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Abstract

Ovarian xenotransplantation is a promising alternative to preserve fertility of oncologic
patients. However, several functional aspects of this procedure remained to be addressed.
The aim of this study was evaluate the feasibility of xenotransplantation as a strategy to
maintain bovine ovarian grafts and produce oocytes. Adult ovarian cortical pieces were
xenotransplanted to the dorsal subcutaneous of female NOD-SCID mice (n = 62). Grafts
were recovered ten days after xenotransplantation. Host and graft weights; folliculogenesis
progression; blood perfusion, relative gene expression and number of macrophage and
neutrophil of xenografts; in vitro developmental competence of graft-derived oocytes were
evaluated. Folliculogenesis was supported in the grafts, as indicated by the presence of pri-
mordial, primary, secondary, antral, and atretic follicles. The xenografts showed a greater
volumetric density of atretic follicles and higher hyperemia and number of host-derived mac-
rophage and neutrophil (P<0.05), when compared to non-grafted fragments. There was a
higher blood perfusion under the back skin in the transplantation sites of host animals than
in control and non-grafted (P<0.01). BAX and PRDX1 genes were up-regulated, while
BCL2, FSHR, IGF1R and IGF2R were down-regulated, when compared to the control
(P<0.01). Twenty seven oocytes were successfully harvested from grafts, and some of
these oocytes were able to give rise to blastocysts after in vitro fertilization. However, cleav-
age and blastocyst rates of xenograft derived oocytes were lower than in control (P<0.01).
Despite showing some functional modifications, the ovarian xenografts were able to support
folliculogenesis and produce functional oocytes.
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Introduction

In the past few decades, advances in the treatment of oncologic conditions have led to consider-
able improvement in survival rate of patients [1,2]. Unfortunately, chemotherapy and radio-
therapy often cause infertility by destruction of the ovarian reserve, and usually these patients
require further hormone replacement therapy and eventually need to undergo assisted repro-
duction [2,3]. Few options are currently available to preserve their fertility, such as transposi-
tion of ovaries before radiotherapy, and embryo or oocyte cryopreservation [2]. A promising
new alternative is the cryopreservation of ovarian pieces before oncologic treatment, which
makes possible to store a large number of follicles. This procedure could be quickly performed
at any time in the menstrual cycle, with no delay in the oncologic treatment, and is a unique
option for preserving fertility in prepubertal and premenarcheal female patients [2]. To date,
more than 60 live human births were reported after auto-transplantation of ovarian tissue [2],
and the demand for this kind of procedure is expected to increase in a near future [3].

One of the main concerns related to auto-transplantation in oncologic patients is the risk of
the re-introduction of malignant cells. In this regard, human ovarian tissue xenotransplanta-
tion/grafting into mice has proved to be a safe alternative, because cancer cells are not able to
penetrate the zona pellucida of xenografted oocytes [3-7], however, there is a report in the lit-
erature that indicated that the global risk of transplanting malignant cells using autotransplan-
tation is low [8]. On the other hand, this technique can be useful as a model for examining
ovarian function, in vivo follicle development, and for improving cryopreservation and grafting
protocols [2,6,7]. In a classic study, Snow et al. (2002) [9] reported that mouse ovarian follicles
developed after xenografted under the kidney capsule of nude rats, and the recovered oocytes
were matured, in vitro fertilized, and resulted in the birth of live pups. Afterwards, other studies
showed the feasibility of human ovarian xenotransplantation [1], however, due to the ethical
and logistic restrictions, the developmental competence of human xenograft-derived oocytes
remained to be investigated. Alternatively, the bovine model has been used [10]. Senbon et al.
(2005)[11] showed that despite many of xenograft derived oocytes developed up to the 5- to
8-cell stage, no embryo reached the blastocyst stage. Therefore, the developmental competence
of oocytes derived from xenografts is still unknown.

To become a useful procedure, a better understanding of follicular dynamics in xenografted
ovarian pieces is also required [7]. Most of the studies published on this issue focused on long
term evaluations (weeks or months after xenotransplantation), however they were unanimous
in claim that the initial days after grafting is a critical period for follicular survival and develop-
ment [2,10,12]. Thus, the evaluation of functional changes in the initial period after transplanta-
tion may provide new clues on the fate of the grafts. Neovascularization, for instance, is a
mandatory aspect for graft establishment and follicle survival [12]. Up to 5 days after transplanta-
tion, Van Eyck et al. (2010)[13] identified a hypoxic period; however, more studies should be per-
formed to investigate the subsequent period. As this time point is critical to graft development,
the balance in the expression of anti-apoptotic genes (B-cell ymphoma 2—BCL2) and pro-apo-
ptotic genes (BCL2-Associated X Protein-BAX; [14]) and oxidative stress markers (peroxire-
doxin-1—PRDXI; [15]), as well as the expression pattern of other genes used as markers of
follicular function, such as follicle-stimulating hormone receptor (FSHR), insulin-like growth fac-
tor 1 and 2 receptors (IGFIR and IGF2R; [16]) may also be important to evaluate the graft estab-
lishment and development. Thus, the aim of this study was to evaluate, using the bovine graft
model and in a short time after xenotransplantation, several functional aspects of the grafts, such
as (i) folliculogenesis maintenance, (ii) graft histological components, (iii) blood perfusion, (iv)
gene expression, (v) number of host-derived macrophage and neutrophil, (vi) and developmental
competence after in vitro fertilization of xenograft-derived oocytes.
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Material and Methods

Female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (n = 62; 6
weeks of age) were used in this study: xenograft host (n = 46), non-manipulated (n = 8; control
group) and incised but non-grafted (n = 8; non-xenografted group). Mice were obtained from
University of Sdo Paulo and maintained in a positive pressure room, isolated from other ani-
mals. Cages were filter-topped, and the mice had free access to sterile food and water. The daily
light cycle was 12/12 h (light/dark). Animals were inspected daily, euthanasia was performed
using high anesthetic doses (15.8 mg/kg xylazine and 139.6 mg/kg ketamine), and no animal
died prior to the experimental endpoint. The Institutional Animal Care and Use Committee at
Federal University of Sao Joao Del Rei specifically approved this study (Protocol number 009/
15—CEUA/FUS]J), in order to alleviate the animal post-surgery suffering, analgesic (Dipyrone,
50 mg/kg) was administered daily.

