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Abstract

Increasing numbers of patients are now surviving previously fatal malignant diseases, so for women of childbearing age, fertility 
concerns are paramount once they are cured. However, the treatments themselves, namely chemo- and radiotherapy, can cause 
considerable damage to endocrine and reproductive functions, often leaving these women unable to conceive. When such 
gonadotoxic therapy cannot be postponed due to the severity of the disease or for prepubertal girls, the only way to preserve fertility 
is cryobanking their ovarian tissue for future use. Unfortunately, with some types of cancer, there is a risk of reimplanting malignant 
cells together with the frozen-thawed tissue, so it is not recommended. A safer approach involves grafting isolated preantral follicles 
back to their native environment inside a specially created transplantable artificial ovary for their protection. This bioengineered 
ovary must mimic the natural organ and therefore requires an appropriate scaffold to encapsulate not only isolated follicles, but also 
autologous ovarian cells, which are needed for follicles to survive and develop. Here we review the indications for use of this 
artificial ovary and advances in the field that are bringing us ever closer to clinical implementation.
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Introduction

Cancer remains one of the most pressing health issues 
worldwide and a leading cause of death across the globe. 
Thanks to early diagnosis and great improvements in 
cancer treatments, 5-year survival rates have now reached 
65% in adults and 83% in children (Siegel et al. 2018). 
On the other hand, these very treatments have given 
rise to other issues, like premature ovarian insufficiency 
(POI) and infertility. Because of the gonadotoxic nature 
of cancer therapies, fertility preservation prior to cancer 
treatment is becoming a clinical and moral duty in 
oncological practice.

For adult women, a number of different fertility 
preservation strategies can be proposed (Donnez & 
Dolmans 2017). For prepubertal girls and women 
who require immediate chemo and/or radiotherapy, 
however, ovarian tissue cryopreservation (OTC) is the 
only alternative at present, since it does not require 
controlled ovarian stimulation. Frozen-thawed ovarian 
tissue can be transplanted back to the pelvic cavity once 
the patient is cured. This procedure leads to restoration 
of ovarian activity in more than 95% of cases (Donnez 
et  al. 2015). Transplantation of cryopreserved ovarian 
tissue has been steadily increasing all over the world 

and more than 130 live births have been reported to 
date, yielding live birth rates in the range of 23–77% 
(Donnez et al. 2015, Meirow et al. 2016, Van Der Ven 
et  al. 2016, Donnez & Dolmans 2017, Jensen et  al. 
2017, Diaz-Garcia et al. 2018, Silber et al. 2018).

The most frequent indications for OTC and 
subsequent transplantation in adults are hematological 
malignancies (Hodgkin’s and non-Hodgkin’s lymphoma 
and leukemia) and breast cancer (Dolmans et  al. 
2013a), while in pediatric patients, leukemia and 
myeloproliferative or myelodysplastic diseases top the 
list followed by sarcoma (Armstrong et  al. 2018). A 
serious concern that must nevertheless be addressed is 
the risk of reimplanting malignant cells together with 
the grafted tissue, especially in patients with leukemia 
(Dolmans et al. 2010), which remains the most common 
hematological cancer in women under 20  years of 
age. The risk is particularly high in women with acute 
leukemia and cannot be completely eliminated, even if 
the biopsy destined for cryopreservation is taken from 
patients in complete remission (Dolmans 2012, Greve 
et al. 2012, Dolmans et al. 2013b).

For this reason, different research teams worldwide 
have been working on alternative strategies, including (i) 
in vitro (ex vivo) culture of follicles (for review, see(Telfer 
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& Zelinski 2013, Fabbri et al. 2018, Fisch & Abir 2018)) 
and (ii) in vivo (post-transplantation) growth of isolated 
preantral follicles inside a transplantable artificial ovary 
(for review, see (Amorim & Shikanov 2016, Fisch & 
Abir 2018)), with the main objective of safely restoring 
reproductive function in patients who cannot undergo 
ovarian tissue transplantation. Since the latter is our 
area of expertise, we will focus on development of a 
bioengineered artificial ovary for further transplantation 
and discuss the latest advances and applications of this 
technology based on our experience.

Indications for an artificial ovary and risk of 
reimplanting malignant cells

In order to ensure the safety of OTC and transplantation, 
it is crucial to take into account the risk of tumoral 
involvement in the ovaries and detect the possible 
presence of cancer cells in cryopreserved ovarian tissue. 
These patients will benefit most from advances in the 
field of artificial organ bioengineering.

Risks should be weighed up according to cancer type 
(Table 1). They are considered to be high (>11%) in case 
of leukemia, neuroblastoma and Burkitt lymphoma, and 
moderate (0.2-11%) in case of advanced breast cancer, 
colon cancer, cervical adenocarcinoma, non-Hodgkin’s 
lymphoma and Ewing sarcoma. The risk is considered to 
be very low (<0.2%) in all other pathologies (Dolmans 
& Masciangelo 2018).

Leukemia

Leukemia is a blood-borne disease and the most common 
cancer in children. Climbing survival rates among young 
leukemia patients highlight the potential for possible 
long-term complications, such as chemotherapy-
induced POI and infertility. For this reason, an important 
element in the management of these patients is fertility 
preservation, which is challenged by considerations 
specific to leukemia (Shapira et al. 2018a). As treating 
recurrence often requires high-dose chemotherapy with 
alkylating agents and bone marrow transplantation, 
relapsing leukemia patients are at high risk of POI and 
infertility, which is why fertility preservation should be 
offered. Moreover, leukemia occurs most commonly 
in children and chemotherapy needs to be started as 

soon as possible, so OTC is the only option available at 
present for these patients.

Malignant leukemic cells are found in the bloodstream, 
so the risk of ovarian involvement in these patients is 
high. Ovarian tissue taken for cryopreservation purposes 
could harbor malignant cells that might lead to disease 
recurrence after tissue reimplantation (Dolmans et  al. 
2013b). Detection of leukemic cells in ovarian tissue 
was first described in 2008 (Meirow et  al. 2008). The 
BCR-ABL gene was evidenced by quantitative reverse 
transcription-polymerase chain reaction (RT-qPCR) 
in the ovarian tissue of a chronic myeloid leukemia 
(CML) patient. In 2010, Dolmans et  al. evaluated the 
presence of leukemic cells in ovarian tissue frozen 
during the active phase of the disease in a series of 16 
patients. Six CML patients and ten acute lymphoblastic 
leukemia (ALL) patients were included in the study, and 
malignant cells were identified in ovarian tissue from 
2 (33%) and 7 (70%) patients respectively by RT-qPCR. 
Frozen-thawed ovarian tissue was also grafted to severe 
combined immunodeficient (SCID) mice for 6 months. 
Neither macroscopic (visible to the eye) nor microscopic 
(histologically detected) disease was observed in mice 
grafted with ovarian tissue from CML patients, while 
5 out of 12 mice grafted with ovarian tissue from ALL 
patients appeared to have been invaded by the disease 
(Dolmans et  al. 2010). In an analogous study, ovarian 
tissue from leukemia patients in complete remission was 
analyzed (Rosendahl et  al. 2010, Greve et  al. 2012). 
Although RT-qPCR evidenced malignant cells in two 
out of four patients in frozen-thawed ovarian tissue, 
it did not reveal the presence of any leukemic cells in 
ovarian tissue xenografted for 20  weeks (Greve et  al. 
2012). Hence, leukemic cells were detected in >50% 
of cryopreserved ovarian tissue specimens during the 
active phase of disease, while ovaries from leukemia 
patients in complete remission did not appear to contain 
a sufficient number of viable malignant cells to transmit 
the disease upon transplantation.

Numerous studies investigating ovarian tissue from 
leukemia patients discourage its transplantation, but a 
very recent publication (Shapira et al. 2018a) reported 
the first live birth in an acute myeloid leukemia patient. 
Ovarian tissue was frozen when this 32-year-old 
patient was in complete remission, prior to undergoing 
hematopoietic stem cell transplantation (HSCT). 
Three fragments were analyzed before transplantation 

Table 1 Presence of malignant cells in the ovary according to cancer type (adapted from Dolmans & Masciangelo 2018).

Low risk Moderate risk High risk

Breast cancer (stage I–II infiltrating ductal subtype)
Squamous cell carcinoma of the cervix
Hodgkin’s lymphoma
Soft tissue sarcoma
Rhabdomyosarcoma
Renal tumors

Breast cancer (stage IV infiltrating lobular subtype)
Colon cancer
Adenocarcinoma of the cervix
Non-Hodgkin’s lymphoma
Ewing sarcoma
Contralateral ovarian cancer or borderline ovarian tumor

Leukemia
Neuroblastoma
Burkitt lymphoma
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using a panel of techniques (light microscopy, 
cytogenetic analysis, next-generation sequencing 
and xenotransplantation for 6  months). None of the 
analyses detected any leukemic cells in the frozen-
thawed ovarian tissue, so transplantation went ahead. 
The patient conceived twice, once after IVF and once 
spontaneously and remains disease-free 28 months after 
transplantation (Shapira et al. 2018b).

