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Abstract

An engineered ovary could benefit a variety of patients with ovarian insufficiency
including those with an inherited condition, de novo mutation, or those whose
treatment regimens could reduce ovarian function. This chapter highlights the
impact of developing an engineered ovary, highlights the important features of an
ovary to be recreated, and reviews the current state of fertility preservation.
Encapsulating hydrogels and scaffolds have been used to restore ovarian hor-
mones and fertility in animal models and to monitor in vitro growth of human
ovarian cells. Additional advancements to these technologies will rely on an
understanding of ovarian biology in order to recapitulate and restore long-term
and physiological function. Considerations for the different microenvironments
within the cortical and medullar compartments and cell types that support oocyte
maturation, including granulosa and heterogeneous stromal cells, will be essential
for recreating appropriate folliculogenesis. Mechanical cues and facilitation of
paracrine and endocrine signals to reach target cells can also be tailored within
engineered environments. These studies may one day improve the current fertility
restoration options or even provide options for patients that currently lack
options.

1 Introduction
1.1 Causes of Premature Ovarian Insufficiency

Premature ovarian insufficiency (POI) is defined by the cessation of normal ovarian
function prior to age 40 and it occurs in approximately 1% of women in the USA
(Development 2016). It is characterized by a decrease in ovarian hormones, increase
in pituitary gonadotropins, and amenorrhea. Primary POI can occur as a result of an
inherited condition, de novo mutation or from insults to the ovarian tissue (Care
2014). Cancer patients are particularly at risk for POI due to their chemotherapy and
radiation treatments (Wallace et al. 2005a, 2011; Duffy and Allen 2009; Jadoul et al.
2010). Survivors of childhood cancer are more likely to have trouble getting
pregnant than their siblings (Barton et al. 2013), and 1 in 6 female childhood cancer
survivors are expected to suffer from POI (Chow et al. 2016). In the USA, more than
11,000 children aged 0 to 14 years will be diagnosed with cancer this year alone,
resulting in potentially 1800 new cases of gonadal insufficiency due to cancer
treatments this year (Chow et al. 2016).

With the increased survival rate aided by these treatments, there has been an
additional focus toward quality of life after cancer. A quality of life measure for some
patients includes the option of having biological children. In a small Swedish Cancer
Registry survey of participants ages 18 to 45, 72.8% of women and 83.0% of men,
who reported a pretreatment desire to have children, later reported a definite or
possible desire for children 3 to 7 years posttreatment (Armuand et al. 2014). Even
with an average of 10 years posttreatment, women who did not have children were
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significantly distressed about their infertility and interrupted childbearing years
(Canada and Schover 2012).

Ten to twenty percent of patients can attribute their POI to a heritable trait (Cordts
et al. 2011). Mutations that affect ovarian function can arise within genes that are
essential for ovarian follicle development and expansion or within the endocrine
system that controls gonadotropin-dependent growth and ovulation. These condi-
tions may result in differences in sex development (DSD). The X chromosome is a
significant player in this disorder, as X monosomy, X trisomy, and X chromosome
rearrangements on the long arm of the chromosome alter expression or dosing of
genes that are critical for ovarian development and account for up to 12% of POI
cases (Shelling et al. 2000; Goswami 2005; Qin et al. 2014). Mutations in
X chromosome genes, including bone morphogenic protein 15 (BMP15) (Chand
et al. 2006; Dixit et al. 2006; Pasquale et al. 2006; Rossetti et al. 2009), fragile
X mental retardation (FMR1 and FMR2) (Allingham-Hawkins et al. 1999; Murray
et al. 1999; Allen et al. 2007; Espeche et al. 2017), have also been found to induce
POL. Other examples of genes that have been identified as having mutations in
patients with gonadal dysgenesis or POI include gonadotropin receptors, luteinizing
hormone receptor (LHR) (Toledo et al. 1996; Puett et al. 2010), and follicle stimu-
lating hormone receptor (FSHR) (Aittoméki et al. 1995), hormone receptors estrogen
receptor alpha (ESR1) (Cordts et al. 2012), steroidogenic pathway genes, steroido-
genic factor (SF1) (Lourenco et al. 2009) and aromatase (CYP19A1) (Lin et al.
2007) and a transcription factor necessary for granulosa cell development, forkhead
box L2 (FOXL2) (Beysen et al. 2004).

1.2 Recognition of the Problem

The Oncofertility Consortium is a collection of institutions around the world that
seek to provide fertility preservation and restoration options for patients undergoing
treatments for their cancer or hematologic disease (Woodruff 2007). These and other
fertility preservation clinics offer preservation options for those with an 80% or more
chance of undergoing premature gonadal insufficiency. POI risk and age of onset can
be calculated for some treatments based on models of ovarian reserve rates of decline
(Faddy and Gosden 1996; Wallace et al. 2005b; Wallace and Kelsey 2010). For
example, it is estimated that a 12-year-old child who undergoes 10 Gy of pelvic
radiation may experience POI at 19.5 years old due to the treatment-induced
depletion of her primordial follicles (Wallace et al. 2005b; Wallace and Kelsey
2010). For adult women, fertility preservation can often mean undergoing oocyte
harvest and egg or embryo freezing. However, some women, like those with
estrogen-responsive cancers, cannot undergo the supraphysiologic treatments
required for oocyte harvest. Additionally, prepubertal girls do not yet produce eggs
and their only option to preserve their fertility is to freeze ovarian tissue. Ovarian
tissue cryopreservation (OTC) requires removal of ovarian tissue that is processed
into strips of tissue for cryopreservation through slow-freeze or vitrification tech-
niques. Transplantation of this tissue has resulted in restoring hormones to induce or
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maintain cyclical hormones and has resulted in over 130 reported live births (Donnez
and Dolmans 2017; Pacheco and Oktay 2017; Corkum et al. 2019). While oncology
patients comprise the majority of fertility preservation cases, clinics have begun to
offer services to DSD patients that may have some immature gametes within their
gonadal tissue (Finlayson et al. 2017; Johnson et al. 2017; Finney et al. 2019).

