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Abstract

Purpose The main purposes of the study were to investigate
the endocrine function of ovarian tissue transplanted to het-
erotopic subcutaneous sites and the reproductive competence
and telomere length of a nonhuman primate originating from
transplanted tissue.

Methods Ovarian cortex pieces were transplanted into the
original rhesus macaques in the arm subcutaneously, in the
abdomen next to muscles, or in the kidney. Serum estradiol
(E2) and progesterone (P4) concentrations were measured
weekly for up to 8 years following tissue transplantation. A
monkey derived from an oocyte in transplanted ovarian tissue
entered time-mated breeding and underwent controlled ovari-
an stimulation. Pregnancy and offspring were evaluated.
Telomere lengths and oocytes obtained following controlled
ovarian stimulation were assessed.

Results Monkeys with transplants in the arm and abdomen
had cyclic E2 of 100 pg/ml, while an animal with arm
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transplants had E2 of 50 pg/ml. One monkey with transplants
in the abdomen and kidney had ovulatory cycles for 3 years. A
monkey derived from an oocyte in transplanted tissue con-
ceived and had a normal gestation until intrapartum fetal de-
mise. She conceived again and delivered a healthy offspring at
term. Controlled ovarian stimulations of this monkey yielded
mature oocytes comparable to controls. Her telomere length
was long relative to controls.

Conclusions Heterotopic ovarian tissue transplants yielded
long-term endocrine function in macaques. A monkey derived
from an oocyte in transplanted tissue was reproductively com-
petent. Her telomere length did not show epigenetically in-
duced premature cellular aging. Ovarian tissue transplantation
to heterotopic sites for fertility preservation should move for-
ward cautiously, yet optimistically.

Keywords Ovarian tissue transplantation - Steroid hormone -
Fertility - Telomere - Primate

Introduction

About 852,000 new cancer cases are expected to be diagnosed
in women of the USA in 2017, with 5.4% of the patients less
than 49 years old (American Cancer Society). The prognosis for
cancer patients has greatly improved with an approximately
70% S-year survival rate, and therefore, attention is drawn to
patients’ quality of life following survival. In women prior to or
at reproductive age, the chemo- or radiation therapy used to cure
their cancer is gametotoxic and may render them sub-fertile or
infertile. The incidence of ovarian failure may approach 90% in
patients undergoing high-dose chemotherapy [1].

Current approaches to preserve fertility in women before
cancer treatment include ovarian transposition, as well as oocyte
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and embryo cryopreservation (American Cancer Society).
However, ovarian transposition does not protect the ovary from
total body irradiation or chemotherapy. Also, oocyte or embryo
cryopreservation requires time to perform the assisted reproduc-
tive technology (ART) procedures, which delays cancer treat-
ment, and is not suitable for prepubertal girls. One potential
solution is to remove and cryopreserve ovarian tissue before
cancer treatment for future utilization after completing therapy
via autografting, xenografting, or culture. With autografting,
ovarian tissue can be transplanted into the original patient
orthotopically to the ovarian hilum or heterotopically to a dis-
tant site. To date, there have been 62 births worldwide from the
transplantation of cryopreserved human ovarian tissue [2—4],
with an additional 53 deliveries reported more recently [5].

Despite these successes, data are limited on the long-term
endocrine function of heterotopic ovarian tissue transplants [6,
7] or on the long-term normalcy of offspring born after ovar-
ian tissue transplantation in any primate species. Given that
the first human pregnancies from ovarian tissue transplanta-
tion were achieved in 2004-2005 [8, 9], results regarding the
offspring’s reproductive competence and lifespan are absent.
Efforts are continuing to monitor children born following
ovarian tissue transplantation to obtain information on their
safety and health [10]. We previously reported fertility preser-
vation via autografting in rhesus macaques and the first pri-
mate live birth derived from an oocyte after ovarian tissue
transplantation subcutaneously to the abdomen and ARTs,
i.e., in vitro fertilization (IVF) and embryo transfer [11].
Because ovarian structure, function, and regulation appear very
similar in macaques and women, long-term studies in ma-
caques may provide valuable information on offspring born
following ovarian tissue transplantation.

Studies in rodents indicated that offspring born from ART
procedures could have various health problems and short
lifespan [12, 13], and it has been suggested that laboratory
manipulations may induce epigenetic changes in oocytes
[14], including telomere shortening, limiting the number of
cell divisions that, in turn, could be responsible for aging at
a cellular level [15].

Here, we report a follow-up investigation on the endocrine
function over 8 years in macaques with ovarian tissue trans-
plants in heterotopic subcutaneous sites. Studies were also
performed to assess the reproductive competence, via sponta-
neous mating or ART, and the telomere length of a macaque
derived from transplanted ovarian tissue.