Neuroblastoma

Neuroblastoma (NB) is the most common extracranial 
solid tumor in infants, with considerable metastatic 
potential. Treatment includes high-dose chemotherapy 
and HSCT, leading to a significant risk of infertility 
(>80%). As these patients are mostly prepubertal, OTC 
is the only fertility preservation option available to 
them (Imbert et  al. 2014). In the literature, a number 
of cases of ovarian involvement in metastatic NB have 
been reported (Meyer et al. 1979, Mchugh et al. 1999). 
Indeed, NB is the childhood tumor that most frequently 
spreads to the ovaries, with more than 60% of metastatic 
NBs showing circulating malignant cells at the time of 
diagnosis. In these circumstances, patients are at risk 
of primary disease recurrence upon transplantation of 
ovarian tissue.

In a study by Greze et  al. (2017), healthy ovarian 
tissue from 20 patients was in vitro contaminated 
with human NB cell lines and subsequently tested for 
minimal residual disease (MRD) with RT-qPCR for the 
relevant genes. The results showed PHOX2B (paired-like 
homeobox 2b) to be a reliable and sensitive marker of 
NB cells contaminating ovarian tissue, as it was able 
to detect as few as ten neoplastic cells present in the 
ovarian fragments. Cryopreserved ovarian tissue from 
two prepubertal patients with NB was also tested, 
but the PHOX2B gene was not detected by RT-qPCR, 
suggesting an absence of NB cells in these samples 
(Greze et al. 2017).

In high-risk NB, the clinical significance of long-
term MRD monitoring using RT-qPCR for NB mRNAs 
was investigated in four patients over the course of 
their disease (diagnosis, remission and relapse) and 
treatment (Tchirkov et  al. 2018). The findings proved 
the stability of mRNA marker expression after different 
treatments and demonstrated their ability to predict 
relapse and assess therapeutic response. This opens 
up the possibility of long-term molecular monitoring 
of MRD. Indeed, evaluating these markers prior to 
retransplantation (of tissue or the transplantable artificial 
ovary) will undoubtedly be of great value in the clinical 
management of our oncological patients.

Burkitt lymphoma

Burkitt lymphoma is a rare but highly aggressive B-cell 
form of non-Hodgkin’s lymphoma. It frequently involves 

the lymph nodes, but can also affect the jaw, central 
nervous system, bowel, kidneys, ovaries or other organs. 
There are three main types of Burkitt lymphoma.

Endemic Burkitt lymphoma most often occurs in 
children living in malaria-rife regions of the world, 
where it is still the most common childhood cancer. 
Sporadic Burkitt lymphoma is found all over the world 
and is the most prevalent variant in places where 
malaria is not holoendemic. Immunodeficiency-related 
Burkitt lymphoma is most frequently encountered in 
people with AIDS and those with inherited immune 
deficiencies, but can also occur in patients taking 
immunosuppressive medication to prevent rejection 
after organ transplantation.

The Epstein-Barr virus has been shown to be linked to 
the development of Burkitt lymphoma, with the strongest 
association usually seen in case of the endemic form. 
Translocation of the MYC gene is a hallmark of Burkitt 
lymphoma, making this a key finding for diagnosis of 
the disease. Although extremely aggressive and often 
constituting a medical emergency, Burkitt lymphoma is 
generally very responsive to high-dose chemotherapy, 
with high cure rates (Molyneux et al. 2012).

Burkitt lymphoma is the most rapidly growing tumor 
in children, with a doubling time of approximately 24 h 
(Miyazaki et  al. 2013). The ovary is the most frequent 
site of non-Hodgkin’s lymphoma in the female genital 
tract and Burkitt lymphoma has been reported to 
account for approximately 19% of adnexal lymphomas 
(Kosari et  al. 2005, Perlman et  al. 2005). It is also 
among the differential diagnoses for adnexal masses 
discovered during pregnancy (Magloire et  al. 2006). 
Burkitt lymphoma occurring during pregnancy has a 
tendency to involve organs stimulated by sex hormones, 
like the breast and ovaries, with the most common site 
being the breast. Moreover, there are cases of primary 
breast disease with ovarian involvement diagnosed 
during pregnancy (Testa et  al. 2013). Ovarian tissue 
transplantation is not considered safe in patients with 
Burkitt lymphoma due to its high aggressiveness and 
frequent ovarian involvement (Sonmezer & Oktay 2004, 
Dolmans et al. 2013b).

To conclude, currently accepted methods of 
screening ovarian tissue for cancer cells before ovarian 
tissue transplantation include histology, identification of 
immunohistochemical markers specific to the disease 
in question, testing for disease-specific markers by 
fluorescence in situ hybridization (FISH) and/or PCR 
and 6-month follow-up of SCID mice transplanted with 
fragments of thawed ovarian tissue. Some key principles, 
like preservation of a sample of the original tumor in a 
tissue bank for the purposes of cancer detection tests, 
are strongly emphasized by Shapira et al. (2018b). No 
official guidelines exist as yet, but at this stage in our 
understanding, we would only recommend ovarian 
tissue transplantation if the available analyses proved 
negative, with sufficient levels of sensitivity.
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How to avoid reimplanting malignant cells when 
the risk is real: the advent of the bioengineered 
transplantable artificial ovary

Bioengineering a transplantable artificial ovary

The main objectives of an artificial ovary are (i) to safely 
transplant isolated primordial and primary follicles, 
avoiding inadvertent contamination by malignant cells 
possibly present in ovarian tissue that could potentially 
lead to the recurrence of the primary disease (Dolmans 
et  al. 2013b) and (ii) to support follicle survival and 
development after transplantation, ensuring secretion 
of sex hormones and production of fertilizable 
mature oocytes. Based on these goals, a number of 
key conditions must be met in order to bioengineer 
an artificial ovary. First of all, we need to ensure safe 
isolation of a maximum number of primordial and 
primary follicles (Fig.  1). Since follicles are enclosed 
in a basement membrane that avoids direct interaction 
between follicular cells and capillaries, white blood 
cells and nerve processes (Rodgers et  al. 2003), their 
isolation will guarantee that no malignant cells are 
returned back to patients. Interest in these small follicles 
is high because they represent more than 90% of the 
total follicle population in the ovary and are the most 
cryoresistant class of follicles (Shaw et al. 2000). While 
complete follicle isolation is required to safeguard 
patient health, follicle survival and growth depend on 
cross-talk between follicles and surrounding ovarian 
cells and the ovarian extracellular matrix (ECM). For 
instance, ovarian stromal cells are involved in activation 
of primordial follicles and some will be recruited to 
differentiate into theca cells (Parrott & Skinner 2000, 
Oktem & Urman 2010). On the other hand, endothelial 
cells are responsible for vascularization in ovarian tissue, 
essential for transportation of paracrine factors, oxygen 
and nutrients, as well as metabolic waste removal. The 
ovarian ECM maintains 3D follicle structure and plays 
an important role in folliculogenesis as it has the ability 
to bind growth factors, including those found in follicles 
(Rodgers et al. 2003). In other words, to build an artificial 
ovary, it is necessary to recreate an environment similar 
to the natural human ovary.

Isolation of primordial and primary follicles: quality 
and quantity

As mentioned earlier, the first requirement for the 
creation of a bioengineered artificial ovary is isolation 
of a large number of intact preantral follicles. This 
procedure aims to dissociate as many intact follicles 
as possible from the surrounding ovarian stroma. Due 
to the fibrous nature of human ovarian cortex where 
the majority of primordial and primary follicles reside, 
the most effective way of obtaining a high follicle 
yield and quality is usually based on a combination 
of mechanical and enzymatic tissue digestion (Chiti 
et  al. 2018b). An optimal isolation protocol should 
also take into account all conceivable variations that 
may be encountered in different types of ovarian 
tissue. With this in mind, we optimized our isolation 
protocol (Vanacker et  al. 2011) by inactivating the 
enzymatic digestion process every 30 min and filtering 
the suspension, so that fully isolated follicles would 
not be continuously exposed to enzymes, which 
could damage their basement membrane and result in 
their death. The remaining fragments of ovarian tissue 
left behind in the filter would then be digested in fresh 
enzymatic solution in order to increase the number 
of isolated follicles (Chiti et al. 2017a). This filtration-
digestion step was repeated until all the ovarian 
fragments were completely digested. We found that by 
subjecting the remaining fragments to fresh enzymatic 
solution every 30 min, we were able to successfully 
digest any type of ovarian tissue, from the softest to the 
hardest. This ensured that all the tissue was processed 
without affecting the quality of the isolated follicles, 
as demonstrated by our findings after encapsulation in 
fibrin and xenografting (Chiti et al. 2017a). This new 
protocol allows personalization of ovarian follicle 
isolation according to individual tissue properties 
and should be implemented on a case-by-case basis 
to make best use of precious ovarian follicles and 
maximize the chances of pregnancy after artificial 
ovary transplantation.