13 Beyond Fertility

Ovarian hormones are responsible for the development of secondary sex character-
istics that arise during puberty and are essential for female adult anatomy and
physiology. Puberty is the transition from an adolescent to a mature being and
encompasses physiological, physical, and psychological changes (Laronda and
Woodruff 2017). It is initiated by gonadotropin-releasing hormone (GnRH) neurons
in the hypothalamus that control the release of follicle stimulating hormone (FSH)
and luteinizing hormone (LH) from the pituitary. FSH and LH elicit responses from
the gonads to produce opposing factors, such as estradiol, progesterone, inhibin, and
testosterone. This cross talk is known as the hypothalamic-pituitary-gonadal axis,
and it occurs in a cyclical manner. Cessation of normal ovarian function has effects
that reach beyond reproductive capacity and health. Traditional male and female sex
hormones regulate growth hormone (GH) both directly, at the hypothalamus, and
indirectly, by regulating the downstream tissue response to GH (Juul et al. 1994;
Veldhuis et al. 2000). Women/girls with POI are at increased risk for comorbidities
that include cognitive, metabolic, osteogenic, skin, and cardiovascular diseases that
could be life threatening (Cooper and Sandler 1998; Ossewaarde et al. 2005; Shuster
et al. 2010; Muka et al. 2016; Chemaitilly et al. 2017).

Life expectancy is reduced in women with POI. Long-term studies by the Mayo
Clinic found a significant increase in mortality rates in women with surgical men-
opause that were mainly due to cardiovascular disease, osteoporosis, and bone
fractures (Rocca et al. 2016). They also reported an increase in dementia, Parkin-
sonism, and reduced psychological well-being (Rocca et al. 2007; Shuster et al.
2010). Additional studies in Dutch, Norwegian, South Korean, and Japanese cohorts
revealed a life expectancy of approximately 2 years shorter in women with ovarian
insufficiency from various causes (Jacobsen et al. 1999; Ossewaarde et al. 2005;
Amagai et al. 2006; Hong et al. 2007).

Current hormone replacement therapies (HRTs) are neither developmentally
dynamic, responsive, comprehensive, nor ideal long-term solutions. HRTs may be
used to initiate puberty, mitigate comorbidities in postmenopausal women, or pro-
mote gender-affirming characteristics. Current HRT protocols utilize patches that are
semiquantitatively cut to approximate appropriate and increasing doses at night to
mimic the female pubertal transition that occurs with at first low, then increasing
levels of nocturnal estradiol (Ankarberg-Lindgren et al. 2014, 2019). The goal is to
provide hormones that promote growth, secondary sex characteristics (pubic hair
and breasts), and cognitive function that mimics their peers. However, current
therapies and trials with available options are not sufficient (Matthews et al. 2017).



Tissue-Engineered Ovary 289

While they may improve sex characteristics, they fail, for instance, to fully restore
linear growth (Leung et al. 2004). The ovary produces hormones other than estrogen
and progesterone, which are absent in pharmaceutical regimens and may be key to
mimicking normal puberty and sustained health. Inhibin A increases bone mass and
strength, independent of sex steroids, by stimulating osteoblast activity in mice with
gonads disconnected from vessels or removed altogether (Perrien et al. 2007).
Inhibin from gonadal sources also modulate hemoglobin accumulation and erythro-
poiesis in human bone marrow cells (Yu et al. 1987; Meunier et al. 1988). Addi-
tionally, anti-Miillerian hormone (AMH), which is secreted exclusively by granulosa
cells of growing follicles, can inhibit abnormal growth of tissues derived from the
Miillerian duct and potentially prevent endometriosis, adenomyosis, and uterine
cancer(Barbie et al. 2003; Chung et al. 2015). Further, each mode of HRT admin-
istration offers different pros and cons, which may vary based on patient’s age and
diagnosis. For example, transdermal administration of estradiol results in a more
physiological breakdown of estradiol, estrone, and bioestrogen concentrations, with
greater suppression of pituitary gonadotropins over synthetic oral formulations
(Taboada et al. 2011). Yet in some studies, oral estrogen replacement therapies,
but not transdermal therapies, reduce myocardial infarction and cardiovascular
mortality in postmenopausal women by decreasing Insulin-like Growth Factor-1
(IGF-1) and increasing C-reactive protein, and promoting endothelium-dependent
vasodilation and antiatherogenic changes (Vehkavaara et al. 2000; Vongpatanasin
et al. 2003).

Women suffer from ovarian insufficiency symptoms for decades after menopause.
The age of menopause has stayed relatively constant; however, women’s life expec-
tancy has extended. Therefore, women are living longer with ovarian insufficiency
and its comorbidities. Increased bone resorption and impaired bone remodeling is
accelerated during menopause, making women susceptible to developing osteopo-
rosis. The “timing hypothesis” for estrogen therapy in women theorizes that a
prompt restoration of estradiol/progesterone would be beneficial to maintain sexual,
cardiovascular, bone, and cognitive health and to significantly lower mortality;
whereas delayed therapy may increase risk of disease (Lobo et al. 2016). A cell-
based therapy that can respond to decreases in the patient’s serum ovarian hormone
levels could potentially remove the speculation of appropriate timing and provide the
full hormonal milieu in response to internal stimuli.

Ovarian tissue transplant after OTC has been shown to restore endocrine function
in one pediatric cancer patient so that she could transition through puberty with her
own hormones (Ernst et al. 2013). However, the function of this graft ceased after
19 months, due in part to the limited supply of hormone-producing cells within the
tissue. The lifespans of ovarian tissue transplants are limited. The current average
lifespan of transplanted cortical tissue, as monitored by menses and normal levels of
gonadotropin hormones, is between 2 and 5 years (Donnez and Dolmans 2013;
Stoop et al. 2014; Pacheco and Oktay 2017). Upon transplant of cryopreserved
tissue, the primordial oocyte pool undergoes increased activation that depletes the
reserve and reduces the hormone and egg production of the tissue (Gavish et al.
2018). This has been measured in women with ovarian transplants as an initial
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significant increase in AMH, at 140-280 days after transplant followed by a sharp
decline at approximately 280 days after transplant (Silber 2015). This accelerated
loss may be attributed to disruption of their ECM microenvironment (Kawamura
et al. 2013). More critically, some ovarian cortical tissue examined from patients
with leukemia, breast, gastric, uterine, and cervical cancers contained metastatic
disease (Dolmans et al. 2010; Bastings et al. 2013; Laronda et al. 2015), which
increases the risk of reseeding cancer with transplantation.