Bovine Ovarian Tissue for Xenotransplantation

Fresh bovine ovarian cortical tissue was obtained from local slaughterhouse (Abatedouro Munic-
ipal de Sao Joao Del Rei, 21°08'09" S and 44° 15' 43"W), and both ovaries were recovered from
each animal (graft donors, n = 8). Ovaries were immediately placed in Phosphate Buffer Saline—
PBS (Gibco BRL; Life Technologies, Rockville, MD, USA) and transported at 25°C to the labora-
tory within 10 min. Ovarian cortical tissue samples were isolated and cut into small pieces of
approximately 1.5 mm’. Some of these ovarian fragments were fixed (control for histology) or
were frozen at -80°C (controls for gene expression analysis, macrophage and neutrophil counts).

Xenotransplantation

Under laboratory conditions, ovarian pieces (n = 184) were washed three times with PBS, and
maintained in supplemented DMEM on ice until xenograft implantation. To evaluate the
donor ovary histological status before grafting, representative ovarian tissue fragments were
fixed in Bouin’s solution and routinely processed for histological analysis. Female immunode-
ficient SCID mice (n = 46) were anesthetized (7.9 mg/kg xylazine and 69.8 mg/kg ketamine) as
described elsewhere [17], and the dorsal area of each mouse was shaved and the skin aseptically
cleaned immediately before surgery. Four ovarian pieces were then grafted into a small subcu-
taneous pocket under the back skin of each recipient mouse. Two incisions were made on each
side of the dorsal midline, just above the fore and hind limbs, and they were sutured after trans-
plantation [18].

Biometrical and histological evaluations

Weights of the mice and ovarian pieces were measured before transplantation and after recov-
ery, 10 days later. The grafts were then fixed in Bouin’s solution for approximately 24 h, placed
in ethanol (70%) and stored at room temperature until they were embedded in paraffin.
Embedded grafts were serially sliced (5 um) for a total of 40 sections per graft. The slices were
stained with hematoxylin/eosin and were qualitatively examined for the presence of ovarian
follicles (primordial, primary, secondary, antral, and atretic), which were classified as previ-
ously described [19]. Additionally, the volume densities of the graft histological components
were determined by images captured with light microscopy, using a 540-intersection grid from
Image] software (National Institutes of Health, http://rsb.info.nih.gov/ij/). Fifteen randomly
chosen fields/images (8,100 points) were scored per graft at 200X magnification [20]. In this
analysis the following structures and parameters were considered: healthy follicles, atretic folli-
cles, connective tissue, blood vessels, and hyperemia.
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Quantification of Neutrophil and Macrophage by Myeloperoxidase
(MPO) and N-Acetylglucosaminidase (NAG) Activity

The MPO assay was performed, as previously described [21, 22], to estimate the number of
neutrophils in xenografted and non-xenografted ovarian pieces. This assay employed 25 mL of
3,3’-5,5’-tetramethylbenzidine (TMB; Sigma Chemical Co., USA), diluted in dimethyl sulfoxide
(DMSO; Merck, Darmstadt, Germany) at a final concentration of 1.6 mM, 100 mL of H,O,,
diluted in phosphate buffer (pH 5.4) containing HTAB in a final concentration of 0.002% vol/
vol and 25 pL of supernatant from tissue sample processed. The reaction was started at 37°C
for 5 min in a 96-well microplate by adding the supernatant and the TMB solution. After that,
H,0, was added and followed by a new incubation at 37°C for 5 min. The reaction was stopped
by adding 100 pL of 1M H,SO,4 and samples were quantified at 450 nm in a spectrophotometer
(Emax; Molecular Devices, Sunnyvale, CA, USA). Neutrophil number in each sample was cal-
culated from a standard curve of neutrophils obtained from the peritoneal cavity of 5% casein-
treated animals and processed in the same way. These results were expressed as relative num-
ber of neutrophils per mg of wet tissue.

The NAG assay was performed to evaluate the number of macrophages in xenografted and
non-xenografted ovarian pieces [21, 22]. This reaction was started at 37°C for 10 min in a
96-well microplate by the addition of 100 uL of p-nitrophenyl-N-acetyl-D-glucosaminide
(Sigma Chemical Co.), diluted in citrate/phosphate buffer (0.1 M citric acid, 0.1 MNa,HPO,,
pH 4.5) in a final concentration of 2.24 mM/100 uL of supernatant from tissue sample pro-
cessed, at appropriate dilutions in citrate/phosphate buffer. The reaction was finished by add-
ing 100 uL of 0.2 M glycine buffer (pH 10.6) and samples were quantified at 405 nm in a
spectrophotometer (Emax, Molecular Devices). The macrophage content was calculated from
a standard curve based on NAG activity, which was expressed as the absorbance increase at
405 nm from 3% thioglycollate peritoneal-induced macrophages assayed in parallel. These
results were expressed in relative number of macrophages (x 10*) per mg of wet tissue.