It is important to stress that in order to allow its 
application in patients, reagents used in isolation 
protocols must fully comply with good manufacturing 
practice (GMP) guidelines. We therefore developed 
protocols associating two GMP-produced enzymes: 
Liberase DH and DNase (Vanacker et  al. 2011, Chiti 
et al. 2017a).

Isolation of primordial and primary follicles: safety

Another important concern regarding the safety of the 
follicle isolation procedure is possible contamination 
of the suspension by malignant cells. After isolation, 
both follicles and cells can be found in the suspension, 
so during pick-up of isolated follicles to embed 
inside the artificial ovary, malignant cells may also Figure 1 Human ovarian primordial (A) and primary (B) follicles.
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be inadvertently retrieved (Fig.  2). In an experiment 
involving a suspension of digested ovarian tissue 
artificially contaminated with marked fluorescent 
leukemic cells (BV-173), Soares et al. (2015a) indeed 
detected their presence in medium droplets containing 
isolated follicles (Fig. 2). As the goal of the artificial 
ovary is to avoid reintroduction of malignant cells that 
could potentially reside in transplanted ovarian tissue, 
it is essential to prevent any possible contamination 
during follicle pick-up and embedding. Soares et al. 
(2015a) therefore devised a washing step whereby 
isolated follicles were transferred three times from 
one medium droplet to another in order to separate 
them from surrounding isolated cells. Such a small 
modification to the original protocol was enough to 
slash the levels of leukemic cell contamination from 
196 cells to just one (Soares et al. 2015a). Results from 
this experimental model were subsequently confirmed 
in a further study using frozen-thawed ovarian tissue 
from 12 leukemia patients (Soares et al. 2017). PCR 
identified leukemic cells in 66% of the ovarian tissue, 
with malignant cells also detected in digested ovarian 
suspensions. After washing the suspensions according 
to the previously described protocol (Soares et  al. 
2015a), however, none of the follicle samples (>2300 
follicles tested) showed any malignant cell presence 
at all. All isolated and washed follicle suspensions 
tested negative for leukemic cells, giving leukemia 
patients genuine hope of fertility restoration. This 
provides further reassurance about the safety of the 
bioengineered transplanted artificial ovary.

Addition of isolated ovarian stromal cells

It is well known that early follicle development is 
controlled by ovarian autocrine/paracrine regulators 
secreted by follicles and the ovarian stroma. Stromal 
cells have been shown to release various factors that 
positively regulate primordial-to-primary follicle 
transition (Knight & Glister 2006). After activation of 
primordial follicles, primary follicles secrete other factors 
to recruit fibroblast-like precursor cells or stem cells from 
the ovarian stroma to differentiate into functional theca 
cells (Orisaka et al. 2006, Honda et al. 2007). These play 
a supportive structural role for growing follicles, but also 
provide androstenedione and testosterone for estrogen 
biosynthesis by granulosa cells. Integration of ovarian 
stromal cells into the artificial ovary might therefore 
re-establish natural communication between follicles 
and surrounding stromal cells, potentially increasing 
follicle development.

Follicle survival and growth also require 
vascularization, so vascular development is essential 
after grafting. For this, it is vital to promote angiogenesis 
in the hypoxic environment of the artificial ovary. 
Endothelial cells are crucial in this context, aiding 
survival of different types of cells by enhancing the 
quality of revascularization after grafting (Liu et al. 2017).

Ovarian cells can also be isolated from a second fresh 
ovarian biopsy after the patient has completed chemo/
radiotherapy, which would consequently avoid any 
potential contamination by malignant cells (Fig.  3). In 
order to assess the impact of previous chemotherapy on 

Figure 2 Isolated human preantral follicles. Group of isolated follicles soon after pick-up (A). Follicles were obtained by the standard pick-up 
technique without purging. Note the presence of small ovarian cells along with the follicles (black arrows) (B). Analysis of the same follicle 
suspensions under a fluorescence microscope (green filter) reveals contamination by leukemic cells (white arrows) (C). Reprinted with 
permission from Soares et al. (2015a) © Elsevier (2018).

Figure 3 Transplantable artificial ovary concept. While preantral follicles would be isolated from ovarian tissue samples cryopreserved before 
cancer treatment, ovarian cells would be obtained from ovarian tissue collected after treatment in order to eliminate any risk of malignant cell 
contamination. Isolated follicles and cells would be encapsulated in a 3D matrix and orthotopically grafted to the patient after disease 
remission. TAO, transplantable artificial ovary
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isolated ovarian cells, Soares (2015) conducted a study 
involving isolation of ovarian cells from fresh ovarian 
tissue of three patients who were previously subjected 
to chemotherapy. These cells were then compared 
with fresh ovarian cells from healthy patients in terms 
of survival and proliferation. The results showed that 
previous chemotherapy did not impact cell behavior 
(Soares 2015), so fresh ovarian tissue obtained from 
patients after cancer treatment may be considered a 
legitimate source of ovarian cells.

Regarding isolated endothelial cells, the first study to 
demonstrate the importance of co-transplanting them 
along with stromal cells was performed by Dath et al. 
(2011). After 1  week of xenografting isolated human 
ovarian cells to mice, we observed well vascularized 
and structured ovary-like tissue (Dath et  al. 2011). 
Vascularization in grafted tissue can therefore be boosted 
with higher concentrations of isolated endothelial cells, 
which can be easily obtained from the medullary part of 
the ovary (Soares et al. 2015b).

3D matrix to encapsulate isolated preantral follicles 
and ovarian cells

The choice of which 3D matrix to use for grafting of 
isolated follicles and cells is one of the most challenging 
and critical elements in the development of a 
bioengineered artificial ovary (Amorim 2011). Since its 
conception, both synthetic (Kim et al. 2016, Day et al. 
2018, Mendez et al. 2018) and natural (Dolmans et al. 
2007, 2008, Luyckx et al. 2014, Vanacker et al. 2014, 
Paulini et al. 2016, Chiti et al. 2016a, 2018a) polymers 
have been tested for the creation of an artificial ovary 
prototype. While synthetic materials (produced with 
chemical processes that do not commonly occur in 
nature) are more predictable in terms of degradation 
rate and mechanical properties (Asti & Gioglio 2014), 
studies have shown that natural polymers (biologically 
derived materials) constitute the matrix of choice for an 
artificial ovary (Amorim & Shikanov 2016).

One of the greatest advantages of synthetic polymers 
is the possibility of tailoring the mechanical properties 
according to the specific requirements of clinical 
application. These matrices can also be manufactured 
in large and uniform batches and have a long shelf life 
(Faulk et  al. 2014). However, synthetic polymers do 
not contain molecules essential for cell adhesion, but 
bioactive factors can be incorporated to stimulate this 
aspect (Yoon & Fisher 2009, Kim et al. 2016).

To our knowledge, the only synthetic polymer that 
has been utilized to graft isolated preantral follicles is 
poly(ethylene glycol) (PEG) (Kim et al. 2016). PEG is a 
linear-chained polymer consisting of a simple oxygen-
carbon-carbon repeating unit. Shikanov’s group has 
successfully used PEG gels modified with arginine, 
glycine and aspartate (RGD) to graft mouse preantral 
follicles, showing that this polymer allows follicle 

survival and development (Kim et  al. 2016). Whether 
different types of PEG can support survival of isolated 
human preantral follicles nevertheless remains to 
be determined.

Unlike their synthetic counterparts, natural polymers 
show superior interaction with cells, thanks to the 
presence of biofunctional molecules – they play a 
useful role in cell adhesion, migration, proliferation 
and differentiation. Conversely, natural matrices also 
have some disadvantages, such as the lack of sufficient 
mechanical strength and difficulty modifying their 
composition because of their complex structure (Yoon 
& Fisher 2009).

The first natural matrix ever used to graft isolated 
preantral follicles was collagen (Telfer et  al. 1990). 
This pioneering study found that when encapsulated in 
collagen, isolated mouse follicles were able to survive 
and grow after transplantation to the kidney capsule. 
However, the authors also reported oocyte atresia in 
antral follicles and granulosa cell luteinization (Telfer 
et al. 1990).

Published the same year as the collagen study, 
Gosden’s report (1990) documented the birth of pups 
after transplantation of isolated follicles in plasma clots. 
In this experiment, isolated murine ovarian follicles and 
cells were encapsulated in autologous plasma clots 
and this matrix could then be restructured into effective 
ovarian tissue after allografting, resulting in ovulation 
and delivery of normal offspring (Gosden 1990). These 
findings were further corroborated when murine follicles 
were isolated from cryopreserved ovarian tissue (Carroll 
& Gosden 1993).