While great strides have been made to recognize causes of POI and the physical
and psychological consequences of this condition, more needs be done to understand
several aspects of restoring ovarian function. This includes investigating basic
ovarian biology and how the microenvironment influences folliculogenesis, how
these environments and the resulting gametes may differ depending on age or
pubertal status during isolation and transplantation, optimizing the procurement,
processing, cryopreservation, recovery, and transplantation of the ovarian tissue and
cells, and engineering the conditions that are amenable to appropriate
folliculogenesis with long-term production of fertilizable gametes and secretion of
the full complement of cyclical hormones.

2 Current State of Restoring Ovarian Function
2.1 Ovarian Tissue Cryopreservation (OTC) and Transplantation

Protocols for cryopreserving human ovarian tissue were developed using slow-
freeze techniques and transplanted into immunocompromized mice (Oktay et al.
1998, 2000). With the administration of long-term FSH, the transplanted cortical
strips produced estradiol in ovariectomized mice and supported large antral follicle
growth (Oktay et al. 1998). The first case where human ovarian tissue was
cryopreserved and autologously transplanted to restore ovarian hormones was
performed in New York, USA, in 2000. The tissue was placed in the pelvic
peritoneum and antral follicle formation was observed without stimulation. Ovula-
tion with endometrium thickening was observed following 10,000 IU of human
chorionic gonadotropin (Oktay and Karlikaya 2000). The first live birth that was
reported following transplantation of cryopreserved ovarian tissue was in Brussels,
Belgium, in 2004 (Donnez et al. 2004). This participant had stage IV Hodgkin’s
lymphoma and chose to cryopreserve her tissue prior to chemotherapy and radio-
therapy treatments at 27 years old. Within months she had undergone POI and by the
age of 32, she had all of her cryopreserved tissue orthotopically transplanted. This
tissue restored hormone function and supported a spontaneous pregnancy and live
birth (Donnez et al. 2004). To date, there have been over 130 reported live births
from tissue that was cryopreserved with an average age of 30 years old at the point of
cryopreservation (Donnez and Dolmans 2017; Pacheco and Oktay 2017; Corkum
et al. 2019). An assessment of 60 ovarian tissue transplants performed in Belgium,
Denmark, and Spain revealed that 93% restored estradiol and suppressed FSH,
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which was detected by 3.5-6.5 months posttransplant (Donnez et al. 2013). Hor-
mone production lasted up to 12 years with an average of 2—5 years of sustained FSH
suppression in these reports (Donnez and Dolmans 2017; Pacheco and Oktay 2017).
The average age of women seeking transplantation of their ovarian tissue is 34 years
old and 20-30% of these procedures have restored fertility (Donnez and Dolmans
2017; Pacheco and Oktay 2017; Corkum et al. 2019). Of these successful births,
62% were achieved spontaneously while the remainder were achieved using addi-
tional assisted reproductive technologies, such as in vitro fertilization (Corkum et al.
2019).

There is one report of a live birth using tissue that was cryopreserved when the
patient was peripubertal (Demeestere et al. 2015) and a report in the lay press of a
child born following transplantation of tissue that had been cryopreserved when the
woman was prepubertal (Donnelly 2016). While prior to these reports it was unclear
if ovarian oocytes from prepubertal patients were viable, it was at least clear from
animal studies that primordial follicles from young patients could mature into eggs
following xenotransplantation (Lotz et al. 2014). There have been 13 total trans-
plants resulting in 8 live births from patients who underwent OTC procedures at
20 years old or younger (Corkum et al. 2019). It may be too soon to fully realize the
implications of OTC for pediatric patients, as they may not request the tissue for
several years or even decades after preservation.

2.2 Location of Transplantation

Ovarian tissue can successfully restore function when transplanted in numerous
locations, such as the peritoneal window, ovarian medulla, beneath the ovarian
cortex, and subcortical ovarian pocket (Donnez et al. 2013). Orthotopic transplan-
tation can be achieved when one of the ovaries or partial ovarian tissue remains. The
ovarian tissue pieces can be quilted to create a larger piece for transplant handling
(Silber et al. 2008; Sanchez-Serrano et al. 2010). Alternatively, pieces can be
adhered with fibrin glue or slipped into pockets created just below the ovarian
surface epithelium (Meirow et al. 2005; Donnez et al. 2011). If there is no remaining
ovarian tissue, or the tissue is damaged and less than ideal for transplantation, a
peritoneal pocket may be created on the anterior leaf of the broad ligament and fixed
with fibrin glue (Donnez et al. 2012). Additional techniques using heterotopic sites
are also options. A location that is not intraabdominal could be used to monitor new
techniques or materials, follicular growth, or provide a potentially safer location if
there is any small risk of reintroducing cancer cells with the ovarian tissue trans-
plant. The forearm was used as an easily accessible location to restore ovarian
hormones in women that had undergone bilateral oophorectomies for squamous
cell carcinoma of the cervix with familial history of ovarian cancer and recurrent
benign serous cystadenoma (Oktay et al. 2003). Both patients’ grafts were func-
tional for >20 months and ultrasound had indicated several antral follicles (Oktay
et al. 2003).
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23 In Situ Options for Fertility

Prior to complete engineering of a safe bioprosthetic ovary, additional fertility
restoration techniques need to be developed, especially for those cancer survivors
who may have metastatic cells within their ovarian tissue and are at risk of
reintroducing the disease with an ovarian transplant (Meirow et al. 2008; Rosendahl
et al. 2010; Donnez et al. 2011; Laronda et al. 2015). In vitro maturation is one
option that could provide a fertilizable egg that could produce an embryo and be
implanted into the mother’s or surrogate’s uterus. Several labs have grown human
primordial follicles within ovarian cortical pieces to achieve large antral follicles
(Picton et al. 2008; Laronda et al. 2014; Jakus et al. 2017) and there was one
indication of a polar body, representing resumption of meiosis (McLaughlin et al.
2018). Additionally, 20% (4/20) of isolated human secondary follicles cultured in a
supportive biomaterial were matured to MII eggs (Xiao et al. 2015b). It would be
ideal to restore both fertility and hormone function without the risk of reintroducing
disease. Therefore, techniques for isolating primordial follicles and transplanting
them within a supportive matrix or scaffolding are also being explored.

