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Abstract

Ovarian tissue cryopreservation is a method of fertility pres-
ervation implemented before gonadotoxic treatment. This
article will focus on the specific technique of follicle isolation
with the goal of creating an artificial ovary, the why and how of
which will be discussed. The purpose of the artificial ovary is to
avoid reintroduction of malignant cells. The first part of the
article will review pathologies at risk, whereas the second part
will elaborate on practical elements of the technique, with safe
human follicle isolation crucial as a first step before embedding
follicles inside a scaffold.
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Introduction

Demand for fertility preservation for oncological, nonon-
cological, and social reasons has seen a significant increase
in recent years, with embryo cryopreservation, mature
oocyte cryopreservation, and ovarian tissue cryopreserva-
tion now all endorsed by the American Society for
Reproductive Medicine as appropriate means [1]. Among
these methods, oocyte vitrification provides the highest
yield for women with benign diseases, those seeking
fertility preservation for personal reasons, and also cancer
patients in a position to postpone their treatment. In
prepubertal girls and women whose cancer treatment

cannot be delayed, however, ovarian tissue cryopreserva-
tion is expressly indicated [2]. This technique of ovarian
tissue freezing followed by autotransplantation has
already yielded well over 200 healthy live births [3]. The
aim of this overview is to discuss indications for new
techniques in the field of fertility preservation. We will
focus specifically on the technique of follicle isolation
with the goal of creating an artificial ovary. The why and
how of the artificial ovary will also be discussed.

Why

There is great concern about the possible presence of
malignant cells in frozen ovarian tissue, but not all
cancers have the same risk (See Table 1). It is absolutely
vital that we rule out any potential contamination to
avoid reimplantation of malignant cells, and hence
recurrence of the primary disease. In our reviews, we
considered three pathologies at particularly high risk of
the presence of malignant cells in the ovary: leukemia,
Burkitt lymphoma, and neuroblastoma [4,5]. These
pathologies will be reviewed in greater detail.

Leukemia

Leukemia is one of the most common cancers affecting
children and adolescents [5], and also one of the most
curable, with survival rates exceeding 80%. Our team [6]
investigated whether leukemic cells were present in
ovarian tissue frozen during the active phase of the
disease from both chronic myeloid leukemia (CML) and
acute lymphoblastic leukemia (ALL) patients by poly-
merase chain reaction (PCR) and =xenografting to
immunodeficient mice. PCR revealed contaminated
ovarian tissue issuing from 70% of ALL patients and 33%
of CML patients. After xenotransplantation, none of the
CML-grafted mice developed the disease, whereas
almost 50% of those grafted with ALL tissue were found
to be invaded. On the contrary, Greve analyzed ovarian
tissue from leukemia patients in remission and found
that ovarian tissue from leukemia patients in complete
remission does not contain viable malignant cells
capable of transmitting the disease [7].

Lymphomas
a) Non-Hodgkin’s lymphoma

No ovarian involvement was found by histology in the
few studies conducted on non-Hodgkin’s lymphoma
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Table 1
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Risk of ovarian metastasis according to cancer type, From Dolmans and Masciangelo, Minerva Gynecologica, 2018.

High risk (>10%)

Moderate risk (2—10%)

Low risk (0—2%)

Leukemia
Neuroblastoma
Burkitt lymphoma

Colorectal cancer

Ewing sarcoma
Ovarian cancer

Borderline ovarian tumor

Breast cancer, advanced stage

Adenocarcinoma of the cervix
Non-Hodgkin lymphoma

Breast cancer, early stage
Squamous cell carcinoma of the cervix
Hodgkin lymphoma
Rhabdomyosarcoma
Soft tissue sarcoma

(NHL) [8,9]. By performing xenografting experiments
with ovarian tissue from five NHL patients, Kim et al.
were unable to prove disease recurrence [8], but Meirow
did report one case of a solid pelvic mass in a 33-year-old
patient with high-grade B-cell NHL [9]. Dolmans et al.
also detected malignant cells in the cryopreserved
ovarian tissue of two NHL patients by histology and
anti-CD20 immunohistochemistry [4] (Figure 1).
Hence, caution is required in case of NHL, especially
when patients present in the leukemic phase of the
disease commonly associated with cystic ovarian masses

[9].

b) Burkitt lymphoma

Burkitt lymphoma is an infrequent but very aggressive
B-cell form of NHL. It often involves the lymph nodes,
but the central nervous system, bowel, jaw, ovaries, and

Figure 1
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Ovarian fragment from an NHL patient. Massive invasion of the cortex by
NHL cells is evidenced by anti-CD20 immunohistochemistry. Adapted
from Dolmans et al., F&S, 2013.

kidneys may also be affected. Burkitt lymphoma typi-
cally responds well to high-dose chemotherapy, with
excellent recovery rates [10]. The ovary is the most
common site of NHL in the female genital tract and
Burkitt lymphoma appears to account for approximately
19% of adnexal lymphomas [11,12]. Grafting of ovarian
tissue is not deemed safe in patients with Burkitt lym-
phoma because of its aggressiveness and likely ovarian
involvement [4,13].

