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Background. Cryopreservation of cortex ovarian tissue before anticancer therapy is a promising technique for fertility
preservation mainly in children and young women. Ischemia in the early stage after ovarian graft causes massive
follicle loss by apoptosis. VEGF111 is a recently described vascular endothelial growth factor (VEGF) isoform that does
not bind to the extracellular matrix, diffuses extensively, and is resistant to proteolysis. These properties confer a
significantly higher angiogenic potential to VEGF111 in comparison with the other VEGF isoforms.
Methods. We evaluated the morphology of cryopreserved sheep ovarian cortex grafted in the presence or absence
of VEGF111. Ovarian cortex biopsies were embedded in type I collagen with or without VEGF111 addition before
transplantation to severe combined immunodeficient mice ovaries. Transplants were retrieved 3 days or 3 weeks
later. Follicular density, vasculature network, hemoglobin content, and cell proliferation were analyzed.
Results. Addition of VEGF111 increased density of functional capillaries (P=0.01) 3 days after grafting. By double
immunostaining of Ki-67 and von Willebrand factor, we demonstrated that proliferating endothelial cells were found
in 83% of the VEGF111 group compared with 33% in the control group (P=0.001). This angiostimulation was asso-
ciated with a significant enhancement of hemoglobin content (P=0.03). Three weeks after transplantation, the number
of primary follicles was significantly higher in VEGF111 grafts (P=0.02).
Conclusion. VEGF111 accelerates blood vessel recruitment and functional angiogenesis and improves the viability
of ovarian cortex by limiting ischemia and ovarian cortex damage.
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G onadotoxic effect of chemotherapy and radiotherapy on
the ovarian function, resulting in premature ovarian fail-

ure, is well documented (1, 2) and the number of patients
asking for fertility preservation dramatically increased. Fer-
tility preservation has gained attention in the last few decades.
The choice of an appropriate method of fertility preservation

must be adapted for each patient according to the time avail-
able before cancer treatment, the age of the patient, the cancer
type, and the treatment administered (3). Ovarian tissue freez-
ing represents an alternative option when the delay to ovula-
tion induction is not acceptable or contraindicated. More
importantly, it is the unique accessible process for children
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5 Address correspondence to: Soraya Labied, Ph.D., Laboratory of Tumor

and Development Biology, Université de Liège, Tour de Pathologie
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or prepubertal women (4). Until now, 18 live births have
occurred in women grafted with frozen ovarian tissue after
cancer recovery (5).

Many animal investigations focused on the ovarian tis-
sue survival improvement have been described. Transplanta-
tion of frozen/thawed ovarian tissue in animal models led to
antral follicle development and live birth (6Y9). However, the
dramatic follicle loss after ovarian cortex transplantation may
explain the limited success of this procedure. Indeed, fibrosis,
apoptosis, and more specifically ischemia of ovarian graft mon-
itored by electron paramagnetic resonance, affect follicular
survival (8, 10, 11). Hypoxic period was identified during the
first 5 days after transplantation followed by gradual oxy-
genation of the ovarian transplant over the next 5 days (12).
Therefore, it appears crucial to minimize ischemic injury of
the ovarian transplant by reducing the latency period before
neovascularization establishment. In the ovary, primordial fol-
licles do not possess their own capillary network but are de-
pendent on proximal stromal vessels (13). Soon after the
antrum formation, follicles acquire a vascular network in the
theca interna and externa (14). Proliferation of the microvas-
cular compartment in theca cell layer is essentially induced
by vascular endothelial growth factor (VEGF) (15, 16), the
main regulator of blood vessels growth during vasculogenesis
and angiogenic sprouting. Indeed, a correlation between VEGF
expression and the extent of angiogenesis and maturation of
growing follicles has been described (17). VEGF-A protein is
encoded by a gene containing eight exons. The VEGF-A gene
can give rise to several isoforms (VEGF121, VEGF165, and VEGF189)
resulting from a process of alternative splicing of the primary
transcript (18, 19). The signal peptide and the domain in-
teracting with VEGF receptor type 1 (VEGF-R1) and type 2
(VEGF-R2) are encoded by the four first exons, whereas the
amino acid sequence encoded by exon 5 includes the site of
cleavage by plasmin and metalloproteinases. Exon 6 encodes
sequence that binds to heparin and cell surface while bind-
ing site to neuropilin-1 is encoded by exon 7 (20) or 8 (21).
According to the presence or absence of exon 6 or 7, the most
frequently detected isoforms can be diffusible (VEGF121), only
associated to cell surface and extracellular matrix (VEGF189)
or have intermediate characteristics (VEGF165) (22). Recently,
Mineur et al. (23) have identified a new VEGF-A isoform,
VEGF111, characterized by the lack of exons 5 to 7. This iso-
form is therefore highly diffusible and resistant to proteolysis.
Consequently, this new VEGF-A isoform is documented to have
a strong angiogenic activity in comparison with the other
VEGF isoforms.