Blood perfusion analysis

Blood perfusion analysis in the skin above the xenografts was carried out as previously
described [18], in a non-invasive way and without the use of tracer dyes, in anesthetized mice
using a laser Doppler perfusion image (LDPI) device (MoorLDPI-2, Moor Instruments,
Axminster, Devon, UK). To direct the light beam (830 nm laser) and to avoid interference
from surrounding cutaneous blood flow in the measurements, a dark plastic ring was posi-
tioned around the site of xenotransplantation. Non-manipulated (n = 8; control group) and
incised but non-grafted (n = 8; non-xenografted group) animal were used as controls. During
the capture of images, the ambient light level was kept at a minimum to avoid any influence on
the laser light and the recorded signals. In addition, animals were kept at a constant tempera-
ture of 37°C for 5 min before and during the measurements. The mean pixel value per area of
each scanned image was calculated using the software MoorLDI V5.3, and the calculated mean
flux was expressed as perfusion units (PU), representing the average blood flow in the region of
interest.

Gene expression analyses

Total RNA extraction was performed in six xenografted and six non-xenografted ovarian
pieces (control) using RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s instructions. Total RNA was extracted from samples using the Rneasy Micro
Kit (Qiagen GmbH), according to the manufacturer’s instructions, and treated with DNAse I
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(27 units for 15 min at room temperature for every sample). The RNA samples were reversely
transcribed using the SuperScript III First-Strand Synthesis Supermix (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions, using oligo(dT),o primers, dNTP mix,
Superscript III RT, RNaseOUT, MgCl,, RT buffer in a final volume of 20uL. The samples were
first incubated at 65°C for 5 min and then at 50°C for 50 min. The reaction was finished at
85°C for 5 min and then chilled on ice. After that, RNase H was added to the samples and incu-
bated at 37°C for 20 min. The RNA quantification and purity for each sample was performed
using 1puL of sample in spectrophotometer nd-100 (Nanodrop, Wilmington, DE, USA).

Relative quantification was performed in triplicate using Real-Time PCR (ABI Prism 7300
Sequence Detection Systems, Applied Biosystem, Foster City, CA, USA). Reactions were pre-
pared using a mixture of Power SYBR Green PCR Master Mix (Applied Biosystems), primers,
nuclease-free water and cDNA. The target genes were BAX, BLC-2, PRDX1, FSHR, IGFIR, and
IGF2R. The amount of RNA used was 12 ng per reaction, ranging according to the optimal
concentration previously identified. Expression of -ACTIN gene was used as an endogenous
reference. The cDNA template was denatured at 95°C for 10 min, followed by 45 cycles at 95°C
for 15s, gene-specific primer annealing temperature for 30s (Table 1) and elongation at 60°C
for 30s. After each PCR run, a melting curve analysis was performed to confirm that a single
specific product was generated. No-template controls, comprised of the PCR reaction mix
without nucleic acid, were also run with each primer to confirm the absence of contaminations.
Primer efficiency was calculated using LinReg PCR software [23] for each reaction. The primer
efficiency was 1.94, 1.69, 1.97, 1.97, 1.87, 1.94 and 1.92 for 3-ACTIN, BAX, BCL-2, PRDX1,
FSHR, IGFIR and IGF2R genes. Calculations of relative quantification were performed by the
REST software [24]. The gene expression patterns of the control tissue (non-xenografted) were
used as calibrators in order to calculate the relative abundance of transcripts between control
and xenotransplanted groups, respectively. Values are shown as n-fold difference relative to the
calibrator. Additionally, the BAX/BCL2 expression ratio also was calculated. All procedures
were performed as previously described [25].

Evaluation of in vitro developmental competence of xenograft-derived
oocytes

Ten days after xenotransplantation, 62 grafts were recovered and the cumulus-oocyte com-
plexes (COC, n = 27) were harvested using a slicing technique [26]. The xenograft-derived

Table 1. Primer sequences used for relative gene expression analysis by real-time polymerase chain reaction.

Gene Primer sequences (5°-3’) Annealing Fragment size GenBank accession no. or
name temperature (°C) (bp) reference
PRDX1 F: ATGCCAGATGGTCAGTTCAAGR: 53 224 (23)
CCTTGTTTCTTGGGTGTGTTG
IGF1R F: CGCTGGATGTCCCCTGAGTR: 53 180 (25)
GTTGTCCGGCTTGTCCAGAA
IGF2R F: CAGGTCTTGCAACTGGTGTATGAR: 53 137 (25)
TTGTCCAGGGAGATCAGCATG
B-ACTIN F: GACATCCGCAAGGACCTCTAR: 53 205 NM_173979
ACATCTGCTGGAAGGTGGAC
BAX F: CCACCAAGAAGCTGAGCGAR: 60 174 XM_010823819. 1
ACTGGTGCTCAAGGCCCTG
BCL-2 F: TGGATGACCGAGTACCTGAAR: 60 120 XM 586976
CAGCCAGGAGAAATCAAACA
FSHR F: GCCCCTTGTCACAACTCTATGTCR: 60 104 NM_174061. 1