Neuroblastoma

Neuroblastoma is the most frequent extracranial solid
tumor in young children, and often metastasizes.
Indeed, over 60% of metastatic neuroblastomas show
circulating malignant cells on diagnosis [14—16].
Treatment includes high-dose chemotherapy and he-
matopoietic stem cell transplantation, leading to a sig-
nificant risk of infertility by premature menopause
occurring in more than 80% of subjects. As these pa-
tients are usually prepubertal, ovarian tissue cryopres-
ervation is the only available option to preserve their
fertility [2,17]. Neuroblastoma very frequently spreads
to the ovaries, exhibiting high rates of circulating ma-
lignant cells on diagnosis, as stated earlier. This clearly
presents a threat of disease recurrence after ovarian
tissue reimplantation. However, no systematic analyses
have yet been published on minimal disseminated dis-
ease in ovarian tissue from patients diagnosed with
neuroblastoma, although preliminary results in our
department show the risk is minimal [18].

In conclusion, the pathology that carries the highest
risk of reimplanting malignant cells when trans-
planting ovarian tissue is acute leukemia, so ovarian
tissue transplantation is not recommended in these
patients. Nevertheless, cryopreservation of ovarian
tissue at the time of disease remission, combined
with thorough tissue evaluation using sensitive tech-
niques, can be contemplated in some instances,
having enabled safe and successful tissue reimplan-
tation in a patient with acute myeloid leukemia [19].
This means that those at risk of ovarian metastasis
should not give up hope of ever giving birth. Indeed,
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techniques are constantly evolving and there are
already two existing options for these leukemia pa-
tients. If safety tests reveal a risk, an option to
circumvent disease recurrence with frozen tissue,
could be in-vitro maturation [20]. The second option
is isolating and purging individual follicles that can
subsequently be grafted back to patients inside the
so-called artificial ovary [21].

How
The main question that needs to be addressed is how to
assemble the artificial ovary.

Isolation

The first step in creating an artificial ovary requires
isolation of a large number of good-quality primordial
follicles. Because human ovarian cortex is fibrous, the
most effective way to obtain a high follicle yield and
sufficient follicle quality involves a combination of me-
chanical and enzymatic digestion of the tissue [22]. We
optimized our isolation protocol [23] in order not to
expose fully isolated follicles for too long, as protracted
exposure to enzymes could damage their basement
membrane and result in their death. Moreover, to in-
crease the number of isolated follicles, the remaining
incompletely digested fragments of ovarian tissue would
then be digested in fresh enzymatic solution [24]. This
filtration-digestion step was in fact repeatedly carried
out until complete digestion of all the ovarian frag-
ments. By immersing the remaining fragments in fresh
enzymatic solution every 30 min, we successfully
digested all types of ovarian tissue, from the softest to
the hardest. After encapsulation in fibrin and xeno-
transplantation, this technique allowed us to retrieve
hundreds of follicles (ranging from 100 to 1000,
depending on the size of the biopsy and original follicle
density) to embed inside the artificial ovary without
affecting their quality [24].

Safe isolation

After isolation, however, follicles and cells were both
found in the suspension, so during pick-up of isolated
follicles destined for the artificial ovary, malignant cells
could also have been inadvertently retrieved (Figure 2).
As the purpose of the artificial ovary is to avoid rein-
troduction of malignant cells, it is vital that we prevent
any contamination of the isolated follicle suspension. To
this end, Soares et al [25] developed a washing step,
whereby isolated follicles were transferred three times
from one medium droplet to another to separate them
from surrounding isolated cells. After washing the sus-
pensions three times following this protocol [25], none
of the samples (>2300 follicles) exhibited any malig-
nant cells whatsoever and all tested negative for leu-
kemia. This offers leukemia patients genuine hope of
having their fertility restored, as well as reassuring them
about the safety of the artificial ovary.

Scaffold

In the same way as ovarian tissue, a functioning artificial
ovary is intended to restore both endocrine and repro-
ductive functions after transplantation. A number of
prototypes have been designed to support follicle
development and ovulation, promote female hormone
production, and yield embryos and healthy offspring in
murine models [26—34]. We could speculate that these
results may be extrapolated to human follicles inside
similar scaffolds, but we must remember that murine
and human ovary microarchitecture and structure differ
substantially. Requirements for human follicles can
indeed be distinct from those for murine follicles
[35,36]. Although studies in humans still lag far behind
those in mice, and despite the ethical challenges
involved in human reproductive function assessment,
studies have proved the feasibility of this approach.