3 Important Features in an Ovary to Be Recreated

Follicles are the functional units of the ovary with a centralized oocyte, or potential
egg cell, and singular or multiple layers of support cells. The two functional
components of the ovary are linked as ablating the follicle would deplete both the
sources of fertility and hormone production. Primordial follicles are located in the
cortical region of the ovary, most within 500 pm from the ovarian capsules in large
mammals (Fig. 1). Maturing follicles grow toward the center of the ovary and have
an additional support cell called theca cells. As folliculogenesis occurs, the ~30 pm
primordial follicle grows ~600 times that size (~20 mm) prior to ovulation. This
dynamic change is under the control of endocrine, paracrine, and structural controls.
Communication between the meiotically arrested oocyte and its nurse cells is
essential to maintain the health and support the growth and maturation of the oocyte.

Fig. 1 Histological images of human, porcine, and bovine ovaries (left to right). The ovarian
surface epithelium can be seen at the top of each image and primordial follicles are visible in all
examples. Antral space (porcine, middle) and antral follicle with an oocyte (bovine, right) is visible
deeper within the ovarian tissue. Scale bars, 100 pm
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The granulosa and theca cells produce the ovarian hormones in response to gonad-
otropins from the pituitary, which is primed during puberty to support the maturation
of the egg and trigger ovulation. The oocyte also controls the stage of the granulosa
cells that can proliferate and respond to pituitary hormones. This orchestration is
essential for the cyclical output of hormones and fertilizable eggs.

3.1 Oocytes

Gonadal tissues arise from the celomic epithelium that develops as a protrusion of
cells from the Miillerian duct. The primordial germ cells are a selection of cells that
remain in the extraembryonic ectoderm and migrate to the gonadal ridge. The battle
between defined testis and ovarian characteristics occurs within the supportive cells,
pre-Sertoli cells in the testis and pre-granulosa cells in the ovary. One main driver of
this decision is the presence or absence of a functional SRY, which drives testis
determination. In the ovary, the primordial germ cells, now referred to as gonocytes,
are surrounded by pre-granulosa cells to create nests of synchronously dividing germ
cells. After initiation of meiosis and recombination of homologous chromosomes,
the oocytes arrests in the diplotene I stage (Pan and Li 2019). The support cells
invade the nests and primordial follicles are formed with a single centralized oocyte
and squamous granulosa cells, which occurs between 15 and 22 weeks of gestation
in humans (Maheshwari and Fowler 2008). This meiotic arrest is maintained by high
levels of cAMP produced by the surrounding granulosa cells (Pan and Li 2019). The
primordial follicle pool represents the finite source of potential egg cells and finite
source of ovarian hormones for that individual.

3.2 Support Cells and Folliculogenesis

The number of primordial follicles can dictate the length of time an ovary can
function. The peak number of follicles is an average of 3 x 10°(95% range 0.35—
25.3 x 10°) in the fifth month of gestation and this number declines continuously
after birth (Wallace and Kelsey 2010). There are two waves of increased apoptosis
that reduces the number of oocytes within the ovary: during nest breakdown and
during cyclical primordial follicle recruitment. Once a primordial follicle is recruited
to grow it will continue and either mature and ovulate, in a postpubertal woman, or
undergo atresia which occurs in ~90% of the activated follicles undergoing atresia
(Baker 1963). Once the reserve is reduced to approximately 1000 follicles, the ovary
ceases to produce enough hormones to continue a normal menstrual cycle, which
naturally occurs as menopause in adult women around 50 years old (Wallace and
Kelsey 2010). It takes approximately 85 days for a human preantral follicle to
become preovulatory size (Gougeon 1986). Activation occurs downstream of the
serine/threonine kinase, AKT, and phosphatidylinositol3-kinase (AKT/PI3K) path-
way which induces phosphorylation of the forkhead transcription factor (FOXO3)
and translocation from the nucleus to the cytoplasm and is described in mice and
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cows (John et al. 2008; Andrade et al. 2017). However, this pathway may not be
important for primate oocyte activation as FOXO3 is absent in rhesus macaque
ovaries and there have been no sequence variations in human FOXO3 in women
with POI or primary amenorrhea (Gallardo et al. 2008; Ting and Zelinski 2017).

The granulosa cells play an important role in supporting the quiescent oocyte and
can trigger activation.Transzonal projections (TZP) are filipodia-like structures that
stem from the granulosa cells and to the oocyte. These projections are formed after
the primordial to primary transition and remain until the oocyte is released as an egg
(El-Hayek et al. 2018). Early attempts to culture these cell aggregates in vitro have
made the importance of maintaining these connections obvious. Ovarian follicles
cultured with a thick collagen gel culture maintained their spherical shape and
intercellular connections between the cells and the oocytes, which led to greater
efficiency in in vitro follicle growth and maintenance of healthy oocytes over
traditional 2D cultures (Gomes et al. 1999). Follicles are now often grown in
encapsulation materials. Hormone production and meiotic maturation were com-
pared with different encapsulation culture conditions, including alginate, collagen I,
collagen 1V, fibronectin, and laminin (Kreeger et al. 2006). Murine follicle growth
and estradiol production was significantly improved with alginate by maintaining the
3D organization of the follicle (Kreeger et al. 20006).