Based on the successful results reported with mouse 
follicles, Dolmans et  al. (2007, 2008) encapsulated 
isolated human ovarian preantral follicles in autologous 
plasma clots and xenografted them to immunodeficient 
mice for 1 week or 5 months. After short-term grafting, 
the follicles were able to grow to the secondary stage, 
while after long-term transplantation, antral follicles 
were also found in the grafts (Dolmans et  al. 2007, 
2008). In spite of these promising results, plasma clots 
have an inconsistent composition and degrade rapidly 
after grafting, which can lead to follicle loss and 
variable outcomes.

To replace plasma clots, our team decided to test 
fibrin, a similar natural polymer. Commercially available 
sources of fibrin may contain high concentrations of 
fibrinogen and thrombin, which can be further diluted 
to obtain fibrin formulations with different mechanical 
properties, including degradation rate, rigidity, 
morphology and fiber network (Dietrich & Lelkes 2006).

Short-term (7  days) grafting of isolated mouse 
preantral follicles in fibrin matrices with very low 
concentrations of fibrinogen and thrombin resulted in 
survival and growth of follicles and yielded recovery 
rates of 28–35% (Luyckx et al. 2014, Chiti et al. 2016a, 
2017b). After a longer (3 weeks) grafting period, isolated 
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mouse preantral follicles were able to develop to the 
antral stage in a stiffer fibrin matrix (Smith et al. 2014). 
Ovulation and restoration of hormone cyclicity were 
evidenced by the presence of corpora lutea and a 
decrease in follicle-stimulating hormone levels.

Fibrin has also been combined with other natural 
polymers (fibrin-collagen and fibrin-alginate) and 
loaded with growth factors (vascular endothelial growth 
factor (VEGF)) in attempts to enhance follicle survival 
(Kniazeva et  al. 2015). Surprisingly, after grafting 
isolated murine preantral follicles inside these different 
matrices, pups were only obtained in fibrin-VEGF clots 
(Kniazeva et al. 2015). Fibrin has also been associated 
with different concentrations of platelet lysate, a great 
source of growth factors (Lang et al. 2018), indicating 
that such supplementation can improve recovery rates 
after 14 days of isolated mouse follicle transplantation 
(Rajabzadeh et al. 2015).

A few studies have demonstrated the ability of this 
polymer to support survival and growth of human 
follicles. However, fibrin formulations need to be much 
stiffer than those tested for mouse follicles (Paulini 
et al. 2016, Chiti et al. 2017a). Indeed, fibrin matrices 
containing 50 mg/mL fibrinogen most closely resemble 
human ovarian cortex in terms of ultrastructure (Fig. 4) 
and rigidity (Chiti et al. 2018a). When using this matrix, 
follicle recovery rates after 1  week of xenografting to 
immunodeficient mice were between 22 and 35%, 
very similar to the results obtained after xenografting of 
human ovarian tissue (Nisolle et al. 2000).

Alginate is another natural polymer widely applied 
in tissue engineering, which was tested for grafting of 
isolated preantral follicles. A number of studies have 
used alginate to in vitro-culture preantral follicles from 
different animal species (for review, see:(Vanacker & 
Amorim 2017), but only a few have exploited alginate in 
the context of isolated follicle transplantation (Vanacker 
et al. 2012, 2014, Rios et al. 2018). Following isolation 

and encapsulation in a 1% alginate matrix, isolated 
murine preantral follicles were able to survive and 
develop after 1 week of autotransplantation (Vanacker 
et  al. 2014). Interestingly, using a lower alginate 
concentration (0.5%), Rios et  al. (2018) were able to 
obtain metaphase II oocytes after allotransplantation.

Other natural matrices, such as gelatin and 
decellularized ovarian tissue, have also yielded 
successful outcomes in isolated mouse follicle 
transplantation (Laronda et al. 2015, 2017, Hassanpour 
et al. 2018, Pors et al. 2018). Recently, Pors et al. (2018) 
reported promising results with human preantral follicles 
seeded inside decellularized human ovarian tissue; 
isolated follicles were able to survive for 3 weeks after 
xenografting to mice.

Despite these promising results with decellularized 
ovarian tissue matrices, it is important to bear in mind 
that preantral follicles are of different sizes (30–150 µm) 
and it is very challenging to find an exact fit for them in 
the pores of the matrix. One alternative is to transform this 
matrix into a thermosensitive hydrogel. This approach 
allows perfect encapsulation of isolated follicles and 
ovarian cells, while retaining the composition of the 
decellularized ovarian tissue. Our preliminary in vitro 
experiments using this approach demonstrated that 
isolated mouse preantral follicles can successfully 
survive in this matrix (Chiti et  al. 2016b). Table  2 
summarizes the main findings obtained after grafting 
isolated follicles inside the above-mentioned matrices.

Functionality of the transplantable artificial ovary

Like ovarian tissue, a functional transplantable artificial 
ovary should be able to restore both endocrine and 
reproductive functions after grafting. Several prototypes 
have indeed been shown to support follicle development 
and ovulation, promote synthesis of female hormones 
and produce embryos and healthy offspring in murine 

Figure 4 Ultrastructure of human ovarian cortex and different fibrin formulations. Scanning electron microscopy image of human ovarian cortex 
and fibrin matrix composition at different magnifications (× 2000; × 12,000; × 90,000). F, fibrinogen; T, thrombin. Reprinted with permission 
from Chiti et al. (2018a) © Springer Link (2018).
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models (Gosden 1990, Telfer et  al. 1990, Carroll 
& Gosden 1993, Smith et  al. 2014, Kniazeva et  al. 
2015, Kim et al. 2016, Laronda et al. 2017, Rios et al. 
2018). One could hypothesize that such findings may 
be extrapolated to human follicles inside these same 
matrices, but it is important to bear in mind that mouse 
and human ovary microarchitecture and structure are 
quite distinct, and requirements for a transplantable 
artificial ovary for human follicles can differ greatly from 
those of a prototype for mouse follicles (Paulini et  al. 
2016, Chiti et al. 2018a).

Although results with human follicles are still far 
behind those obtained with their murine counterparts, 
and despite not being able to assess their reproductive 
function for ethical reasons, studies have nevertheless 
demonstrated the feasibility of this approach. Dolmans 
et al. (2008) showed that 5 months after xenografting, 
human follicles were able to reach the antral stage. 
Follicle recovery rates in fibrin and decellularized human 

ovarian matrices after 1 week of xenografting were found 
to be comparable to those reported for human ovarian 
tissue in similar grafting experiments (Nisolle et al. 2000, 
Paulini et al. 2016, Chiti et al. 2017a, Pors et al. 2018). 
Formation of an ovary-like structure, which is necessary 
for further follicle development, was also demonstrated 
in several studies (Dolmans et  al. 2007, 2008, Paulini 
et al. 2016, Chiti et al. 2017a). Future research testing 
a transplantable artificial ovary prototype for human 
follicles should now focus on follicular morphometry, 
growth rates, hormone secretion, molecular markers and 
the epigenetic status of oocytes, in order to understand 
how the selected matrix can impact follicle survival 
and development.

Conclusion

In conclusion, cancer patients who cannot undergo 
transplantation of frozen-thawed ovarian tissue could 

Table 2 Efficiency of different matrices used to graft isolated mouse or human follicles.

Species Matrix Grafting duration Follicle survival Main findings Reference

Mouse Plasma clot Up to (approx.) 
4.5 months

Not mentioned Offspring Gosden (1990)

Mouse Collagen Up to 21 days Not mentioned Estrogen production, follicle 
development, oocyte degeneration and 
granulosa cell luteinization in antral 
follicles

Telfer et al. (1990)

Mouse Plasma clot Up to 12 weeks Not mentioned Offspring Carroll and Gosden 
(1993)

Human Plasma clot 7 days 20% Follicle development, formation of an 
ovary-like structure

Dolmans et al. (2007)

Human Plasma clot 5 months 29% Follicle development up to the antral 
stage, formation of an ovary-like 
structure

Dolmans et al. (2008)

Mouse Fibrin 7 days 32% Follicle development, formation of an 
ovary-like structure

Luyckx et al. (2014)

Mouse Fibrin 21 days 17% Follicle development, restoration of 
ovarian function

Smith et al. (2014)

Mouse Alginate 7 days 20% Follicle development Vanacker et al. (2014)
Mouse Fibrin Up to 6 months Not mentioned Offspring Kniazeva et al. (2015)
Mouse Decellularized bovine 

ovary
Up to 4 weeks Not mentioned Follicle survival Laronda et al. (2015)

Mouse Fibrin and platelet lysate 14 days 48% Follicle development Rajabzadeh et al. (2015)
Mouse Fibrin Up to 7 days 28% Follicle development, formation of an 

ovary-like structure
Chiti et al. (2016a)

Mouse PEG-VS hydrogels 
modified with RGD

Up to 60 days Approx. 35%1 Antral follicles, corpora lutea, hormone 
production, matrix revascularization