In the present study, we describe a new xenotransplan-
tation model of cryopreserved ovarian tissue that allows the
efficient in situ exposure of cryopreserved tissue to VEGF111,
which could stimulate angiogenesis and increase follicular
preservation.

RESULTS
Ovarian Transplant Vascularization

Functional blood vessels were evidenced in transplants
resected at 3 days and 3 weeks after transplantation by dextran/
fluorescein isothiocyanate (FITC) perfusion followed by im-
munohistochemical detection of FITC (Fig. 1A). At day 3 after
transplantation, in the presence of VEGF111, 58% of ovarian
transplants showed functional blood vessels identified by dextran/

FITC staining. In the absence of VEGF111, only 38% of the
transplanted tissues were perfused by functional vessels (Table 1).
Functional blood vessel density was determined by a computer-
assisted image analysis as described previously (24). After 3 days,
the density (number per square millimeter) of dextran/FITC-
positive blood vessels was found to be significantly higher in
the VEGF111 group compared with control group (P=0.01;
Fig. 1B). Macroscopic aspect (Fig. 1C,D) and hemoglobin dos-
age (Fig. 1E) confirmed that VEGF111 enhanced blood vessel
recruitment. Indeed, hemoglobin content (milligram hemo-
globin per milligram lyophilized transplant) was significantly
increased in VEGF111-treated transplants compared with un-
treated transplants (0.405T0.131 vs. 0.535T0.139; P=0.03;
Fig. 1E). These results confirm the positive effect of VEGF111

on graft tissue perfusion and vessel connection between sheep
ovarian graft and mice leading to a functional vascular network.

After 3 weeks, the mean functional vessel density was
found to be significantly higher compared with that ob-
served at day 3 and no difference was noted between the
VEGF111 group and the control group (Fig. 1B).

Intraovarian newly formed murine vessels were iden-
tified by using species-specific anti-mouse CD31 antibody.
At day 3, CD31+ murine vessels were detected only in the pe-
ripheral sheep cortex of VEGF111 exposed grafts, whereas they
were absent from the control samples (Fig. 1F). At week 3, the
murine vascular density tended to be higher in the VEGF111-
treated group compared with the control group (P=0.06;
n=11; Fig. 1G). Altogether, these results indicate that VEGF111

exerts an angiostimulation in murine host tissue.

Cell Proliferation (Ki-67)
Cell proliferation was quantified in whole tissue sec-

tions by a computer-assisted image program. At day 3, Ki-67Y
positive stromal and endothelial cells were localized at the
periphery of the ovarian grafts in both experimental groups
(Fig. 2A, B). The percentage of vessels containing prolifer-
ative endothelial cells was significantly higher in VEGF-
exposed grafts (84%) than in control transplants (33%; P=0.001;
Table 1). Double immunostaining of Ki-67 and von Willebrand
factor (vWF) confirmed the colocalization of the two markers
in endothelial cells of VEGF111-treated group (Fig. 2C,D). After
3 weeks, the proliferative index of stromal and endothelial cells
was minimal (G1%) and did not show any significant difference
between the two experimental groups (data not shown).

Follicular Density
Analysis of hematoxylin-eosin (H&E)Ystained slide of

cryopreserved/thawed ovarian fragments and samples recov-
ered 3 weeks after transplantation showed that the density
of primordial and primary follicles was significantly higher
in nongrafted frozen/thawed samples compared with grafted
frozen/thawed samples. These results clearly demonstrated
the deleterious effects of ovarian tissue transplantation on fol-
licular loss. Comparison of transplanted ovarian tissue in the
control (n=12) and VEGF111 (n=11) conditions demonstrated
that VEGF111 reduced follicular loss, which was statistically sig-
nificant for the primary follicles (P=0.02; Fig. 3).