There is a morphological change from squamous to polarized, cuboidal that
occurs in granulosa cells during follicle activation and results in a cell that is four
times narrower and six time taller (Hirshfield 1991; Picton 2001; Silva-Buttkus et al.
2008). Once an oocyte is surrounded by a full layer of cuboidal cells, the follicle is
termed a primary. This initial cuboidalization is coupled with TZP formation. The
cuboidal granulosa cells proliferate more than the cells with flattened morphology
(Gougeon and Busso 2000; Stubbs et al. 2007) and at this point granulosa cell
proliferation occurs in a layering or stacking manner to achieve secondary or
multilayered secondary developmental status (Silva-Buttkus et al. 2008). Beginning
at the primary stage, interstitial stromal cells are recruited to the outside of the basal
laminae that envelop the granulosa cells to form a flattened layer of theca cells. This
is also the point in which FSHR mRNA can be detected in granulosa cells in cows
(Xu et al. 1995; Bao and Garverick 1998), sheep (Tisdall et al. 1995), and rats (Presl
et al. 1974). While the basal laminae exclude blood vessels and nerves from the
oocytes and granulosa cell layers (Rodgers et al. 2003), there is a recruitment of
vessels through angiogenic factors released by the granulosa cells and recruitment of
lymphatic fluid that fills and creates space and pressure between two developing
layers of granulosa cells. The granulosa cells that remain in contact with the oocyte
are called cumulus cells while the cells that remain at the periphery of the follicle are
called mural granulosa cells.

3.3 Hormones

Theca cells express luteinizing hormone receptor (LHR) and produce androstenedi-
one in response to LH signaling. Theca cells express steroidogenic acute regulatory
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protein (STAR), which shuttles cholesterol to the mitochondria, cytochrome P450
subfamily members (CYP11A1, CYP17), and a steroid dehydrogenase (HSD3B2) to
produce this androgen in an LH dose—dependent manner (Smyth et al. 1995).
Aromatase (CYP19A1) is expressed in granulosa cells in an FSH dose—dependent
manner and converts androstenedione to estradiol. There are several growing folli-
cles at a given time in the ovary but only approximately 10 gain gonadotropin
growth dependence and continue to grow under peak levels of FSH (Fauser and
van Heusden 1997). It is necessary for estradiol levels to be high enough to trigger an
LH pulse in the late follicular phase of the cycle. The production of estradiol and
inhibin B also suppress FSH in a negative feedback loop. This feedback that shortens
the duration of FSH appears important for a single follicle to escape atresia and
become the dominant follicle that becomes increasingly sensitive to FSH and LH
stimulation (Wallach and Hodgen 1982; Pache et al. 1990; van Santbrink et al. 1995;
Schipper et al. 1998). Granulosa cells from mature follicles express LHR (Sullivan
et al. 1999; Blockeel et al. 2009). The LH surge triggers ovulation of a mature egg
from the dominant follicle and the remaining follicular cells develop the corpus
luteum (CL). The CL contains small luteal cells (formerly theca cells) that produce
the androgen precursors required for large luteal cells (formerly granulosa cells) to
aromatize into progesterone. The CL gland is maintained if the egg becomes
fertilized and pregnancy occurs; otherwise, eosinophils, T lymphocytes, and macro-
phages are recruited to the CL (Kirsch et al. 1981; Murdoch 1987).

In addition to the induction and inhibition of gonadotropins and preparation of the
reproductive tract to accept an embryo, ovarian hormones play important roles in
development and maintenance of other systems. In addition to estradiol and progester-
one, those hormones then can be supplemented with hormone replacement therapies,
ovaries produce testosterone, inhibins, activin, anti-Miillerian hormone, and insulin-like
growth factor and relaxin, among others. Almost half of postmenopausal women
develop metabolic syndrome and hypertriglyceridemia (Chedraui et al. 2007; Ali et al.
2014). The increase in metabolic syndrome severity during the menopausal transition
was not changed by hormone replacement therapy use (Gurka et al. 2016).

3.4 Vascularization

A vascular plexus infiltrates the ovary at the hilum and stems from the abdominal
aorta. Because the larger growing follicles surpass the diffusion limit, growing
follicles are located near blood vessels in the murine ovary (Feng et al. 2017).
Ovarian pericytes that express vascular endothelial growth factor (VEGF) migrate
to the theca cell layers of growing follicles in bovine, ovine, and porcine ovaries
(Reynolds and Redmer 1998). Neovascularization is also necessary for antrum and
CL formation. Conversely, hypoxia may mediate the dormant state of the primordial
follicles. Murine-induced pluripotent stem cell (iPSC)-derived oocytes were
cocultured with murine fetal gonad tissue to develop primordial follicles
(Shimamoto et al. 2019). Under control conditions, the follicles within the
reconstituted ovary undergo activation as opposed to the in vivo condition where
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the ovarian follicle pool is maintained by primordial follicles remaining in a quies-
cent state. This is alleviated under hypoxic conditions with 5% oxygen at a greater
extent than the addition of exogenous FOX03a (Shimamoto et al. 2019).

The ovary produces both water- and fat-soluble hormones, in the form of peptide
and steroid hormones. Water-soluble hormones can move freely through the circu-
lation to target tissues but are generally repelled by cell membranes and require
receptors to induce cellular responses. Steroid hormones can travel through cellular
membranes and generally function at a nuclear receptor. They rely on carrier proteins
such as steroid hormone—binding globulins to travel through the circulation. General
proximity to important target organs may be beneficial for steroid hormones pro-
duced by the ovary. There are increased concentrations of estradiol and progesterone
in fallopian tube and uterine vessels than systemic blood circulation indicating
localized control of these hormones within the circulation (Cicinelli et al. 2004).

3.5 Compartmentalization and Physical Features

The ovary is surrounded by a capsule or layer of ovarian surface epithelium (OSE) and
is divided into two main, visibly distinct compartments, the cortex and medulla. The
cortical region contains mostly quiescent primordial follicles while the medulla region is
more vascularized and contains growing follicles. The compartmentalization of the
ovary is dictated by the extracellular matrix (ECM) composition, organization and
density and can be seen in some ovarian tissue cross-sections (Fig. 2). Additionally, a
recent proteomic analysis of a porcine ovary revealed significant differences in expres-
sion of matrisome proteins, ECM, and associated proteins, across the cortical and
medullary compartments (Henning et al. 2019). Collagen is concentrated in the cortex
of mouse ovaries (Bochner et al. 2015; Henning et al. 2019) and is present in more
organized sheets in bovine ovaries (Laronda et al. 2015). While it has never been
directly tested, it is hypothesized that the cortical region of the ovary is stiffer than the
medullary region (Woodruff and Shea 2011). Many polycystic ovarian syndrome
(PCOS) patients are anovulatory and have increased numbers of primordial follicles,
which may be due, in part, to the increased rigidity of their ovaries as measured through
magnetic resonance elastography (Wood et al. 2015). Alternatively, a reduction in
relative stiffness and improper development of ovarian tissue, as in streak ovaries within
Turner syndrome patients, may cause the increased rate of primordial follicle activation
and depletion (Reindollar 2011). These observations in human patients are supported in
experimental models.