Kim et al. (2016)

Human Fibrin 7 days 23% Follicle survival Paulini et al. (2016)
Human Fibrin Up to 7 days 35% Follicle survival, formation of an 

ovary-like structure
Chiti et al. (2017a)

Mouse Fibrin Up to 7 days 42% Follicle development, formation of an 
ovary-like structure

Chiti et al. (2017b)

Mouse Gelatin Up to 10 weeks Not mentioned Offspring Laronda et al. (2017)
Mouse Decellularized human 

ovary
4 weeks Not mentioned Follicle survival, hormone production Hassanpour et al. (2018)

Human Decellularized human 
ovary

3 weeks 25% Follicle survival Pors et al. (2018)

Mouse Decellularized human 
ovary

3 weeks 33% Follicle development Pors et al. (2018)

Mouse Alginate 7 days Up to 78%1 MII oocytes and embryos Rios et al. (2018)

1Calculated based on graphs shown in the studies.
MII, metaphase II; PEG-VS, poly(ethylene glycol) vinyl sulfone; RGD, arginine, glycine, and aspartate.
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benefit enormously from a transplantable artificial ovary 
to restore their fertility. It is also important to stress that this 
technology could have other important uses. For instance, 
it could aid in the understanding of folliculogenesis, and 
its application in toxicological studies could elucidate 
the effect of different drugs on reproduction. Moreover, 
development of a matrix to encapsulate isolated follicles 
and ovarian cells could be extended to creation of other 
artificial organs to replace different reproductive tissues. 
Finally, it could also provide a suitable environment to 
investigate oogonial stem cells and assess their ability to 
reinitiate human gametogenesis. We firmly believe that 
development of a bioengineered artificial ovary would 
represent a revolutionary step in the field of reproductive 
tissue engineering.

Declaration of interest

The authors declare that there is no conflict of interest that could 
be perceived as prejudicing the impartiality of this review.

Funding

This study was supported by grants from the Fonds National de 
la Recherche Scientifique de Belgique (FNRS) (C A Amorim is 
an FRS-FNRS research associate; grant 5/4/150/5 awarded to 
M M Dolmans) and donations from the Ferrero family.

Acknowledgements

The authors thank Mira Hryniuk, BA, for reviewing the English 
language of the manuscript.

References
Amorim  CA 2011 Artificial ovary. In Principles and Practice of Fertility 

Preservation, 1st ed. Eds J Donnez & SS Kim. Cambridge, MA: Cambridge 
University Press.

Amorim  CA & Shikanov  A 2016 The artificial ovary: current status and 
future perspectives. Future Oncology 12 2323–2332. (https://doi.
org/10.2217/fon-2016-0202)

Armstrong  AG, Kimler  BF, Smith  BM, Woodruff  TK, Pavone  ME & 
Duncan  FE 2018 Ovarian tissue cryopreservation in young females 
through the Oncofertility Consortium’s National Physicians Cooperative. 
Future Oncology 14 363–378. (https://doi.org/10.2217/fon-2017-0410)

Asti A & Gioglio L 2014 Natural and synthetic biodegradable polymers: 
different scaffolds for cell expansion and tissue formation. International 
Journal of Artificial Organs 37 187–205. (https://doi.org/10.530/
ijao.5000307)

Carroll  J & Gosden  RG 1993 Transplantation of frozen-thawed mouse 
primordial follicles. Human Reproduction 8 1163–1167. (https://doi.
org/10.1093/oxfordjournals.humrep.a138221)

Chiti MC, Dolmans MM, Orellana O, Soares M, Paulini  F, Donnez  J & 
Amorim CA 2016a Influence of follicle stage on artificial ovary outcome 
using fibrin as a matrix. Human Reproduction 31 2898. (https://doi.
org/10.1093/humrep/dew254)

Chiti MC, Viswanath A, Vanacker J, Germain L, White LJ, Dolmans MM, 
Des Rieux A & Amorim CA 2016b Hydrogel from bovine decellularized 
ovarian extracellular matrix supports mouse follicle survival in vitro. 
Frontiers in Bioengineering and Biotechnology 14 273.

Chiti  MC, Dolmans  MM, Hobeika  M, Cernogoraz  A, Donnez  J & 
Amorim  CA 2017a A modified and tailored human follicle isolation 

procedure improves follicle recovery and survival. Journal of Ovarian 
Research 10 71. (https://doi.org/10.1186/s13048-017-0366-8)

Chiti MC, Dolmans MM, Lucci CM, Paulini F, Donnez J & Amorim CA 2017b 
Further insights into the impact of mouse follicle stage on graft outcome 
in an artificial ovary environment. MHR: Basic Science of Reproductive 
Medicine 23 381–392. (https://doi.org/10.1093/molehr/gax016)

Chiti MC, Dolmans MM, Mortiaux L, Zhuge F, Ouni E, Shahri PAK, Van 
Ruymbeke E, Champagne SD, Donnez J & Amorim CA 2018a A novel 
fibrin-based artificial ovary prototype resembling human ovarian tissue 
in terms of architecture and rigidity. Journal of Assisted Reproduction 
and Genetics 35 41–48. (https://doi.org/10.1007/s10815-017-1091-3)

Chiti MC, Donnez J, Andrade Amorim CA & Dolmans MM 2018b From 
isolation of human ovarian follicles to the artificial ovary: tips and tricks. 
Minerva Ginecologica 70 444–455. (https://doi.org/10.23736/S0026-
4784.18.04231-4)

Dath  C, Dethy  A, Van Langendonckt  A, Van Eyck  AS, Amorim  CA, 
Luyckx V, Donnez J & Dolmans MM 2011 Endothelial cells are essential 
for ovarian stromal tissue restructuring after xenotransplantation of 
isolated ovarian stromal cells. Human Reproduction 26 1431–1439. 
(https://doi.org/10.1093/humrep/der073)

Day  JR, David A, Cichon AL, Kulkarni T, Cascalho M & Shikanov A 2018 
Immunoisolating poly(ethylene glycol) based capsules support ovarian 
tissue survival to restore endocrine function. Journal of Biomedical Materials 
Research. Part A 106 1381–1389. (https://doi.org/10.1002/jbm.a.36338)

Diaz-Garcia  C, Domingo  J, Garcia-Velasco  JA, Herraiz  S, Mirabet  V, 
Iniesta  I, Cobo  A, Remohi  J & Pellicer  A 2018 Oocyte vitrification 
versus ovarian cortex transplantation in fertility preservation for adult 
women undergoing gonadotoxic treatments: a prospective cohort study. 
Fertility and Sterility 109 478.e2–485.e2. (https://doi.org/10.1016/j.
fertnstert.2017.11.018)

Dietrich F & Lelkes PI 2006 Fine-tuning of a three-dimensional microcarrier-
based angiogenesis assay for the analysis of endothelial-mesenchymal 
cell co-cultures in fibrin and collagen gels. Angiogenesis 9 111–125. 
(https://doi.org/10.1007/s10456-006-9037-x)

Dolmans  MM 2012 Safety of ovarian autotransplantation. Blood 120 
4275–4276. (https://doi.org/10.1182/blood-2012-07-439539)

Dolmans MM & Masciangelo R 2018 Risk of transplanting malignant cells 
in cryopreserved ovarian tissue. Minerva Ginecologica 70 436–443. 
(https://doi.org/10.23736/S0026-4784.18.04233-8)

Dolmans  MM, Martinez-Madrid  B, Gadisseux  E, Guiot  Y, Yuan  WY, 
Torre A, Camboni A, Van Langendonckt A & Donnez J 2007 Short-term 
transplantation of isolated human ovarian follicles and cortical tissue 
into nude mice. Reproduction 134 253–262. (https://doi.org/10.1530/
REP-07-0131)

Dolmans  MM, Yuan  WY, Camboni  A, Torre  A, Van Langendonckt  A, 
Martinez-Madrid  B & Donnez  J 2008 Development of antral 
follicles after xenografting of isolated small human preantral follicles. 
Reproductive Biomedicine Online 16 705–711. (https://doi.org/10.1016/
S1472-6483(10)60485-3)

Dolmans  MM, Marinescu  C, Saussoy  P, Van Langendonckt  A, 
Amorim  C & Donnez  J 2010 Reimplantation of cryopreserved 
ovarian tissue from patients with acute lymphoblastic leukemia is 
potentially unsafe. Blood 116 2908–2914. (https://doi.org/10.1182/
blood-2010-01-265751)

Dolmans  MM, Jadoul  P, Gilliaux  S, Amorim  CA, Luyckx  V, Squifflet  J, 
Donnez J & Van Langendonckt A 2013a A review of 15 years of ovarian 
tissue bank activities. Journal of Assisted Reproduction and Genetics 30 
305–314. (https://doi.org/10.1007/s10815-013-9952-x)