DISCUSSION
In the present study, we set up a xenotransplantation

model of cryopreserved ovarian tissue and evaluated the
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capacity of VEGF111, a recently described VEGF-A isoform
(23), to improve ovarian neoangiogenesis and follicular
survival by reducing hypoxic period. First, we confirmed
that transplantation of frozen/thawed cortex is associated
with a significant loss of follicular density. Second, we demon-
strated that VEGF111 is able to induce vessels recruitment

in ovarian transplant associated to an increase of the
follicular survival.

Ischemia and fibrosis of ovarian tissue occurring after
transplantation are the most important factors responsible
for follicular loss, which affects hormonal environment
and fertility restoration potential. Several options have been

FIGURE 1. Vascularization analysis of transplants treated or not with VEGF111. In the aim to analyze transplant neo-
vascularization, mice were intravenously injected 3 min before sacrifice with dextran/FITC solution. A, illustration of
functional blood vessels by dextran/FITC analysis on transplant section. B, dextran/FITC-positive blood vessel quantifi-
cation 3 days and 3 weeks after transplantation. Representative image of untreated (control) group (C) and VEGF111-treated
ovarian grafts (D) recovered 3 days after transplantation. E, hemoglobin measurement evaluated by Drabkin’s reaction
in the ovarian cortex grafted for 3 days. F, Murine blood vessels stained by specific mouse CD31 in sheep ovaries grafts
recovered 3 days after transplantation in presence of VEGF111. G, quantification of murine blood vessel on sheep ovarian
graft in control and VEGF111 groups after 3 weeks of transplantation. n corresponds to the number of ovarian transplant
analyzed per mouse. FITC, fluorescein isothiocyanate; VEGF111, isoform 111 of vascular endothelial growth factor.
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investigated to reduce ischemic injuries during ovarian tis-
sue transplantation such as administration of antioxidants
and growth factors, either intraperitoneally or subcutaneously
injected (25). The effect of hormones has also been evalu-
ated on the follicular population, but results remain contra-
dictory. No clinical answer has been addressed to improve
ovarian graft vascularization, except when the graft was in-
serted into granulation tissue (26). Schnorr et al. (27) have
previously tested the effect of daily VEGF165 injection in mon-
key transplanted with ovarian cortex and did not observe any
effect on graft vasculature. In contrast, recent reports demon-
strated that host treatment with melatonin or graft incubation
with hyaluronan, especially when combined with VEGF-A and
vitamin E, improved graft survival and reduced apoptosis
(28, 29). Israely et al. (26) reported that implantation of

ovarian graft into an angiogenic granulation tissue, created
during wound healing, improved graft vascularization and
follicular survival. Inflammatory cells play a key role in this
process. Platelet-derived cytokines recruit leukocytes and
monocytes, which produce growth factors such as VEGF and
basic fibroblast growth factor. Based on these results, this
physiologic phenomenon was successfully applied for au-
totransplantation in women inducing new blood vessel
formation by creating a peritoneal pocket or longitudinal
opening of the ovary at the ovarian tissue transplantation
sites 1 week before the transplantation (30Y32). Similarly, it
was shown that the systemic administration of sphingosine-
1-phosphate to human tissue xenotransplantation increased
neoangiogenesis and follicular survival (33). In spite of
this encouraging result, sphingosine-1-phosphate is imprac-
tical in the clinic due to its dissolution in methanol or
dimethylsulfoxide.