Material and methods
Ovarian tissue transplantation and subsequent pregnancy

The general care and housing of rhesus macaques (Macaca
mulatta) was provided by the Division of Comparative
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Medicine at the Oregon National Primate Research Center
(ONPRC), Oregon Health & Science University (OHSU).
Animals were pair-caged in a temperature-controlled
(22 °C), light-regulated (12L:12D) room. The diet consisting
of Purina monkey chow (Ralston-Purina, Richmond, IN,
USA) was provided twice a day and supplemented with fresh
fruit or vegetables once a day. Water was provided ad libitum.
Animals were treated according to the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals
[16]. Protocols were approved by the ONPRC Institutional
Animal Care and Use Committee.

This was a follow-up study including animals reported pre-
viously [11]. Seven oophorectomized macaques received
fresh ovarian cortical tissue transplants autologously to the
arm and abdomen (n = 4), kidney and abdomen (n = 2), and
arm only (n = 1). Metaphase II (MII) oocytes were retrieved
from transplants following recombinant human chorionic go-
nadotropin treatment and fertilized via intracytoplasmic sperm
injection (ICSI). Following embryo transfer to the oviduct, an
infant monkey was born in 2003 and named BRENDA.

Ovarian steroid assay

Peripheral blood samples were collected from monkeys fol-
lowing ovarian tissue transplantation on every Monday,
Wednesday, and Friday for a year. Serum estradiol (E2) and
progesterone (P4) concentrations were assayed using radioim-
munoassay by the Endocrine Technology Support Core at
ONPRC [17]. After year 1, blood samples were collected three
times per week when serum E2 was greater than 20 pg/ml or
P4 was greater than 2 ng/ml. Otherwise, phlebotomy was
reduced to weekly draws. For monkeys with the arm and
abdomen transplants, three were followed, i.e., blood sam-
pling, for 2 years, and one was followed for 3 years. For
monkeys with the kidney and abdomen transplants, one was
followed for 8 years while the other was not followed due to
significant scarring in transplant sites resulting from the sur-
gery. The monkey with arm transplants was followed for
2 years.

Spontaneous mating and pregnancy monitoring

After birth, the general health of BRENDA was monitored by
the veterinary staff in the Division of Comparative Medicine
(DCM) at ONPRC. When BRENDA reached puberty and was
of reproductive age (5 years old), she was transferred to the
Time-mated Breeding Unit, DCM, ONPRC, where she was
monitored for menses. Five days after menses, serum E2 and
P4 levels were measured every other day. When serum E2
reached 200 pg/ml, BRENDA was paired with a reproductive-
ly competent male, whose prior fecundity was five pregnan-
cies in 13 time-mated breedings. Pairing lasted for 5 days until
ovulation was confirmed by mid-cycle E2 surge and rising



J Assist Reprod Genet (2017) 34:1427-1434

1429

serum P4 levels [18]. Pregnancy was confirmed at 7 weeks
after the successful mating by serum P4 levels > 1.0 ng/ml and
fetal cardiac activity using a GE Medical Systems Voluson©
730 Expert Doppler ultrasound instrument (General Electric
Company, Waukesha, WI, USA). Fetal cardiac activity and
biparietal diameter were also measured by ultrasonography
at week 20, the third trimester of the typical 165-day gestation
period. The third trimester ultrasound was used to estimate
delivery date. A vaginal delivery of offspring occurred at the
expected due date [18]. After being sufficiently postpartum,
BRENDA was paired again at age 6 with the same male and
conceived. This time, a Cesarean section was performed at the
expected due date by the veterinary staff as described previ-
ously [18].

Controlled ovarian stimulation and oocyte retrieval

At ages 7-8, BRENDA underwent three controlled ovarian
stimulations, followed by oocyte aspiration, performed by the
ART Support Core at ONPRC as previously described [19].
First, 30 IU recombinant human follicle-stimulating hormone
(FSH; IM, bid; NV Organon, Oss, Netherlands) was adminis-
tered on menstrual cycle days 1-8, followed by 30 IU recom-
binant human FSH plus 30 IU recombinant human luteinizing
hormone (IM, bid; EMD Serono, Inc., Rockland, MA, USA)
on cycle days 7-8, and then a single injection of 1500 TU
recombinant human chorionic gonadotropin (hCG; IM;
Ovidrel; EMD Serono, Inc.) on cycle day 8. Laparoscopic
oocyte retrieval was performed 35 h later. Serum steroid levels
were assayed, antral follicle growth was evaluated by ultraso-
nography, and oocyte meiotic status was assessed via micros-
copy by the ART Support Core. During the same time period,
the ART Support Core also performed controlled ovarian
stimulations in additional nine age-matched monkeys using
the same protocol with one stimulation per monkey.

