2.5mg 17ß-estradiol subcutaneous implant (Innovative Research of 

America, Sarasota, FL) was inserted to prevent animals from cycling during the 

initial healing process. The pellets are manufactured for 90 day extended release. 

 

Main outcome measures 

Menstrual cycle patterns were assessed by daily observations for the presence of 

menstrual blood and changes in perineal skin appearance. A scale of 0–4 for sex 

skin turgescence was established for each animal. Uterine morphological changes 

were assessed using different imaging modalities including ultrasound, CT or MRI, 

and hysterosalpingograms every 4–6 weeks. The study endpoint is 12 months 

after the uterine reconstruction procedure.  

 

Results 

Both animals were cycling and the average interval between menses was 36 ± 3 

and 44 ± 10 days for each animal. In vivo measurements were taken during the 

initial biopsy (Fig.2), and used to customize engineered implants for the 

reconstruction of the anterior uterine wall. The average size of the uterus was 3.25 

± 0.2 in length, 2.7± 0.1 in width, and 1.7 in depth (mean ± SD). 
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Figure 2. In vivo measurements of the baboon uterus during uterine full-thickness 

biopsy. (a, a’) Animal 1. (b, b’) Animal 2. 

 

Uterine primary cells were isolated in vitro and expanded successfully (Fig. 3). 

Autologous cell-seeded engineered constructs were fabricated and engrafted in 

the anterior wall of the uterus (Fig.4).  
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Figure 3. Phase-contrast images of primary baboon uterine-derived cells. (a) 

Endometrium-derived cells. (b) Myometrium-derived cells. Scale bar: 500 µm. 

 

 

Figure 4. Autologous cell-seeded engineered construct implantation procedure. 

(a) Full-thickness partial excision of the anterior uterine wall. (b, c) Construct 

engraftment. 
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Both animals recovered well from the surgical procedures and no pathological 

vaginal discharge or signs of pain were observed. At 14 weeks after implantation, 

animals had their menstrual cycle pattern restored. Hysterosalpingograms showed 

partial restoration of the uterine cavity outline and bilateral fallopian tube patency 

(Fig. 5). 

 

Figure 5. Hysterosalpingogram images of the baboon uterus. (a) Baseline. (b) At 

14 weeks after autologous cell-seeded engineered construct engraftment. Red 

arrows indicate contrast spillage into the peritoneum. 

 

CT scans performed at 14 weeks showed thinning of the anterior uterine wall and 

wedge-shaped retraction at the implantation site (Fig. 6). 
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Figure 6. Computed tomography images of the baboon uterus. (a) Baseline. (b) 

At 14 weeks after autologous engineered construct implantation.  

 

Conclusions 

 

Our preliminary results indicate that the implantation of an autologous cell-seeded 

engineered construct in a full-thickness partially excised anterior uterine wall is 

feasible in NHPs. The imaging modalities utilized in this study including 

hysterosalpingogram and CT are good methods for monitoring radiologic uterine 

healing.  Long-term follow-up is needed to further evaluate the neo-uterine tissue 

formation, histological structure, as well as functionality. 
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In spite of requiring a dedicated facility and trained personnel, preclinical studies 

using NHPs can predict clinically relevant biological performance of using 

engineered uterine patches including host immune responses to the scaffold 

materials and seeded cells, structural development and function during the 

menstrual cycle, and tissue remodeling during pregnancy. Data from preclinical 

studies could lead to the development of clinical guidelines and endpoints for the 

initiation of first-in-human trials.   
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SUMMARY AND CONCLUSIONS 

 

The hypothesis for this thesis was that an autologous engineered myometrial and 

endometrial cell-seeded PGA/PLGA-coated scaffold could play a significant role in 

the development of functional neo-uterine tissue in a rabbit model. The studies 

conducted in this research aimed to address this hypothesis.  

 

 The first aim of this dissertation was to evaluate the in vitro biocompatibility of 

PGA/PLGA-coated scaffolds using rabbit primary uterine-derived cells, given that 

these biodegradable polymers have not been previously tested for potential use in 

uterine tissue engineering. In Chapter III we described the fabrication of semi-

circular biodegradable polymer scaffolds seeded with myometrium-derived cells 

onto the outer layer and endometrial-derived cells inside mimicking their 

arrangement in the native uterus. Our step-wise seeding method showed that the 

biodegradable polymer scaffold provided a suitable microstructure for these cells 

to attach evenly and grow in vitro. The next aim outlined in this dissertation was to 

evaluate the in vivo maturation of the engineered uterine constructs. As described 

in Chapter IV, we investigated the use of autologous uterine cell-seeded 

engineered implants to partially repair a full-thickness defect in one rabbit uterine 

horn. Over the period of 6 months, the cell-seeded implants became vascularized 

and maintained luminal patency. Histological studies indicated that uterine tissue 

structures were formed, including organized luminal and glandular epithelium 

surrounded by stroma and aligned double-layered smooth muscle compartment. 
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Non-seeded uterine implants and scaffold-free tissue reconstruction failed to 

maintain luminal patency and to fully restore all uterine tissue layers.  

 

The final aim of this dissertation was to evaluate the functionality of the neo-uterine 

tissue. In Chapter V we evaluated the in vitro contractile responses of nonpregnant 

and pregnant uterine tissue strips after 6 months of implantation. Results from 

organ bath studies indicated smooth muscle contractile responses in 

bioengineered uterine tissue strips similar to those of native uterine strips. 

Moreover, we investigated the ability of the bioengineered uterus to support 

pregnancy until late stages. Our reproductive outcomes confirmed that the 

bioengineered uterine tissue supported fetal development to term, producing 

viable live births.  Those results are promising and to advance this bioengineering 

approach into clinical applicability for uterine repair and reconstruction, additional 

studies are required in animal models that mimic the complexity of human uterine 

anatomy and physiology. As discussed in Chapter VI, a preclinical pilot study is 

under way in nonhuman primates to investigate the structural and functional 

development of autologous engineered uterine implants overtime and their effects 

into menstrual cyclicity and ultimately reproductive function. 

 

In conclusion, this dissertation work describes a successful in vivo functional 

development of an autologous bioengineered uterine tissue in a rabbit model. The 

engrafted uterine horn maintained native-like structural and functional properties, 

making this a suitable strategy for partial reconstruction of the uterine wall. Our 
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findings introduce new possibilities for potentially creating tissue substitutes 

derived from a patient’s own cells and provides evidence for a regenerative 

medicine-based approach for uterine factor infertility.  
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