Compression of murine ovarian tissue is required for primordial follicles to
remain quiescent. Disruption of the FOXO3a gene in mice accelerates primordial
follicle growth and addition of FOXO3a inhibits it (Castrillon et al. 2003; Liu et al.
2007). Digestion of the ovary with collagenase IV and trypsin released the primordial
follicles of the ECM-associated stress as indicated by loosening of actin stress fibers
and a progression in granulosa cell morphology from squamous to cuboidal
(Nagamatsu et al. 2019). Additionally, FOXO3a was exported from the nucleus to
the cytoplasm, an additional indication of follicle activation in primordial to growing
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Fig. 2 Histological images of human ovarian tissue biopsy. Primordial follicle clusters are visible
closer to the ovarian surface epithelium (top square). Small growing follicles are visible a little
deeper from the surface (middle square of a secondary follicle). The cortical to medullary transition
is visible (black arrows) and differences in stromal cell density is visible in the medullary region
(bottom square). This de-identified tissue biopsy was obtained from a 7.09 year old OTC patient
with sickle cell anemia that had not obtained any previous potential gonadotoxic treatment. Black
squares correspond the region that is magnified to the right. Scale bars, 500, 100 pm

follicles in mice. However, growing these enzyme-treated ovaries in a pressure
chamber reversed this phenotype and the primordial follicles were maintained in
the cortex of the ovary (Nagamatsu et al. 2019).

4 Materials Used for Engineered Ovaries
4.1 Overarching Consideration for Engineering an Ovary
The connections between the oocyte and supportive granulosa cells are essential for

the health and growth of the female gamete. Therefore, an environment that main-
tains the spheroid shape of the follicle is essential. Additionally, follicles require
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space to grow or require a material that breaks down to accommodate this growth.
The physical properties of these biomaterials are critical for supporting
folliculogenesis at several points, as described above to maintain the mechanical
equilibrium of the follicle an enable oocyte—granulosa cell connections (Fig. 3). In
particular, the activation of the quiescent follicle is controlled by physical forces and
mechanotransductive cues. In the formation of secondary follicles through an orga-
nized cuboidalization, stacking and packing is dependent on the follicular basal
laminae, theca cell layer, and directionality of mitotic divisions (Silva-Buttkus et al.
2008). The antral space formation, directionality of microenvironment resistance
established by localized matrix degradation and thinning, combined with building
osmotic pressure facilitates ovulation. Both matrix metalloproteinases (MMPs) and
their tissue inhibitors (TIMPs) are expressed by theca and stromal cells in the ovary
(Garcia et al. 1997; McCaffery et al. 2000).

Additionally, the overall mechanical properties of the encapsulation or scaffold-
ing material needs to be considered. Ovaries that are too rigid or not rigid enough
may contribute to an inappropriate rate at which primordial follicles are activated,
causing them to be too slow or too fast, respectively. Ovarian wedge resections and
ovarian drilling have been used to facilitate follicle growth in anovulatory PCOS
patients (Farquhar et al. 2012). These examples highlight the necessity of dynamic
reciprocity of ovarian follicles with their microenvironment, and that the follicles
must be appropriately influenced and be able to modify and influence its
microenvironment.

One main driver for engineering an ovary is to benefit patient populations that
have metastatic disease within their ovarian cortical tissue and, therefore, are not
candidates for reimplantation of their cryopreserved tissue as it naturally exists. The
functional unit of the ovary, the follicle, that produces both the female gamete and
produces and responds to hormones is self-encapsulated within a basal lamina that is
not penetrated by white blood cells, vessels, or nerve processes until ovulation
(Rodgers et al. 2003). Follicles could be isolated from ovarian tissue containing
cancer cells and washing steps have been developed using both human and mouse
ovaries that demonstrate this (Kniazeva et al. 2016; Soares et al. 2017). However, the
stromal cell population is necessary for normal folliculogenesis as it facilitates intra-
and extraovarian communication and provides a source of theca cells and supports
recruitment of vessels and immune cells.

4.2 Restoration of Ovarian Hormones

Current hormone replacement therapies (HRTs) are neither developmentally
dynamic, responsive, comprehensive, nor ideal long-term solutions. HRTs may be
used to initiate puberty, mitigate comorbidities in postmenopausal women, or pro-
mote gender-affirming characteristics. In the right engineered environment cellular
therapies could provide continuous function that responds to the body’s stimuli.
Mice that were ovariectomized before puberty were able to go through pubertal
transitions with a transplant of ovarian cells on a decellularized scaffold by
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Fig. 3 Evaluation of biochemical cues and mechanical equilibrium of ovarian follicles. (a)
Schematic of processing the porcine ovary with a tissue slicer, prior to decellularization then
proteomics analysis and iPCR validation. Ovaries were sliced axially and sagittally. SDS, sodium
dodecyl sulfate; “decell’ed,” decellularized; LC MS/MS, liquid chromatography tandem mass
spectrometry; iPCR, immuno PCR. (b) Number of matrisome proteins by category significantly
differentially expressed across slices (“sig”) or not (“non-sig”). (c) COL1 expression at sagittal and
axial intersections, pink outline represents cortical layer. (Modified: Henning et al. 2019 Sci
Reports). (d) Image slice that designates follicle (calcein, green) strut contact, rhodaminestained
(red), at 2 contacts, scale ¥4 100 pm. (e) As the number of strut contacts increased, the length of
follicle adhesion along one strut decreased, P %4 0.0029. (f) Side contact lengths summed. No
significant difference between 1 and 2 side contact, P % 0.59. (Modified from Laronda et al. (2017)
and Henning et al. (2019), both licensed under CC BY 4.0)
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increasing estradiol and inhibin A serum levels (Laronda et al. 2015). Additionally,
adult ovariectomized mice that received encapsulated ovarian cells had a reduction
in bone turnover (Guo et al. 2010). Studies were performed in ovariectomized rats
using primary theca and granulosa cells encapsulated in alginate where the granulosa
cells were in the center and theca cells on the periphery (Liu et al. 2013b; Sittadjody
etal. 2017, 2019). Granulosa cells cultured with microcarriers and encapsulated with
theca cells produced more estradiol than granulosa cells separately (Liu et al. 2013b).
The cell number and ratio of granulosa cells to theca cells revealed that a ratio of 1:2,
granulosa to theca, provided the maximum estradiol synthesis in vito (Liu et al.
2013a). Alginate encapsulated spheres reduced FSH levels under stable estradiol
levels and improved body fat, uterine weight, and bone density versus controls over
90 days (Sittadjody et al. 2017). The addition of bone marrow stem cells to these
constructs enhanced the estradiol output in vivo, though it is unclear how, as the cells
did not affect viability or vascularization of the graft in vivo (Sittadjody et al. 2019).
While these findings are important proofs of concepts and demonstrate important
sustained estradiol levels, an additional advancement for cell-based HRTs would be
the production of cyclical hormones and those hormones besides estradiol and
progesterone that are produced by the ovary.