GTTCCTCACCGTGAGGTAGATGT

doi:10.1371/journal.pone.0158109.t001
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oocytes were morphologically classified as described elsewere [25]. The COC obtained from
non-grafted ovaries (n = 102) were used as control. Groups of 20-40 COC were then placed
into four-well plates (NUNC, Roskilde, Denmark) for in vitro maturation (IVM). Each well
contained 400 uL of tissue culture medium (TCM-199, Gibco BRL) supplemented with 20 pg/
mL follicle stimulating hormone (FSH; Pluset, Serono, Italy), 0.36 mmol/L sodium pyruvate,
10 pmol/L sodium bicarbonate, 50 mg/mL streptomycin/penicillin and 10% estrous cow
serum. The COC were incubated for 22-24 h at 38.5°C in a humidified atmosphere containing
5% CO,. For in vitro fertilization, frozen/thawed semen (from one bull with known fertility)
was centrifuged at 8,000 rpm for 7 min in a Percoll (Nutricell Nutrientes Celulares, Campinas,
SP, Brazil) discontinuous density gradient (45-90%) to obtain motile sperm. The pellet was
centrifuged again at 3,200 rpm for 5 min in FERT-TALP medium. At the end of in vitro matu-
ration, 20-30 COCs were co-incubated for 20 h under the same atmospheric conditions with
2 x 10° spermatozoa/mL in 100 uL drops of FERT-TALP medium supplemented with heparin
(20 pg/mL) and bovine serum albumin (BSA) fatty acid free (6 mg/mL) under mineral oil. For
embryo culture, presumptive zygotes were completely denuded in a PBS solution with 0.1%
hyaluronidase and then cultured in 70 pl drops of modified CR2aa medium supplemented
with 2.5% fetal calf serum (Nutricell) overlaid with mineral oil for seven days in incubator at
38.5°C under 5% CO,, 5% O,, 90% N, and saturated humidity. After 72 h post-insemination
(hpi) (d3) 50% of the medium (CR2aa) was renewed and the cleavage rate was assessed. Finally,
the blastocyst rate was evaluated at 168 hpi (d7).

Statistical analyses

All data were tested for normality and homoscedasticity of the variances. Parametric data were
analyzed by ANOVA, and the differences were compared by Tukey’s test, whereas Student-test
was used for two-parameter analysis. Relative gene expression analyses were performed with
the REST software, using a pair-wise fixed reallocation randomization test and were based on
primer efficiency. All data are expressed as means+SEM, and a P-value < 0.05 was considered
as statistically significant. All the analyses were carried out using the GraphPad Prism (version
5, La Jolla, California, USA).

Results

The host body weight before and after xenotransplantation were not different (P>0.05), how-
ever, the grafts increased their weight (P<0.01; Fig 1). In histological examinations, primordial,
primary, secondary, antral, and atretic follicles were identified in the grafts 10 days after xeno-
transplantation (Fig 2A-2E), similarly as observed in the controls (non-xenografted frag-
ments). Connective tissue (ovarian stroma), blood vessels, and hyperemia (Fig 2A-2F) were
observed in xenografts. By morphometrical analyses, the volume densities (percentages) of
healthy follicles, connective tissue, and blood vessels in ovarian pieces before and after xeno-
transplantation were not different (P>0.05), however the xenografts showed a higher volumet-
ric density of atretic follicles and hyperemia (P<0.01; Fig 2G). Additionally, an inflammatory
response against the xenotransplant was observed, as depicted by the quantification of the total
number of infiltrating tissue host-derived macrophages (P<0.01; Fig 2H) and neutrophils
(P<0.01; Fig 2I), using NAG and MPO assays, respectively.

The blood perfusion in the back skin in transplantation sites of host animals was 128.5%
and 97.9% higher than in control and non-grafted animals, respectively (P<0.01; Fig 3A and
3B). However, this parameter was similar between control and non-grafted groups (P>0.05).
The genes BAX (1.71-fold) and PRDXI (2.31-fold) were up-regulated (P<0.01), when com-
pared to the control group (non-xenografted), while the BCL2 (-0.41-fold), FSHR (-0.13-fold),
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Fig 1. Biometric data of the mice and grafts. (a) There was no difference between host mice body weights
(9) before and after xenotransplantation. However, (b) the graft weight (mg) 10 days after xenotransplantation
was greater (P<0.01) than before.

doi:10.1371/journal.pone.0158109.g001

IGFIR (-0.6-fold), and IGF2R (-0.65-fold) were down regulated (P<0.01; Fig 3C). Moreover, the
BAX/BLC2 gene expression ratio in xenotransplanted ovarian pieces was 4.17 (P<0.01; Fig 3C).
Ten days after ovary xenotransplantation, 27 COCs were successfully harvested (0.43
oocytes per graft) (Fig 4A), from which 48.15% were classified as grade I, 44.44% as grade II,
and 7.41% as grade III (Fig 4B). Finally, after in vitro fertilization, despite cleavage and blasto-
cyst rates of xenograft-derived oocytes was lower than in control (P<0.01; Fig 4C and 4D), we
observed that xenograft derived oocytes were fertile and able to give rise to blastocysts (Fig 4E).

Discussion

Ovarian xenotransplantation is a promising alternative to preserve fertility of patients undergo-
ing oncologic treatments, with the additional benefit of avoiding the risk of cancer cell reintro-
duction. However, several aspects of this procedure remained to be more accurately
investigated [2]. Use of human ovaries in xenotransplantation studies is limited mainly due to
ethical restrictions. The bovine ovaries have some similarities with human (as similar ovarian
size, diameter of the mature follicle and of corpus luteum, follicular populations in the cortex
region, as well as both being monovular and polycyclic species). Thus, it has been used as an
experimental model for the study of human folliculogenesis [10, 11]. In the past decade, the
applicability of ovarian xenotransplantation was investigated using bovine model, and
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Fig 2. Progression of folliculogenesis, morphometry and inflammatory cell numbers in xenografted and in control ovarian fragments. (a)
Primordial, (b) primary, (c) secondary, (d) antral and (e) atretic follicles were noted 10 days after xenotransplantation. (g) Volumetric density (%) of ovarian
pieces before and after xenotransplantation showing a higher incidence of follicular atresia and hyperemia (f; P<0.01) after this procedure. (h, i) As
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were observed (P<0.01). Black arrows = healthy follicles; red arrows = atretic follicles; white arrows = blood vessels; black arrowhead = hyperemia;
asterisks = oocytes. Barsina, b,cand e =80 ym and d and f = 150 um.