According to previous data demonstrating that trans-
planted ovarian cortex is hypoxic during the first 5 days of
transplantation (12), we analyzed the impact of type I colla-
gen (Col I) embedded with VEGF111 on the vascular network
and its possible effect on reducing this ischemic period. In-
deed, VEGF111 is characterized by high bioavailability and
angiogenic activities due to its diffusible form and resistance
to proteolysis (23) in comparison with VEGF165. In addition,
Col I gel used in our study was shown previously to support
ovarian follicle growth (34). The delivery of VEGF111 by the
collagen matrix significantly increased the number of func-
tional blood vessels in the grafted ovarian tissue already 3 days
after transplantation. Indeed, functional blood vessels were

TABLE 1. Percentage of ovarian grafts presenting
functional blood vessels (dextran/FITC positive)
and proliferated endothelial cells (Ki-67 positive) in
control and VEGF111 groups 3 days after transplantation

Groups

Dextran/FITC,
n (%)

Ki-67 endothelial
cells, n (%)

Positive Negative Positive Negative

Control group (n=21) 8 (38) 13 (62) 7 (33) 14 (64)

VEGF111 group (n=19) 11 (58) 8 (42) 16 (84) 3 (16)

FITC, fluorescein isothiocyanate; VEGF111, isoform 111 of vascular
endothelial growth factor.

FIGURE 2. Endothelial cell proliferation analysis. Ki-67Ynegative endothelial cells were mainly detected in the control
group (arrows; A) compared with Ki-67Ypositive endothelial cells in the VEGF111 group (arrows; B). Double immunostaining
of Ki-67/vWF in the control group (C) and VEGF111-treated group (D). VEGF111, isoform 111 of vascular endothelial growth
factor; vWF, von Willebrand factor.
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identified in 58% of ovarian transplants treated with VEGF111

and 33% in untreated transplants with a significant increase
of vascular density in the VEGF111 group. The existence of
specific murine CD31 blood vessels observed in grafts of
VEGF111 group but not in control transplants supports the
improvement of vascular anastomoses between sheep tissue
and mice under the influence of VEGF111. Such vascular anas-
tomose is crucial for the success of ovarian transplantation
leading to an early reduction of ischemic period, ovarian tis-
sue damage, and follicular loss. The VEGF111 isoform is known
to be highly diffusible (23) and promotes early vessels recruit-
ment. Therefore, 3 weeks after transplantation, the proangio-
genic effect of VEGF111 was not anymore observed. However,
a significantly higher preservation of follicular reserve was ob-
served in the VEGF111 group at 3 weeks, probably related to
the reduced hypoxic period.

Protective effects on follicles has been demonstrated by
using vitamin E (35) and recent work has shown that treat-
ment of mice during the first 5 days after transplantation with
granulocyte colony-stimulating factor in conjunction with
VEGF maintains primordial follicle number and prevents their
loss in transplanted mouse ovaries (36). The vasculature net-
work was not investigated in their study. Shikanov et al. (37)
have also demonstrated that encapsulation of cryopreserved

mice ovary in a fibrin matrix supplemented with mice VEGF168

promotes ovarian graft survival.
In the present study, we provide evidence that VEGF111

improved angiogenesis by stimulation of endothelial cell
proliferation as demonstrated by double immunostaining of
Ki-67 and vWF. Of interest is our finding that this effect on
endothelial cells was associated with a significant increase of
hemoglobin content in the graft, demonstrating the func-
tionality of the neoformed vessels supported by dextran/
FITC staining.

In conclusion, we demonstrate the usefulness of this
ovarian encapsulation model to test the angiogenic capacity
of several molecules directly on the transplanted tissue.
Moreover, we provide evidence that ovarian cortex condi-
tioned with VEGF111 may accelerate blood vessel recruit-
ment, a request to limit ischemia, ovarian cortex damage,
and follicle loss and pave the way to human clinical appli-
cation in the future.

MATERIALS AND METHODS
Collection of Ovarian Tissue

The use of ovarian sheep tissue and the xenograft model were approved
by the ethics committee of the University of Liège. Ewe ovarian biopsies were

FIGURE 3. Follicle analysis of ovarian transplants. H&E section of ovarian transplants in control group (A) and VEGF111
group (B). Primordial, primary, and secondary follicle quantification (mean number per square millimeter) in frozen/thawed
control samples and in grafted fragments in the control and VEGF111 groups (C). n corresponds to the number of ovarian
transplant analyzed per mouse. H&E, hematoxylin-eosin; VEGF111, isoform 111 of vascular endothelial growth factor.
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obtained from the Ovine Research Center (University of Namur [Facultés
Universitaires Notre-Dame de la Paix]). After euthanasia, ovarian tissue was
immediately transferred in Leibovitz L-15 medium (Lonza, Verviers, Belgium)
supplemented with 10% normal sheep serum (Hormonology Laboratory,
Marloie, Belgium) and kept at 4-C until processing.