4.3 Encapsulation Methods to Restore Ovarian Function

Several studies have investigated restoring ovarian function with ovarian follicles or
pieces of ovarian tissue encapsulated with hydrogels or synthetic materials. Ovaries
from 8- to 11-day-old mice were dissociated and encapsulated in collagen gels
before implanting them in the kidney capsule of adult ovariectomized recipients
with confirmed ovarian insufficiency (Felicio et al. 1983). The transplants restored
hormones, as indicated by vaginal openings, increased uterine weight and
reemergence of cornified epithelium in vaginal smears, but seemed to be maintained
in the estrus part of the murine cycle. There was a range of growing follicles but
theca cells were not identified until vessels had formed approximately 1 week after
transplantation. Fertilized oocytes collected from the transplant formed blastocysts.
While intact ovarian tissue that is transplanted under the kidney capsule ovulate
(Felicio et al. 1983), the dissociated ovary encapsulated in collagen did not (Telfer
et al. 1990).

Similar experiments with fibrin clots were performed using primordial follicles
and other ovarian cells from 6- to 8-day-old mice (Gosden 1990). They were
transplanted into the ovarian bursa of mice that had 0.5 Gy of radiation, to eliminate
follicles, or in ovariectomized mice. Follicle loss was recorded from both extrusion
of the follicles from the clot and necrosis of follicles in the center. The grafts that
were transplanted into a bursa that contained an x-radiated ovary formed into the
tissue. Folliculogenesis appeared to occur in the transplant in a similar pattern, with
primordial follicles residing in the cortical region. CLs with and without anovulated
oocytes were found and pups were born from both transplant groups, though donor
eggs were not distinguishable from recipient eggs (Gosden 1990). The use of
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primordial follicles from cryopreserved ovarian tissue was an important addition
toward translation of these experiments. Recovered primordial follicles were encap-
sulated in a fibrin clot and transplanted into the ovarian bursa of adult ovariecto-
mized mice. Eight out of eighteen mice demonstrated estrogenic activity and four
mice produced live pups after natural mating (Carroll and Gosden 1993).

Other studies used fibrin, fibrin-collagen, and fibrin-alginate gels containing
primordial follicles near the periphery of the beads to test the efficacy of different
formulations of materials in a model of orthotopic transplants in ovariectomized
mice. The fibrin-encapsulated follicles in the ovarian bursa had a twofold increase in
survival over other encapsulation groups and all groups contained a majority of
primordial follicles after 9 days. Mice containing a fibrin transplant or fibrin trans-
plant with VEGF were mated. Two mice (out of six) with transplants with VEGF
produced pups that were of the coat color of the donor (Kniazeva et al. 2016).

Alginate is used successfully in in vitro follicle growth of mammalian follicles
(Pangas et al. 2003; Xu et al. 2006; Hornick et al. 2013; Skory et al. 2015; Xiao et al.
2015a, b). However, a step that removes the grown follicle from the alginate is
required to accommodate full growth and ovulation. Follicles were isolated from
12-day-old mice and encapsulated in 0.5% alginate and transplanted into the ovarian
bursa or subcutaneous pockets of adult ovariectomized mice to demonstrate an
immune-isolated method (Rios et al. 2018). Those in the subcutaneous location
survived at a great rate than those in the ovarian bursa. Oocytes from antral follicles
were retrieved from both experimental sites and matured in vitro to produce eggs
with normal spindle morphology. Those matured from the subcutaneous site could
mature to the four-cell embryo (Rios et al. 2018).

Synthetic poly(ethylene glycol) or (PEG)-based hydrogels have also been used to
test their function as a substrate for an engineered ovary. Nondegradable, proteolyt-
ically degradable, and dual PEG hydrogels were investigated using ovarian tissue
pieces with subcutaneous transplants. No antral follicles developed in non-
degradable PEG, but were found in the other groups; there was no vessel infiltration.
Recipients with degradable PEG had reduced FSH levels and cornified vaginal
epithelium but this was delayed in the nondegradable and dual PEG (Day et al.
2018). Hydrogels made of PEG with RGD (integrin-binding peptide) allowed for
vessel infiltration and large antral follicles and CLs were visible while maintaining
primordial follicles (Kim et al. 2016).