doi:10.1371/journal.pone.0158109.g002

follicular development up to the antral stage and presence of mature oocytes were reported [2].
The novelty of the present study was that for the first time we were able to demonstrate that
bovine xenografted-derived oocytes can give rise to blastocysts. Furthermore, we also investi-
gated functional aspects of xenografts (e.g. gene expression, blood perfusion, and inflamma-
tion) that were not previously addressed.

The blood supply in the site of transplantation has a crucial impact on follicle survival and
development [2, 27-28]. The most commonly used xenotransplantation sites are the kidney
capsule, the ovarian bursa and the intramuscular spaces [2]. These options provide a profuse
blood supply to the grafts; however, they also exert a physical pressure on the grafts that may
limit the expansion of growing follicles. As we successfully performed the testis xenograft
under the back skin of immunodeficient mice [18], in the present study, we used this site to
host ovarian pieces. As expected from the results of previous studies, ten days after xenotrans-
plantation the ovarian pieces weight increased about 28%, and primordial, primary, secondary,
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and antral health follicles were observed. Although it has been classically described as a poorly
vascularized area, the subcutaneous site has many advantages, including easier access by sur-
gery, ample space for follicular development, convenience for monitoring, and easy accessibil-
ity to the follicles [2].
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(e) Blastocysts (arrow), and early blastocyst (produced after in vitro fertilization of xenografted-derived
oocytes. Bars in a =200 pm and e = 800 pm.

doi:10.1371/journal.pone.0158109.g004
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In longitudinal studies using subcutaneous xenotransplantation of bovine and human ova-
ries, a noticeable activation of primordial follicles was observed, and the subsequent follicular
development required approximately 8 to 20 weeks [10, 11]. As in the present study the ovarian
pieces were harvested ten days after xenotransplantation, probably the healthy antral follicles
observed were derived from growing follicles activated prior to xenotransplantation. When fol-
licles are xenotransplanted and exposed to adverse conditions (e.g. ischemia, different body
temperature and immunologic rejection), follicle development and oocyte quality could be
affected [12]. Thus, the higher volume density of atretic follicles observed in the present study
was predictable. Previous studies suggested that ischemic conditions that occurs just after ovar-
ian transplantation is the main factor that contributes to follicular atresia [12-14].

In the current study, the BAX gene was up-regulated and the BCL2 was down-regulated in
ovarian pieces after xenotransplantation, indicating a pro-apoptotic stimulus, as observed pre-
viously [14]. The B cell lymphoma-2 (BCL2) family proteins are key regulators of the apoptotic
process. They are characterized by the presence of one or more conserved domains, called BH
(for ‘BCL2 homology’) domains. In humans, 21 members of this family have been identified
[29] and classified into three subgroups: i) multi-domain anti-apoptotic (e.g. BCL2, BCL-XL,
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and BCL2L10), ii) multi-domain pro-apoptotic (e.g. BAX, BAK, and BOK) and i#ii) BH3-only
pro-apoptotic members (e.g. BID, BAD and BIM). These proteins exert their function at the
mitochondrial level by regulating the permeability of the outer mitochondrial membrane, and
the evaluation of the BAX/BCL2 expression ratio have been used as a valuable indicator of the
apoptosis/survival balance in ovaries.

Follicular apoptosis after transplantation has been associated with the initial ischemia of the
grafts [12-14]. The mechanisms behind ischemic injury involve energy depletion and oxidative
stress, which produces reactive oxygen species, such as hydroxyl radicals, superoxide anion,
and hydrogen peroxide. This can eventually cause damage to lipids, DNA, enzymes and struc-
tural proteins, leading to follicular atresia [15]. The PRDX1 belongs to a six-member family of
peroxidases involved in antioxidant defenses and intracellular signaling, and are present in
granulosa cells [15]. In the present study the PRDX1 gene was up-regulated in xenografts,
probably as a physiological response to reduce hydrogen peroxide and alkyl hydroperoxides.
Recently, some studies showed that the PRDX1 was overexpressed in various human tumors
such as breast, lung, urinary, and hepatocellular carcinoma, and its interaction with toll-like
receptor 4 (TLR4) stimulates tumor angiogenesis in prostatic carcinoma [30]. As in the present
study we observed an increased blood flow in the grafts, a pro-angiogenic effect of PRDX1
overexpression also should be considered.

Furthermore, gene expression of several inflammatory factors is initiated by hypoxia-sensi-
tive response elements, resulting in transmigration of neutrophils and macrophages [31]. Dur-
ing the revascularization process, vascular endothelial growth factor (VEGF) and transforming
growth factor (TGF) bmRNA expression are up-regulated [12, 14, 31]. In the present study we
observed an increased number of neutrophils and macrophages. As a matter of fact, is well
established that these leucocytes are able to produce pro-angiogenic factors that regulate tumor
survival, growth, and metastasis. For instance, macrophages produce angiogenin, CXCL8/
interleukin (IL)-8 chemokine, VEGF-A and VEGEF-B, while neutrophils release IL-8, VEGE-A
and metalloproteases [31]. Thus, the great number of macrophages and neutrophils on xeno-
grafts could be within the increased blood flow observed.