To promote follicle survival and growth after grafting
inside the artificial ovary, various conditions must be
met to ensure female hormone production and fertiliz-
able mature oocyte development. Although complete
follicle isolation is needed, follicle survival and growth
depend on cross-talk between follicles and surrounding
ovarian cells. For example, ovarian stromal cells are
implicated in activating primordial follicles and some
stromal cells are recruited to differentiate into theca
cells [37,38]. Conversely, endothelial cells govern
vascularization in ovarian tissue, vital to transporting
paracrine factors, oxygen and nutrients, and removing
metabolic waste [39]. In other words, we must recreate
an environment that resembles the human ovary as
closely as possible.

a) Alginate

Alginate, a natural polymer used extensively in tissue
engineering, was tested for grafting of isolated preantral
follicles, because very few studies have investigated
alginate in this context [30,34,40]. After isolation and
encapsulation in a 1% alginate scaffold, isolated murine
preantral follicles were found to have survived and
developed after 7 days of autotransplantation [30].
Interestingly, use of a lower alginate concentration
(0.5%) allowed Rios et al [34] to obtain metaphase II
oocytes after grafting.

b) Natural matrices and fibrin

The first natural material ever used to graft isolated
preantral follicles was collagen [27]. That same year,
Gosden [26] reported the birth of mouse pups after
grafting of isolated follicles in plasma clots. Based on
these successful results with mouse follicles, Dolmans
et al. [41,42] encapsulated isolated human preantral
follicles in autologous plasma clots and xenotransplanted
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Figure 2

The why and how of the artificial ovary Dolmans 65

2000X

12000X

90000X

F30/T50

F50/T50 F75/T75

b * %
200-
B
£ 150-
[7/]
3
£ 1004 =
L
< T
& 50-
2
('Y
0 L] T -
&

S &
«“’é\ «"Qé é"é

Current Opinion in Endocrine and Metabolic Research

Ultrastructure of human ovarian cortex and fibrin formulations. (a) SEM image of human ovarian cortex and fibrin matrix formulations at different mag-
nifications (x 2000; x12 000; x90 000). (b) Graphic representation of fiber thickness in human ovarian tissue (OT) and four fibrin formulations. Adapted

from Chiti MC et al., JARG, 2018; 35:41-48.

them to immunosuppressed mice. Follicles developed to
the antral stage after long-term grafting [41,42].

Successful outcomes of isolated mouse follicle trans-
plantation were also obtained with gelatin and decellu-
larized ovarian tissue [33,43]. Pors et al [44] recently
reported that human isolated follicles were able to sur-
vive for 3 weeks after seeding inside decellularized
ovarian tissue and xenografting.

Our team also tested fibrin, another natural polymer.
Short-term (7 days) transplantation of isolated mouse
preantral follicles inside fibrin matrices with very low
levels of fibrinogen and thrombin led to survival and
growth of follicles and yielded recovery rates of 28—35%

[45—47]. After a longer (3 weeks) period and inside a
stiffer fibrin matrix, isolated mouse preantral follicles
developed to the antral stage [48]. The presence of
corpora lutea and the decline in follicle-stimulating
hormone levels proved restoration of hormone cyclicity.

Fibrin has been combined with other natural polymers
(fibrin-collagen and fibrin-alginate) and supplemented
with growth factors (vascular endothelial growth factor
(VEGF)) an attempt to enhance follicle survival [31].
Surprisingly, after grafting isolated murine preantral folli-
cles inside these different scaffolds, pups were only ob-
tained from fibrin-VEGF clots [31]. Fibrin has also been
used along with platelet lysate, a great source of growth
factors [49], indicating that such supplementation can
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enhance recovery rates after 14 days of isolated mouse
follicle transplantation [50].

Different fibrin formulations have also been used to
investigate survival and growth of human follicles
[24,35]. Fibrin matrices containing 50 mg/ml fibrinogen
and thrombin were found to most closely resemble
human ovarian cortex in terms of ultrastructure
(Figure 2) and rigidity [36]. With this type of matrix,
follicle recovery rates of 22% were achieved after 1 week
of xenografting to immunodeficient mice [35].

Conclusion

Ongoing research into a transplantable artificial ovary
prototype for human isolated follicles should now be
directed at investigating follicle morphometry, growth
rates, hormone secretion, molecular markers, and the
epigenetic status of oocytes. Knowledge of these aspects
is crucial to help us understand how a given matrix can
impact follicle survival and development.
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