Dolmans MM, Luyckx V, Donnez J, Andersen CY & Greve T 2013b Risk 
of transferring malignant cells with transplanted frozen-thawed ovarian 
tissue. Fertility and Sterility 99 1514–1522. (https://doi.org/10.1016/j.
fertnstert.2013.03.027)

Donnez  J & Dolmans  MM 2017 Fertility preservation in women. New 
England Journal of Medicine 377 1657–1665. (https://doi.org/10.1056/
NEJMra1614676)

Donnez  J, Dolmans  MM, Diaz  C & Pellicer  A 2015 Ovarian cortex 
transplantation: time to move on from experimental studies to open 
clinical application. Fertility and Sterility 104 1097–1098. (https://doi.
org/10.1016/j.fertnstert.2015.08.005)

Fabbri R, Zamboni C, Vicenti R, Macciocca M, Paradisi R & Seracchioli R 
2018 Update on oogenesis in vitro. Minerva Ginecologica 70 588–608. 
(https://doi.org/10.23736/S0026-4784.18.04273-9)

Downloaded from Bioscientifica.com at 05/23/2023 07:47:59PM
via free access

https://rep.bioscientifica.com
https://doi.org/10.2217/fon-2016-0202
https://doi.org/10.2217/fon-2016-0202
https://doi.org/10.2217/fon-2017-0410
https://doi.org/10.530/ijao.5000307
https://doi.org/10.530/ijao.5000307
https://doi.org/10.1093/oxfordjournals.humrep.a138221
https://doi.org/10.1093/oxfordjournals.humrep.a138221
https://doi.org/10.1093/humrep/dew254
https://doi.org/10.1093/humrep/dew254
https://doi.org/10.1186/s13048-017-0366-8
https://doi.org/10.1093/molehr/gax016
https://doi.org/10.1007/s10815-017-1091-3
https://doi.org/10.23736/S0026-4784.18.04231-4
https://doi.org/10.23736/S0026-4784.18.04231-4
https://doi.org/10.1093/humrep/der073
https://doi.org/10.1002/jbm.a.36338
https://doi.org/10.1016/j.fertnstert.2017.11.018
https://doi.org/10.1016/j.fertnstert.2017.11.018
https://doi.org/10.1007/s10456-006-9037-x
https://doi.org/10.1182/blood-2012-07-439539
https://doi.org/10.23736/S0026-4784.18.04233-8
https://doi.org/10.1530/REP-07-0131
https://doi.org/10.1530/REP-07-0131
https://doi.org/10.1016/S1472-6483(10)60485-3
https://doi.org/10.1016/S1472-6483(10)60485-3
https://doi.org/10.1182/blood-2010-01-265751
https://doi.org/10.1182/blood-2010-01-265751
https://doi.org/10.1007/s10815-013-9952-x
https://doi.org/10.1016/j.fertnstert.2013.03.027
https://doi.org/10.1016/j.fertnstert.2013.03.027
https://doi.org/10.1056/NEJMra1614676
https://doi.org/10.1056/NEJMra1614676
https://doi.org/10.1016/j.fertnstert.2015.08.005
https://doi.org/10.1016/j.fertnstert.2015.08.005
https://doi.org/10.23736/S0026-4784.18.04273-9


M-M Dolmans and C A AmorimF24

Reproduction (2019) 158 F15–F25 https://rep.bioscientifica.com

Faulk DM, Johnson SA, Zhang L & Badylak SF 2014 Role of the extracellular 
matrix in whole organ engineering. Journal of Cellular Physiology 229 
984–989. (https://doi.org/10.1002/jcp.24532)

Fisch B & Abir R 2018 Female fertility preservation: past, present and future. 
Reproduction 156 F11–F27. (https://doi.org/10.1530/REP-17-0483)

Gosden RG 1990 Restitution of fertility in sterilized mice by transferring 
primordial ovarian follicles. Human Reproduction 5 117–122. (https://
doi.org/10.1093/oxfordjournals.humrep.a137053)

Greve  T, Clasen-Linde  E, Andersen  MT, Andersen  MK, Sorensen  SD, 
Rosendahl M, Ralfkiaer E & Andersen CY 2012 Cryopreserved ovarian 
cortex from patients with leukemia in complete remission contains no 
apparent viable malignant cells. Blood 120 4311–4316. (https://doi.
org/10.1182/blood-2012-01-403022)

Greze V, Brugnon F, Chambon F, Halle P, Canis M, Amiot C, Gremeau AS, 
Pereira  B, Yanez Peralta  Y, Tchirkov  A et  al. 2017 Highly sensitive 
assessment of neuroblastoma minimal residual disease in ovarian tissue 
using RT-qPCR-A strategy for improving the safety of fertility restoration. 
Pediatric Blood and Cancer 64. (https://doi.org/10.1002/pbc.26287)

Hassanpour  A, Talaei-Khozani  T, Kargar-Abarghouei  E, Razban  V & 
Vojdani Z 2018 Decellularized human ovarian scaffold based on a sodium 
lauryl ester sulfate (SLES)-treated protocol, as a natural three-dimensional 
scaffold for construction of bioengineered ovaries. Stem Cell Research 
and Therapy 9 252. (https://doi.org/10.1186/s13287-018-0971-5)

Honda A, Hirose M, Hara K, Matoba S, Inoue K, Miki H, Hiura H, Kanatsu-
Shinohara M, Kanai Y, Kono T et al. 2007 Isolation, characterization, 
and in vitro and in vivo differentiation of putative thecal stem cells. 
PNAS 104 12389–12394. (https://doi.org/10.1073/pnas.0703787104)

Imbert  R, Moffa  F, Tsepelidis  S, Simon  P, Delbaere  A, Devreker  F, 
Dechene J, Ferster A, Veys I, Fastrez M et al. 2014 Safety and usefulness 
of cryopreservation of ovarian tissue to preserve fertility: a 12-year 
retrospective analysis. Human Reproduction 29 1931–1940. (https://doi.
org/10.1093/humrep/deu158)

Jensen AK, Macklon KT, Fedder  J, Ernst E, Humaidan P & Andersen CY 
2017 86 successful births and 9 ongoing pregnancies worldwide in 
women transplanted with frozen-thawed ovarian tissue: focus on birth 
and perinatal outcome in 40 of these children. Journal of Assisted 
Reproduction and Genetics 34 325–336. (https://doi.org/10.1007/
s10815-016-0843-9)

Kim  J, Perez  AS, Claflin  J, David  A, Zhou  H & Shikanov  A 2016 
Synthetic hydrogel supports the function and regeneration of artificial 
ovarian tissue in mice. NPJ Regen Med 1. (https://doi.org/10.1038/
npjregenmed.2016.10)

Kniazeva E, Hardy AN, Boukaidi SA, Woodruff TK, Jeruss JS & Shea LD 
2015 Primordial follicle transplantation within designer biomaterial 
grafts produce live births in a mouse infertility model. Scientific Reports 
5 17709. (https://doi.org/10.1038/srep17709)

Knight PG & Glister C 2006 TGF-beta superfamily members and ovarian 
follicle development. Reproduction 132 191–206. (https://doi.
org/10.1530/rep.1.01074)

Kosari  F, Daneshbod  Y, Parwaresch  R, Krams  M & Wacker  HH 2005 
Lymphomas of the female genital tract: a study of 186 cases and review 
of the literature. American Journal of Surgical Pathology 29 1512–1520. 
(https://doi.org/10.1097/01.pas.0000178089.77018.a9)

Lang  S, Loibl  M & Herrmann  M 2018 Platelet-rich plasma in tissue 
engineering: hype and hope. European Surgical Research. Europaische 
Chirurgische Forschung. Recherches Chirurgicales Europeennes 59  
265–275. (https://doi.org/10.1159/000492415)

Laronda  MM, Jakus  AE, Whelan  KA, Wertheim  JA, Shah  RN & 
Woodruff TK 2015 Initiation of puberty in mice following decellularized 
ovary transplant. Biomaterials 50 20–29. (https://doi.org/10.1016/j.
biomaterials.2015.01.051)

Laronda  MM, Rutz  AL, Xiao  S, Whelan  KA, Duncan  FE, Roth  EW, 
Woodruff TK & Shah RN 2017 A bioprosthetic ovary created using 3D 
printed microporous scaffolds restores ovarian function in sterilized 
mice. Nature Communications 8 15261. (https://doi.org/10.1038/
ncomms15261)

Liu WY, Lin SG, Zhuo RY, Xie YY, Pan W, Lin XF & Shen FX 2017 Xenogeneic 
decellularized scaffold: a novel platform for ovary regeneration. Tissue 
Engineering Part C, Methods 23 61–71. (https://doi.org/10.1089/ten.
TEC.2016.0410)

Luyckx V, Dolmans MM, Vanacker J, Legat C, Fortuno Moya C, Donnez J 
& Amorim CA 2014 A new step toward the artificial ovary: survival and 

proliferation of isolated murine follicles after autologous transplantation 
in a fibrin scaffold. Fertility and Sterility 101 1149–1156. (https://doi.
org/10.1016/j.fertnstert.2013.12.025)