The expression of the FSHR has been used as key marker of follicular developmental poten-
tial. In the present study, we observed that the FSHR gene was down-regulated in ovarian
pieces after xenotransplantation. This finding corroborates our morphological data and the
expression pattern of BAX, indicating that after grafting occurs a decrease in FSH responsive-
ness, which is associated to follicular atresia. Pituitary gonadotropins play a central role in fol-
licular development, particularly in the antral phase [32]. The FSH promotes antral follicular
development and stimulates the production of steroids from the granulosa cells, and conse-
quently follicles with low FSHR concentrations become atretic [32-33].

The role of Insulin-like Growth Factors (IGFs) and their receptors in folliculogenesis has
been extensively studied and they are considered essential to follicular growth, stimulating pro-
liferation and differentiation of granulosa cells and steroidogenesis in thecal cells. The IGFIR is
expressed in all classes of follicles (primordial to antral), whereas the IGF2R is expressed only
in antral follicles [16]. In the current study we showed that xenotransplantation leads to down-
regulation of IGFIR and IGF2R genes. In vivo evidences indicate that IGF1 plays a key role in
the responsiveness of the ovary to FSH action, so the decrease in IGF1 responsiveness in xeno-
grafts probably results in a FSHR down-regulation, leading to an increase in follicular atresia.
In despite of the similarities between human and bovine ovaries, there are some differences, for
example, cow ovaries contain more fat tissue. Maybe this could also influence the expression of
IGF-1/2receptor, perfusion and inflammatory response.

In the present study, we were able to produce blastocysts in vitro from oocytes harvested
from xenografts of cow’s ovaries. The ability to reach blastocyst stage is one of the best
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approaches to evaluate the oocyte developmental potential, as in this stage the embryo has
passed through the maternal-zygote transition and is dependent on the expression of its own
genome. Although live pups were previously produced from mice ovary grafts transplanted
under kidney capsule of nude rats [9], in cattle no embryos from xenografted-derived oocytes
reached blastocyst stage [11]. The lower cleavage and blastocyst rates observed in the present
study for the xenograft-derived oocytes, when compared to the controls, probably reflects the
sub-optimal conditions of follicular development related to the functional changes in the grafts.
Nevertheless, it remains valid as a proof of concept, and further studies may address alternative
strategies to improve graft function (e.g., with exogenous gonadotrophic support) and increase
in vitro embryo production rates.

Taking together, our findings shows that, in spite of functional changes related to inflamma-
tion and abnormal gene expression patterns that may lead to poor FSH and IGF responsiveness
and pro-apoptotic balance, oocytes recovered from follicles growth in xenografted ovarian
fragments are able to give rise to blastocysts. These findings demonstrate that short term ovar-
ian xenotransplant is an alternative assisted reproductive technology and may be used to pre-
serve the female fertility. In association to cryopreservation of ovarian fragments, short term
xenotransplants can also overcome the limitations of the long term approach for patients
undergoing complex chemotherapy protocols.

Author Contributions

Conceived and designed the experiments: PHAC]. Performed the experiments: PHAC] TIMA
MTD CMA MM MSM LRK BGA. Analyzed the data: PHACJ] TTMA MTD CMA MM MSM
LRK BGA RCR LB LSAC JHMV. Contributed reagents/materials/analysis tools: PHACJ RCR
LB LSAC JHMV. Wrote the paper: PHAC]. Revised the manuscript: RCR LB LSAC JHMV.

References

1. Dittrich R, Maltaris T, Hoffmann |, Oppelt PG, Beckmann MW, Mueller A. Fertility preservation in cancer
patients. Minerva Ginecol. 2010 62; 63—-80. PMID: 20186115

2. Lotz L, Maktabi A, Hoffmann I, Findeklee S, Beckmann MW, Dittrich R. Ovarian tissue cryopreservation
and retransplantation—what do patients think about it? Reprod Biomed Online. 2016 32(4):394—400.
doi: 10.1016/j.rbomo.2015.12.012 PMID: 26825247

3. DonnezJ, Dolmans MM. Fertility preservation in women. Nat Rev Endocrinol. 2013 9; 735-49. doi: 10.
1038/nrendo.2013.205 PMID: 24166000

4. Kim SS, Soules MR, Battaglia DE. Follicular development, ovulation, and corpus luteum formation in
cryopreserved human ovarian tissue after xenotransplantation. Fertil Steril. 2002 78; 77-82. PMID:
12095494

5. von Schénfeldt V, Chandolia R, Kiesel L, Nieschlag E, Schlatt S, Sonntag B. Advanced follicle develop-
ment in xenografted prepubertal ovarian tissue: the common marmoset as a nonhuman primate model
for ovarian tissue transplantation. Fertil Steril. 2011 95; 1428-34. doi: 10.1016/j.fertnstert.2010.11.003
PMID: 21122840

6. Amorim CA, Dolmans MM, David A, Jaeger J, Vanacker J, Camboni A. Vitrification and xenografting of
human ovarian tissue. Fertil Steril. 2012 98; 1291-8.e1-2. doi: 10.1016/j.fertnstert.2012.07.1109
PMID: 22883570

7. Lotz L, Schneider H, Hackl J, Wachter D, Hoffmann |, Jurgons R. Does stimulation with human gonado-
tropins and gonadotropin-releasing hormone agonist enhance and accelerate the developmental
capacity of oocytes in human ovarian tissue xenografted into severe combined immunodeficient mice?
Fertil Steril. 2014 101; 1477-84. doi: 10.1016/j.fertnstert.2014.01.038 PMID: 24602750