4.4 Scaffold Development for Ovarian Restoration

The main goals of an engineered ovary are to restore long-term fertility and ovarian
hormone support. These results will depend on the number of primordial follicles
that can be transplanted and maintained as a pool of potential gametes. Therefore, an
encapsulation method may be difficult to scale; additionally, alternative methods for
developing a transplantable material that lends itself totailored compartmentalized
microenvironments that mimic human ovarian compartments need to be explored.
To this end scaffolds made of decellularized ovaries, 3D printed gelatin, and
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Fig. 4 Schematic for building a bioprosthetic ovary. The quiescent primordial follicle is
maintained by both biochemical and physical cues. These cues can be incorporated into an
engineered scaffold that supports the changing needs of the maturing ovarian follicle through
growth, maturation, and ovulation

electrospun poly(epsilon caprolactone) (PCL) have been investigated (Laronda et al.
2015, 2017; Liverani et al. 2019). Bovine ovaries were decellularized with sodium
dodecyl sulfate (SDS) and reseeded with follicular cells from young mice. While few
follicles were present in the single-cell preparation, there were follicles identified
that did form and grew within the transplant after two weeks under the kidney
capsule (Laronda et al. 2015). Because it is inefficient to seed follicles into pores that
were previously created by other follicles, 3D printing was explored as a way to
manufacture pores that appropriately support and maintain the essential oocyte—
support cell connections. Several architectural designs were created and tested
in vitro before downselecting to an advancing angle with an architecture that allowed
the follicles to be caught within the pore but also allowed for expansion during
follicle growth. The bioprosthetic ovaries made of a 3D printed gelatin scaffold and
isolated small follicles were transplanted into the bursa of ovariectomized mice. The
scaffolds enabled vessel infiltration, without the addition of VEGF, restored AMH,
and inhibin A, and supported ovulation and live birth of offspring that were
genetically distinct from the recipient mice (Laronda et al. 2017). An improved
version of the bioprosthetic ovary scaffold would consider both biochemical and
physical cues (Fig. 4). These cues may change as a gradient or consider the dynamic
reciprocity of the maturing ovarian follicles to enable follicle expansion, and recruit-
ment of vessels.

4.5 In Vitro Studies with Human Follicles

A process for isolating primordial follicles from human tissue has been established,
though remains inefficient in follicle yield (Laronda et al. 2014; Chiti et al. 2017a).
Isolated human follicles in plasma clots or ovarian cortical tissue pieces were
xenotransplanted into the ovarian bursa of adult intact mice. Both experiments
resulted in some growth after seven days (Dolmans et al. 2007). At five months,
the xenotransplant with isolated follicles grew to secondary and antral follicles, with
a few primordial follicles remaining (Dolmans et al. 2008). Another set of
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experiments where isolated human preantral follicles were encapsulated in fibrin
xenografted into a mouse for seven days also examined the addition of hyaluronic
acid to the fibrin clot. More primordial follicles remained in the hyaluronic acid
group and no difference in proportion of the follicle stages, unlike the fibrin alone
clot which supported growth to secondary follicles (Paulini et al. 2016). Fibrin clots
were additionally investigated for their fiber thickness, rigidity, and ability to hold
follicles short term. Clots with increased concentrations of fibrin and thrombin
resulted in fibers of similar thickness to human ovarian cortical tissue and rigidity
of 3—10 kPa. There was significant loss of follicles in all formulations tested (Chiti
et al. 2017D).

Human ovarian tissue was decellularized with 0.1% SDS and tested as a potential
scaffold for human and mouse follicles (Laronda et al. 2015; Pors et al. 2019). These
scaffolds supported mature granulosa cells isolated from follicular fluid and ovarian
stroma cells in culture. Preantral human follicles in Matrigel were seeded on top of
the human decellularized scaffold and xenotransplanted into mice. There was sig-
nificant follicle loss after three weeks and the only remaining follicles were primary.
There was better recovery and signs of folliculogenesis from transplants of preantral
murine follicles in Matrigel that were cultured on top of decellularized human
medullary scaffolds, were cultured in between two decellularized scaffolds, or within
a pocket without Matrigel (Pors et al. 2019).

5 Conclusions

An ideal engineered ovary will support continued fertility and hormone restoration
long term. For this to occur, the engineered material must consider the necessity of
the spherical shape of the ovarian follicle, the differences in rigidity, and biological
signals available within different anatomical compartments that influence
folliculogenesis in order to maintain a quiescent pool adjacent to the recruited and
growing follicles. Considerations should be made to the location of the transplant
and potential downstream use, i.e., isolation of stimulated eggs for retrieval in a
heterotopic site versus an orthotopic site that may allow for ovulation through the
fallopian tubes. Sources of stromal cell populations, that are required for theca cell
development and modulation of signals, and vessel infiltration should also be
considered.

Immunoprotective materials may be an important feature of the engineered ovary
if the cellular of scaffolding materials elicit an immune response. However, the main
driver of developing an engineered ovary is to restore both hormone function and
fertility and implies that biological offspring is the desired outcome. Additionally, it
is unclear if full cyclicity would be restored with these immunoprotective materials,
because they prevent vessel infiltration, something that is required for normal
ovarian peptides hormones and the complete establishment of the hypothalamic-
pituitary-gonadal axis, in addition to preventing ischemia. Additionally, immune
cells are a natural part of CL formation. To facilitate the ovarian biology and alleviate
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these potential immune responses we are tasked with isolating ovarian follicles and
cells for an autologous transplant.

There could be several autologous stromal cell sources. If engineered ovaries are
able to last longer as transplants in hormone and fertility restoration than unaltered
ovarian cortical tissue pieces that have been cryopreserved, then an engineered ovary
could be recreated using the isolated follicles and the stromal cells from that ovary.
Additionally, gonadal tissue from patients with DSD may also have some stromal
cells that could be used. For those patients who have potentially metastatic disease,
the source of stromal material that may be safe to transplant could be from those
same patients following completion of the cancer-eradicating treatment or through
expansion of populations from complimentary organs. For those patients that do not
have the option to use their own source of cells to restore ovarian function, future
stem cell therapies may be a welcome advancement.

The current protocols for differentiating stem cells into gametes produced PGCs and
require the nurturing environment of their support cells to undergo meiosis for both
mouse (Imamura et al. 2013; Hikabe et al. 2016; Ishikura et al. 2016; Zhou et al. 2016;
Shimamoto et al. 2019) and human stem cells (Yamashiro et al. 2018). These are positive
advancements that have the potential to benefit all patients desiring biological offspring.
It is essential to have a clear understanding of how each of these new technologies, from
scaffold materials and design to source of cells, will influence the gamete quality as they
will ultimately affect the next generation born of these technologies.
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