Magloire  LK, Pettker  CM, Buhimschi  CS & Funai  EF 2006 Burkitt’s 
lymphoma of the ovary in pregnancy. Obstetrics and Gynecology 108 
743–745. (https://doi.org/10.1097/01.AOG.0000189719.36625.8f)

Mchugh  K, Pritchard  J & Dicks-Mireaux  C 1999 Bilateral ovarian 
involvement at presentation in metastatic (stage 4) neuroblastoma. 
Pediatric Radiology 29 741. (https://doi.org/10.1007/s002470050686)

Meirow D, Hardan I, Dor J, Fridman E, Elizur S, Ra’anani H, Slyusarevsky E, 
Amariglio N, Schiff E, Rechavi G et al. 2008 Searching for evidence of 
disease and malignant cell contamination in ovarian tissue stored from 
hematologic cancer patients. Human Reproduction 23 1007–1013. 
(https://doi.org/10.1093/humrep/den055)

Meirow D, Ra’anani H, Shapira M, Brenghausen M, Derech Chaim S, Aviel-
Ronen S, Amariglio N, Schiff E, Orvieto R & Dor J 2016 Transplantations 
of frozen-thawed ovarian tissue demonstrate high reproductive 
performance and the need to revise restrictive criteria. Fertility and 
Sterility 106 467–474. (https://doi.org/10.1016/j.fertnstert.2016.04.031)

Mendez  U, Zhou  H & Shikanov  A 2018 Synthetic PEG hydrogel for 
engineering the environment of ovarian follicles. Methods in Molecular 
Biology 1758 115–128. (https://doi.org/10.1007/978-1-4939-7741-3_9)

Meyer WH, Yu GW, Milvenan ES, Jeffs RD, Kaizer H & Leventhal BG 1979 
Ovarian involvement in neuroblastoma. Medical and Pediatric Oncology 
7 49–54. (https://doi.org/10.1002/mpo.2950070108)

Miyazaki N, Kobayashi Y, Nishigaya Y, Momomura M, Matsumoto H & 
Iwashita  M 2013 Burkitt lymphoma of the ovary: a case report and 
literature review. Journal of Obstetrics and Gynaecology Research 39 
1363–1366. (https://doi.org/10.1111/jog.12058)

Molyneux EM, Rochford R, Griffin B, Newton R, Jackson G, Menon G, 
Harrison CJ, Israels T & Bailey S 2012 Burkitt’s lymphoma. Lancet 379 
1234–1244. (https://doi.org/10.1016/S0140-6736(11)61177-X)

Nisolle M, Casanas-Roux F, Qu J, Motta P & Donnez  J 2000 Histologic 
and ultrastructural evaluation of fresh and frozen-thawed human ovarian 
xenografts in nude mice. Fertility and Sterility 74 122–129. (https://doi.
org/10.1016/S0015-0282(00)00548-3)

Oktem O & Urman B 2010 Understanding follicle growth in vivo. Human 
Reproduction 25 2944–2954. (https://doi.org/10.1093/humrep/deq275)

Orisaka  M, Tajima  K, Mizutani  T, Miyamoto  K, Tsang  BK, Fukuda  S, 
Yoshida  Y & Kotsuji  F 2006 Granulosa cells promote differentiation 
of cortical stromal cells into theca cells in the bovine ovary. 
Biology of Reproduction 75 734–740. (https://doi.org/10.1095/
biolreprod.105.050344)

Parrott JA & Skinner MK 2000 Kit ligand actions on ovarian stromal cells: 
effects on theca cell recruitment and steroid production. Molecular 
Reproduction and Development 55 55–64. (https://doi.org/10.1002/
(SICI)1098-2795(200001)55:1<55::AID-MRD8>3.0.CO;2-L)

Paulini  F, Vilela  JM, Chiti  MC, Donnez  J, Jadoul  P, Dolmans  MM & 
Amorim  CA 2016 Survival and growth of human preantral follicles 
after cryopreservation of ovarian tissue, follicle isolation and short-term 
xenografting. Reproductive Biomedicine Online 33 425–432. (https://
doi.org/10.1016/j.rbmo.2016.05.003)

Perlman  S, Ben-Arie  A, Feldberg  E & Hagay  Z 2005 Non-Hodgkin’s 
lymphoma presenting as advanced ovarian cancer--a case report and 
review of literature. International Journal of Gynecological Cancer 15 
554–557. (https://doi.org/10.1111/j.1525-1438.2005.15324.x)

Pors  S, Kristensen SG, Lundsgaard K, Ramlose M & Andersen CY 2018 
Towards an artificial ovary: grafting preantral follicles on decellularized 
human ovarian tissue. Human Reproduction 33 i39.

Rajabzadeh AR, Eimani H, Mohseni Koochesfahani H, Shahvardi AH & 
Fathi R 2015 Morphological study of isolated ovarian preantral follicles 
using fibrin gel plus platelet lysate after subcutaneous transplantation. 
Cell Journal 17 145–152.

Rios  PD, Kniazeva  E, Lee  HC, Xiao  S, Oakes  RS, Saito  E, Jeruss  JS, 
Shikanov  A, Woodruff  TK & Shea  LD 2018 Retrievable hydrogels for 
ovarian follicle transplantation and oocyte collection. Biotechnology 
and Bioengineering 115 2075–2086. (https://doi.org/10.1002/bit.26721)

Rodgers RJ, Irving-Rodgers HF & Russell DL 2003 Extracellular matrix of 
the developing ovarian follicle. Reproduction 126 415–424. (https://doi.
org/10.1530/rep.0.1260415)

Rosendahl  M, Andersen  MT, Ralfkiaer  E, Kjeldsen  L, Andersen  MK & 
Andersen  CY 2010 Evidence of residual disease in cryopreserved 

Downloaded from Bioscientifica.com at 05/23/2023 07:47:59PM
via free access

https://rep.bioscientifica.com
https://doi.org/10.1002/jcp.24532
https://doi.org/10.1530/REP-17-0483
https://doi.org/10.1093/oxfordjournals.humrep.a137053
https://doi.org/10.1093/oxfordjournals.humrep.a137053
https://doi.org/10.1182/blood-2012-01-403022
https://doi.org/10.1182/blood-2012-01-403022
https://doi.org/10.1002/pbc.26287
https://doi.org/10.1186/s13287-018-0971-5
https://doi.org/10.1073/pnas.0703787104
https://doi.org/10.1093/humrep/deu158
https://doi.org/10.1093/humrep/deu158
https://doi.org/10.1007/s10815-016-0843-9
https://doi.org/10.1007/s10815-016-0843-9
https://doi.org/10.1038/npjregenmed.2016.10
https://doi.org/10.1038/npjregenmed.2016.10
https://doi.org/10.1038/srep17709
https://doi.org/10.1530/rep.1.01074
https://doi.org/10.1530/rep.1.01074
https://doi.org/10.1097/01.pas.0000178089.77018.a9
https://doi.org/10.1159/000492415
https://doi.org/10.1016/j.biomaterials.2015.01.051
https://doi.org/10.1016/j.biomaterials.2015.01.051
https://doi.org/10.1038/ncomms15261
https://doi.org/10.1038/ncomms15261
https://doi.org/10.1089/ten.TEC.2016.0410
https://doi.org/10.1089/ten.TEC.2016.0410
https://doi.org/10.1016/j.fertnstert.2013.12.025
https://doi.org/10.1016/j.fertnstert.2013.12.025
https://doi.org/10.1097/01.AOG.0000189719.36625.8f
https://doi.org/10.1007/s002470050686
https://doi.org/10.1093/humrep/den055
https://doi.org/10.1016/j.fertnstert.2016.04.031
https://doi.org/10.1007/978-1-4939-7741-3_9
https://doi.org/10.1002/mpo.2950070108
https://doi.org/10.1111/jog.12058
https://doi.org/10.1016/S0140-6736(11)61177-X
https://doi.org/10.1016/S0015-0282(00)00548-3
https://doi.org/10.1016/S0015-0282(00)00548-3
https://doi.org/10.1093/humrep/deq275
https://doi.org/10.1095/biolreprod.105.050344
https://doi.org/10.1095/biolreprod.105.050344
https://doi.org/10.1002/(SICI)1098-2795(200001)55:1<55::AID-MRD8>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1098-2795(200001)55:1<55::AID-MRD8>3.0.CO;2-L
https://doi.org/10.1016/j.rbmo.2016.05.003
https://doi.org/10.1016/j.rbmo.2016.05.003
https://doi.org/10.1111/j.1525-1438.2005.15324.x
https://doi.org/10.1002/bit.26721
https://doi.org/10.1530/rep.0.1260415
https://doi.org/10.1530/rep.0.1260415