8. Lotz L, Montag M, van der Ven H, von Wolff M, Mueller A, Hoffmann |, et al. Xenotransplantation of
cryopreserved ovarian tissue from patients with ovarian tumors into SCID mice—no evidence of malig-
nant cell contamination. Fertil Steril. 2011 30; 95(8):2612—4.e1. doi: 10.1016/j.fertnstert.2011.05.003
PMID: 21621205

9. Snow M, Cox SL, Jenkin G, Trounson A, Shaw J. Generation of live young from xenografted mouse
ovaries. Science. 2002 297; 2227. PMID: 12351780

PLOS ONE | DOI:10.1371/journal.pone.0158109 June 30, 2016 12/14


http://www.ncbi.nlm.nih.gov/pubmed/20186115
http://dx.doi.org/10.1016/j.rbmo.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26825247
http://dx.doi.org/10.1038/nrendo.2013.205
http://dx.doi.org/10.1038/nrendo.2013.205
http://www.ncbi.nlm.nih.gov/pubmed/24166000
http://www.ncbi.nlm.nih.gov/pubmed/12095494
http://dx.doi.org/10.1016/j.fertnstert.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21122840
http://dx.doi.org/10.1016/j.fertnstert.2012.07.1109
http://www.ncbi.nlm.nih.gov/pubmed/22883570
http://dx.doi.org/10.1016/j.fertnstert.2014.01.038
http://www.ncbi.nlm.nih.gov/pubmed/24602750
http://dx.doi.org/10.1016/j.fertnstert.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21621205
http://www.ncbi.nlm.nih.gov/pubmed/12351780

@’PLOS ‘ ONE

Blastocyst Production from Xenografts

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Hernandez-Fonseca HJ, Bosch P, Miller DM, Wininger JD, Massey JB, Brackett BG. Time course of fol-
licular development after bovine ovarian tissue transplantation in male non-obese diabetic severe com-
bined immunodeficient mice. Fertil Steril. 2005 83; 1180-7. PMID: 15831291

Senbon S, Ishii K, Fukumi Y, Miyano T. Fertilization and development of bovine oocytes grown in
female SCID mice. Zygote. 2005 13; 309—15. PMID: 16388699

Yang H, Lee HH, Lee HC, Ko DS, Kim SS. Assessment of vascular endothelial growth factor expres-
sion and apoptosis in the ovarian graft: can exogenous gonadotropin promote angiogenesis after ovar-
ian transplantation? Fertil Steril. 2008 90; 1550-8. doi: 10.1016/j.fertnstert.2007.08.086 PMID:
18291375

Van Eyck AS, Bouzin C, Feron O, Romeu L, Van Langendonckt A, Donnez J. Both host and graft ves-
sels contribute to revascularization of xenografted human ovarian tissue in a murine model. Fertil Steril.
2010 93; 1676-85. doi: 10.1016/j.fertnstert.2009.04.048 PMID: 19539913

Onions VJ, Webb R, Pincott-Allen C, Picton HM, Campbell BK. The effects of whole ovarian perfusion
and cryopreservation on endothelial cell-related gene expression in the ovarian medulla and pedicle.
Mol Hum Reprod. 2013 19; 205—15. doi: 10.1093/molehr/gas053 PMID: 23204433

Lee YI, Kang WD, Kim MY, Cho MK, Chun SY. Expression of peroxiredoxin | regulated by gonadotro-
pins in the rat ovary. Clin Exp Reprod Med. 2011 38; 18—23. doi: 10.5653/cerm.2011.38.1.18 PMID:
22384413

Mazerbourg S, Bondy CA, Zhou J, Monget P. The insulin-like growth factor system: a key determinant
role in the growth and selection of ovarian follicles? A comparative species study. Reprod Domest
Anim. 2003 38;247-58. PMID: 12887564

Campos-Junior PH, Silva CA, Grazia JG, Soares MB, Santos RR, Viana JH. Use of ultrasound biomi-
croscopy to evaluate induced ovarian follicular growth and ovulation in mice. Lab Anim. 2011 45; 254—
8. doi: 10.1258/1a.2011.011031 PMID: 21903700

Campos-Junior PHA, Costa GM, Avelar GF, Lacerda SM, da Costa NN, Ohashi OM. Derivation of
sperm from xenografted testis cells and tissues of the peccary (Tayassu tajacu). Reproduction. 2014
147;291-9. doi: 10.1530/REP-13-0581 PMID: 24324205

Campos-Junior PHA, Marinho Assuncao C, Carvalho BC, Batista RI, Garcia RM, Viana JH. Follicular
populations, recruitment and atresia in the ovaries of different strains of mice. Reprod Biol. 2012a 12;
41-55.

Campos-Junior PH, Costa GM, Lacerda SM, Rezende-Neto JV, de Paula AM, Hofmann MC. The sper-
matogonial stem cell niche in the collared peccary (Tayassu tajacu). Biol Reprod. 2012b 86; 1-10.

Barcelos LS, Talvani A, Teixeira AS, Vieira LQ, Cassali GD, Andrade SP. Impaired inflammatory angio-
genesis, but not leukocyte influx, in mice lacking TNFR1. J Leukoc Biol. 2005 78; 352—8. PMID:
15894588

Russo RC, Alessandri AL, Garcia CC, Cordeiro BF, Pinho V, Cassali GD. Therapeutic effects of eva-
sin-1, a chemokine binding protein, in bleomycin-induced pulmonary fibrosis. Am J Respir Cell Mol Biol.
2011 45;72-80. doi: 10.1165/rcmb.2009-04060C PMID: 20833968

Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-free analysis of quantitative real-time
polymerase chain reaction (PCR) data. Neurosci Lett. 2003 339; 62—6. PMID: 12618301

Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST) for group-wise compari-
son and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2012 30;
e36.