Freezing and Thawing of Sheep Ovarian Tissue
Ovarian cortex from four sheep was prepared as described previously

(6). Briefly, medulla was removed and cortex cut into strips of approxi-
mately 5!5!1 mm. For each ovary, one fragment was fixed in 4% form-
aldehyde solution for histologic analysis and the others were transferred
in cryopreservative medium containing Leibovitz L-15 medium supplemented
with 10% dimethylsulfoxide (Sigma-Aldrich, Bornem, Belgium), 10% nor-
mal sheep serum, and 0.1 M sucrose. After equilibration in cryopreserva-
tion medium for 30 min at 4-C, ovarian strips were placed in cryovial tubes
(Simport, Montreal, Quebec, Canada) precooled at 4-C and subsequently
cooled in a programmable freezer (CL-8800i System; CryoLogic, Mulgrave,
Victoria, Australia) as described previously (38). For thawing, cryovials were
removed from liquid nitrogen and held at room temperature for 2 min be-
fore immersion at 37-C, in a water bath, for 2 min. Ovarian slices were washed
three times, for 5 min, in Leibovitz medium to remove cryoprotectant before
further processing.

Ovarian Transplant Encapsulation
Ovarian cortex explants were encapsulated in three-dimensional collagen

matrix as described previously for the aorta ring assay model (39Y42). Briefly,
agarose wells were performed by preparing 1.5% agarose VII solution (Sigma-
Aldrich) and running of 30 mL in sterile 10 cm tissue culture Petri dish.
After agarose polymerization, rings were punched by using first 17 mm and
then 10 mm punchers. The center of ring was removed and agarose wells
were placed in a new Petri dish. Col I was extracted from the tail tendons of
rats by the methods described by Fusenig et al. (43). Collagen matrix was
prepared by mixing 9 volumes of Col I (2.4 mg/mL), 1 volume of 10!

minimal essential medium, and approximately 0.1 volume of 1 M NaOH to
adjust the pH to 7.4. On a heating plate (37-C), a first layer of Col I was run.
After polymerization, in the agar ring over the first Col I layer, frozen/
thawed ovarian sheep explants, pierced with surgical thread, were placed and
overlaid by a second layer of Col I (Fig. 4A).

VEGF111 was produced and purified as described previously (23). Briefly,
RNA purified from UV-irradiated HaCat cells was reverse transcribed using
SuperScriptII and an oligo(dT) primer. The complete coding sequence of
VEGF111 was amplified with Pwo DNA polymerase (Roche, Penzberg,
Germany) and ligated in the NotI-NheI sites of a modified pCEP4 vector
(Invitrogen, Carlsbad, CA). Plasmids were amplified in XL10-Gold ultra-
competent bacteria (Stratagene, La Jolla, CA) and used to transfect HEK293.
Stably transfected cells were selected in the presence of hygromycin and used
for VEGF111 production. Conditioned media containing an average of 500 Kg
VEGF111 per liter were collected. Purification was performed by affinity chro-
matography using an immobilized specific anti-VEGF antibody. Purified VEGF111

(3.5 ng/KL) was included in collagen of treated group with a final concen-
tration of 350 ng per transplant.

Severe Combined Immunodeficient
Mice Transplantation

Eight-week-old severe combined immunodeficient mice (Charles River,
Saint-Germain-sur-l’Arbresle, France) were anesthetized by intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Dorsal incision
was performed, agar ring was removed, and one ovarian cortex encapsulated
in collagen gel was stitched with 7-0 Prolene suture into the right mice ovary
(Fig. 4B). To study functional vessels and possible anastomoses of sheep and
mice vessels in the grafted ovary transplant, 200 KL dextran/FITC (2.5 mg/mL
in phosphate-buffered saline; Sigma-Aldrich) was intravenously injected 3 min
before sacrifice. Animals were euthanized by cervical dislocation after 3 days
or 3 weeks of grafting. Ovarian cortex was recovered and fixed in 4% form-
aldehyde. Each graft embedded in paraffin was cut into serial sections of