Transplantable artificial ovary F25

https://rep.bioscientifica.com Reproduction (2019) 158 F15–F25

ovarian cortex from female patients with leukemia. Fertility and Sterility 
94 2186–2190. (https://doi.org/10.1016/j.fertnstert.2009.11.032)

Shapira  M, Raanani  H, Barshack  I, Amariglio  N, Derech-Haim  S, 
Marciano MN, Schiff E, Orvieto R & Meirow D 2018a First delivery in a 
leukemia survivor after transplantation of cryopreserved ovarian tissue, 
evaluated for leukemia cells contamination. Fertility and Sterility 109 
48–53. (https://doi.org/10.1016/j.fertnstert.2017.09.001)

Shapira M, Raanani H, Derech Chaim S & Meirow D 2018b Challenges 
of fertility preservation in leukemia patients. Minerva Ginecologica 70 
456–464. (https://doi.org/10.23736/S0026-4784.18.04241-7)

Shaw JM, Oranratnachai A & Trounson AO 2000 Fundamental cryobiology 
of mammalian oocytes and ovarian tissue. Theriogenology 53 59–72. 
(https://doi.org/10.1016/S0093-691X(99)00240-X)

Siegel RL, Miller KD & Jemal A 2018 Cancer statistics, 2018. CA: A Cancer 
Journal for Clinicians 68 7–30. (https://doi.org/10.3322/caac.21442)

Silber SJ, Derosa M, Goldsmith S, Fan Y, Castleman L & Melnick J 2018 
Cryopreservation and transplantation of ovarian tissue: results from one 
center in the USA. Journal of Assisted Reproduction and Genetics 35 
2205–2213. (https://doi.org/10.1007/s10815-018-1315-1)

Smith RM, Shikanov A, Kniazeva E, Ramadurai D, Woodruff TK & Shea LD 
2014 Fibrin-mediated delivery of an ovarian follicle pool in a mouse 
model of infertility. Tissue Engineering Part A 20 3021–3030. (https://doi.
org/10.1089/ten.TEA.2013.0675)

Soares M 2015 Fertility Preservation and Leukemia: Cellular Components 
of the Artificial Ovary and Disease Retransmission through the Graft. 
Université Catholique de Louvain.

Soares M, Sahrari K, Amorim CA, Saussoy P, Donnez J & Dolmans MM 
2015a Evaluation of a human ovarian follicle isolation technique 
to obtain disease-free follicle suspensions before safely grafting to 
cancer patients. Fertility and Sterility 104 672.e2–680.e2. (https://doi.
org/10.1016/j.fertnstert.2015.05.021)

Soares  M, Sahrari  K, Chiti  MC, Amorim  CA, Ambroise  J, Donnez  J & 
Dolmans M-M 2015b The best source of isolated stromal cells for the 
artificial ovary: medulla or cortex, cryopreserved or fresh? Human 
Reproduction 30 1589–1598. (https://doi.org/10.1093/humrep/dev101)

Soares  M, Saussoy  P, Maskens  M, Reul  H, Amorim  CA, Donnez  J & 
Dolmans  M‐M 2017 Eliminating malignant cells from cryopreserved 
ovarian tissue is possible in leukaemia patients. British Journal of 
Haematology 178 231–239. (https://doi.org/10.1111/bjh.14657)

Sonmezer  M & Oktay  K 2004 Fertility preservation in female patients. 
Human Reproduction Update 10 251–266. (https://doi.org/10.1093/
humupd/dmh021)

Tchirkov A, Greze V, Plantaz D, Rouel N, Vago P & Kanold J 2018 Very 
long-term molecular follow-up of minimal residual disease in patients 
with neuroblastoma. Pediatric Blood and Cancer 65 e27404. (https://doi.
org/10.1002/pbc.27404)

Telfer  EE & Zelinski  MB 2013 Ovarian follicle culture: advances and 
challenges for human and nonhuman primates. Fertility and Sterility 99 
1523–1533. (https://doi.org/10.1016/j.fertnstert.2013.03.043) 

Telfer E, Torrance C & Gosden RG 1990 Morphological study of cultured 
preantral ovarian follicles of mice after transplantation under the kidney 
capsule. Journal of Reproduction and Fertility 89 565–571. (https://doi.
org/10.1530/jrf.0.0890565)

Testa AC, De Blasis I, Di Legge A, Belli P, Hohaus S & Ferrandina G 2013 
Burkitt’s lymphoma of the breast metastatic to the ovary diagnosed 
during pregnancy. Ultrasound in Obstetrics and Gynecology 42  
364–366. (https://doi.org/10.1002/uog.12533)

Van Der Ven H, Liebenthron J, Beckmann M, Toth B, Korell M, Krussel J, 
Frambach T, Kupka M, Hohl MK, Winkler-Crepaz K et al. 2016 Ninety-
five orthotopic transplantations in 74 women of ovarian tissue after 
cytotoxic treatment in a fertility preservation network: tissue activity, 
pregnancy and delivery rates. Human Reproduction 31 2031–2041. 
(https://doi.org/10.1093/humrep/dew165)

Vanacker  J & Amorim  CA 2017 Alginate: a versatile biomaterial to 
encapsulate isolated ovarian follicles. Annals of Biomedical Engineering 
45 1633–1649. (https://doi.org/10.1007/s10439-017-1816-6)

Vanacker  J, Camboni  A, Dath  C, Van Langendonckt  A, Dolmans  MM, 
Donnez J & Amorim CA 2011 Enzymatic isolation of human primordial 
and primary ovarian follicles with Liberase DH: protocol for application 
in a clinical setting. Fertility and Sterility 96 379.e3–383.e3. (https://doi.
org/10.1016/j.fertnstert.2011.05.075)

Vanacker  J, Luyckx  V, Dolmans  MM, Des Rieux  A, Jaeger  J, Van 
Langendonckt A, Donnez J & Amorim CA 2012 Transplantation of an 
alginate-matrigel matrix containing isolated ovarian cells: first step in 
developing a biodegradable scaffold to transplant isolated preantral 
follicles and ovarian cells. Biomaterials 33 6079–6085. (https://doi.
org/10.1016/j.biomaterials.2012.05.015)

Vanacker J, Dolmans MM, Luyckx V, Donnez J & Amorim CA 2014 First 
transplantation of isolated murine follicles in alginate. Regenerative 
Medicine 9 609–619. (https://doi.org/10.2217/rme.14.33)

Yoon MD & Fisher JP 2009 Natural and Synthetic Scaffolds. New York, NY: 
Springer Science & Business Media.

Received 9 October 2018
First decision 26 November 2018
Revised manuscript received 29 April 2019
Accepted 9 May 2019

Downloaded from Bioscientifica.com at 05/23/2023 07:47:59PM
via free access

https://rep.bioscientifica.com
https://doi.org/10.1016/j.fertnstert.2009.11.032
https://doi.org/10.1016/j.fertnstert.2017.09.001
https://doi.org/10.23736/S0026-4784.18.04241-7
https://doi.org/10.1016/S0093-691X(99)00240-X
https://doi.org/10.3322/caac.21442
https://doi.org/10.1007/s10815-018-1315-1
https://doi.org/10.1089/ten.TEA.2013.0675
https://doi.org/10.1089/ten.TEA.2013.0675
https://doi.org/10.1016/j.fertnstert.2015.05.021
https://doi.org/10.1016/j.fertnstert.2015.05.021
https://doi.org/10.1093/humrep/dev101
https://doi.org/10.1111/bjh.14657
https://doi.org/10.1093/humupd/dmh021
https://doi.org/10.1093/humupd/dmh021
https://doi.org/10.1002/pbc.27404
https://doi.org/10.1002/pbc.27404
https://doi.org/10.1016/j.fertnstert.2013.03.043
https://doi.org/10.1530/jrf.0.0890565
https://doi.org/10.1530/jrf.0.0890565
https://doi.org/10.1002/uog.12533
https://doi.org/10.1093/humrep/dew165
https://doi.org/10.1007/s10439-017-1816-6
https://doi.org/10.1016/j.fertnstert.2011.05.075
https://doi.org/10.1016/j.fertnstert.2011.05.075
https://doi.org/10.1016/j.biomaterials.2012.05.015
https://doi.org/10.1016/j.biomaterials.2012.05.015
https://doi.org/10.2217/rme.14.33

	Abstract
	Introduction
	Indications for an artificial ovary and risk of reimplanting malignant cells
	Leukemia
	Neuroblastoma
	Burkitt lymphoma

	How to avoid reimplanting malignant cells when the risk is real: the advent of the bioengineered transplantable artificial ovary
	Bioengineering a transplantable artificial ovary
	Isolation of primordial and primary follicles: quality and quantity
	Isolation of primordial and primary follicles: safety
	Addition of isolated ovarian stromal cells
	3D matrix to encapsulate isolated preantral follicles and ovarian cells

	Functionality of the transplantable artificial ovary
	Conclusion
	Declaration of interest
	Funding
	Acknowledgements
	References