Batista RI, Raposo NR, Campos-Junior PH, Pereira MM, Camargo LS, Carvalho BC. Trans-10, cis-12
conjugated linoleic acid reduces neutral lipid content and may affect cryotolerance of in vitro-produced
crossbred bovine embryos. J Anim Sci Biotechnol. 2014 5; 33. doi: 10.1186/2049-1891-5-33 PMID:
25002968

Alm H, Torner H, Léhrke B, Viergutz T, Ghoneim IM, Kanitz W. Bovine blastocyst development rate in
vitro is influenced by selection of oocytes by brilliant cresyl blue staining before IVM as indicator for glu-
cose-6-phosphate dehydrogenase activity. Theriogenology. 2005 63(8):2194—205. PMID: 15826683

Viana JHM, Camargo LSA, Ferreira AM, Sa WF, Fernandes CAC, Marques-Junior AP. Short intervals
between ultrasonographically guided follicle aspiration improve oocyte quality but not prevent establish-
ment of dominant follicle in the Gir breed (Bos indicus) of cattle. Anim Reprod Sci. 2004 84; 1-12.
PMID: 15302383

Hernandez-Fonseca H, Bosch P, Sirisathien S, Wininger JD, Massey JB, Brackett BG. Effect of site of
transplantation on follicular development of human ovarian tissue transplanted into intact or castrated
immunodeficient mice. Fertil Steril. 2004 81; 888—-92. PMID: 15019825

Aouacheria A, Brunet F, Gouy M. Phylogenomics of life-or-death switches in multicellular animals: Bcl-
2, BH3-Only, and BNip families of apoptotic regulators. Mol Biol Evo. 2005 22; 2395-416.

PLOS ONE | DOI:10.1371/journal.pone.0158109 June 30, 2016 13/14


http://www.ncbi.nlm.nih.gov/pubmed/15831291
http://www.ncbi.nlm.nih.gov/pubmed/16388699
http://dx.doi.org/10.1016/j.fertnstert.2007.08.086
http://www.ncbi.nlm.nih.gov/pubmed/18291375
http://dx.doi.org/10.1016/j.fertnstert.2009.04.048
http://www.ncbi.nlm.nih.gov/pubmed/19539913
http://dx.doi.org/10.1093/molehr/gas053
http://www.ncbi.nlm.nih.gov/pubmed/23204433
http://dx.doi.org/10.5653/cerm.2011.38.1.18
http://www.ncbi.nlm.nih.gov/pubmed/22384413
http://www.ncbi.nlm.nih.gov/pubmed/12887564
http://dx.doi.org/10.1258/la.2011.011031
http://www.ncbi.nlm.nih.gov/pubmed/21903700
http://dx.doi.org/10.1530/REP-13-0581
http://www.ncbi.nlm.nih.gov/pubmed/24324205
http://www.ncbi.nlm.nih.gov/pubmed/15894588
http://dx.doi.org/10.1165/rcmb.2009-0406OC
http://www.ncbi.nlm.nih.gov/pubmed/20833968
http://www.ncbi.nlm.nih.gov/pubmed/12618301
http://dx.doi.org/10.1186/2049-1891-5-33
http://www.ncbi.nlm.nih.gov/pubmed/25002968
http://www.ncbi.nlm.nih.gov/pubmed/15826683
http://www.ncbi.nlm.nih.gov/pubmed/15302383
http://www.ncbi.nlm.nih.gov/pubmed/15019825

el e
@ ) PLOS ‘ ONE Blastocyst Production from Xenografts

30. CaiCY, ZhailL, WuY, Tang ZG. Expression and clinical value of peroxiredoxin-1 in patients with pan-
creatic cancer. Eur J Surg Oncol. 2015 41; 228-35. doi: 10.1016/j.ejs0.2014.11.037 PMID: 25434328

31. Varricchi G, Granata F, Loffredo S, Genovese A, Marone G. Angiogenesis and lymphangiogenesis in
inflammatory skin disorders. J Am Acad Dermatol. 2015 73; 144-53. doi: 10.1016/j.jaad.2015.03.041
PMID: 25922287

32. Messinis IE, Messini Cl, Dafopoulos K. The role of gonadotropins in the follicular phase. Ann N Y Acad
Sci. 2010 1205; 5-11. doi: 10.1111/j.1749-6632.2010.05660.x PMID: 20840246

33. Maltaris T, Beckmann MW, Mueller A, Hoffmann I, Kohl J, Dittrich R. Significant loss of primordial folli-
cles after prolonged gonadotropin stimulation in xenografts of cryopreserved human ovarian tissue in
severe combined immunodeficient mice. Fertil Steril. 2007 87(1):195-7. PMID: 17074335

PLOS ONE | DOI:10.1371/journal.pone.0158109 June 30, 2016 14/14


http://dx.doi.org/10.1016/j.ejso.2014.11.037
http://www.ncbi.nlm.nih.gov/pubmed/25434328
http://dx.doi.org/10.1016/j.jaad.2015.03.041
http://www.ncbi.nlm.nih.gov/pubmed/25922287
http://dx.doi.org/10.1111/j.1749-6632.2010.05660.x
http://www.ncbi.nlm.nih.gov/pubmed/20840246
http://www.ncbi.nlm.nih.gov/pubmed/17074335