FIGURE 4. Steps of ovarian transplant encapsulation in collagen gels with or without VEGF111 and xenograft into mice
ovary as fully described in the Materials and Methods. On a heating plate (37-C), a first layer of Col I was run in agar ring. A,
after polymerization, frozen/thawed ovarian sheep explants pierced with surgical thread were deposited and overlaid by a
second layer of Col I gel. B, illustration of thawed sheep ovarian fragment followed by collagen encapsulation and grafting
into severe combined immunodeficient mice ovary. Col I, type I collagen; VEGF111, isoform 111 of vascular endothelial
growth factor.
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5 Km. Each tenth section was stained with H&E for histologic analysis (follic-
ular classification and density) and the others were used for immunostaining.

Hemoglobin Measurement
Sheep ovarian cortex transplants were weighted, lyophilized, and homog-

enized for 3 hr in 100 KL of 0.1% saponin. Samples were spun at 10,000g
for 15 min, and supernatants were collected. Hemoglobin content was eval-
uated using total hemoglobin kit (Sigma-Aldrich) Drabkin’s reaction. Re-
sults are expressed as milligram hemoglobin per milliliter per milligram of
fresh samples.

Immunohistochemistry
Immunohistochemical localization of vascular endothelial cells (CD31

and vWF), functional blood vessels (FITC/dextran), and proliferative cells
(Ki-67) were performed with specific primary antibodies. CD31 antibody
diluted 1:100 and incubated for 2 hr at room temperature (rat anti-mouse,
ab56299; Abcam, Cambridge, MA) was used to identify murine blood ves-
sels. Proliferated cells were stained by using monoclonal mouse anti-MIB1
antibody, diluted 1:100, and incubated for 1 hr at room temperature (M7240;
Dako, Carpinteria, CA). A double immunostaining of proliferative cells and
blood vessels was performed by using MIB1 antibody as described previously
and a polyclonal rabbit anti-human vWF diluted 1:500 and incubated for
1 hr at room temperature (A0082; Dako). Paraffin sections were incubated
for 30 min at room temperature with an anti-FITC TUNEL POD-labeled
horseradish peroxidase (117724655001; Roche) to detect functional blood
vessels in the ovarian transplant.

Specific binding was revealed using either Envision or an appropriate sec-
ondary antibody. Revelation was achieved with 3,3¶-diaminobenzidine. For
double immunostaining Ki-67/vWF, Ki-67 staining was revealed in gray with
peroxidase substrate kit 3,3¶-diaminobenzidine (SK-4100; Vector Laborato-
ries, Burlingame, CA) and vWF staining in red with AEC system. For each
specific immunohistochemistry, controls were performed by omitting the
primary antibody or by incubating the sections with nonspecific IgG at the
same concentration as the primary antibody.

Follicular Analyses
Whole scanned H&E sections were analyzed by Image J software. Folli-

cles were classified and quantified in sheep cryopreserved/thawed ovarian
graft before transplantation and after grafting in the control and VEGF111-
treated groups.

Section Analyses
Virtual images were acquired with the fully automated digital micros-

copy system dotSlide (BX51TF; Olympus, Aartselaar, Belgium) coupled with
a Peltier-cooled high-resolution digital color camera (1376!1032 pixels;
XC10; Olympus). Digital images of the whole tissue sections were digitized
at high magnification (!100) producing virtual images in which pixel size is
1.510 Km. On digital images, vessels were drawn manually and transformed
to obtain a binarized image in which pixels representing vessels have inten-
sity equal to 1 and those corresponding to the background intensity have
intensity equal to 0. On those binary images, the number of vessels was mea-
sured automatically. Results are expressed as unity of area of ovarian grafted
tissue. Image analysis was conducted using the Matlab 7.9 software.

Statistical Analyses
Statistical analysis was performed using GraphPad Prism software (Graph-

Pad, San Diego, CA). Mann-Whitney test was applied for comparison between
two different groups. Statistical evaluation of the presence of blood vessels
dextran/FITC-positive and Ki-67Ypositive endothelial cells between groups
was performed using the chi-square test with Fisher’s exact correction. Sta-
tistical significance was set at Pe0.05.
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