Telomere length assay

A 3 ml blood sample was collected from BRENDA at age 7
and from 12 healthy control monkeys, both males and females
of various ages (Supplemental Table 1). DNA was extracted
using a DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia,
CA, USA). Telomere length was assayed as previously de-
scribed [20, 21] with modifications. Briefly, 10 ng DNA was
used per reaction. DNA signal for telomere specific sequences
were amplified by real-time PCR using a QuantiFast SYBR
Green PCR kit (Qiagen, Inc.). Sequences of primers (900 nM/
1) were (5'-3") as follows: Telg, ACACTAAGGTTTGG
GTTTGGGTTTGGGTTTGGGTTAGTGT; Telc,
TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCT
AACA; Albugcer2, CGGCGGCGGGCGGCGCGGGC
TGGGCGGCCATGCTTTTCAGCTCTGCAAGTC; and
Albdger2, GCCCGGCCCGCCGCGCCCGTCCCGCC

GAGCATTAAGCTCTTTGGCAACGTAGGTTTC.
Thermal cycling consisted of 1 cycle of 15 min at 95 °C;
2 cycles of 15 s at 94 °C and 15 s at 49 °C; and 32 cycles of
15sat94 °C, 10 s at 62 °C, 15 s at 74 °C with signal acqui-
sition, 10 s at 84 °C, and 15 s at 88 °C with signal acquisition.
The 74 °C signal provided the cycle thresholds (Cts) for telo-
meres, and the 88 °C signal provided the Cts for the single
copy gene (albumin). Telomere values were quantified using
an Applied Biosystems 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific Inc., Grand Island, NY, USA). The
standard curve method was used to determine the T (telomere)
and S (standard single copy gene) values for each experi-
mental sample. Masked samples were run in triplicate, and
the average was reported. For a given experimental sample,
the T value is the number of nanograms of the reference
DNA that matches the experimental sample for copy num-
ber of the telomere template. The S value is the number of
nanograms of the reference DNA that matches the experi-
mental sample for copy number of the standard single copy
gene template. T/S, therefore, is a relative and dimension-
less value. A sample with a T/S ratio greater than 1.0 has
an average telomere length greater than that of the standard
single copy gene. A sample with a T/S ratio less than 1.0
has an average telomere length shorter than that of the
standard single copy gene [21].

Statistical analysis

Statistical analysis was performed using SigmaPlot 11 soft-
ware (SPSS, Inc., Chicago, IL, USA). Oocyte numbers and
relative telomere lengths were analyzed for BRENDA and
control animals. Values are presented as mean + SEM for
control animals. A standard normal distribution table was used
to identify the area under the standard normal curve in order to
determine the probability of a specified range of distribution.

Results

Serum concentrations of E2 were greater than 50 pg/ml in all
monkeys within 150 days of ovarian tissue transplantation
regardless of transplantation sites as previously reported
[11]. A monkey with heterotopic ovarian tissue transplants
in the abdomen and kidney ovulated sporadically for 3 years
with E2 levels of 150-300 pg/ml and P4 levels greater than
3 ng/ml (Fig. la—c). The animal had two E2 surges in year 4
(Fig. 1d) and intermittent E2 production of 50 pg/ml up to year
8 post-transplantation (data not shown). The four monkeys
with ovarian tissue transplants in the abdomen and arm had
serum E2 levels that regularly increased to 100 pg/ml, with
rare rises in P4 > 3 ng/ml, during the first year (representative
data in Fig. le). Production of E2 and P4 became sporadic in
year 2 post-transplantation, and only one animal had transient
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increases in E2 in year 3 (data not shown). The monkey with
transplants in the arm only had 1 year of limited E2 levels up
to 50 pg/ml, with no P4 rises (Fig. 1f), and then hormone
levels became non-detectable in serum (data not shown).
The menstrual cycle records for each monkey post-
transplantation are summarized in Supplemental Table 2.
BRENDA was born following IVF and embryo transfer of
an MII oocyte derived from ovarian tissue transplanted sub-
cutaneously as previously reported [11]. BRENDA reached
menarche at age 2.0 and had four menses during the first year,
though her age at the time of her first luteinizing hormone
surge is unknown (puberty in female macaques occurs be-
tween 2 and 5 years). She then had six menstrual cycles at
ages 3—4 and seven menstrual cycles at ages 4-5. She con-
ceived at age 5 after her first pairing with a male. Ultrasound
evaluation at approximately 20 weeks of pregnancy showed a
biparietal diameter of 38.6 mm (Fig. 2a) and a fetal heart rate
of 172 bpm (Fig. 2b), which are normal in macaque fetuses.

@ Springer

At term, BRENDA went into spontaneous labor, but arrested
during the second stage resulting in intrapartum demise. An
autopsy documented a normal term female infant with facial
edema and intracranial hemorrhage consistent with a second-
stage arrest. BRENDA resumed regular menstrual cycles after
being sufficiently postpartum. She was paired again at age 6
and conceived on her first pairing. Ultrasound evaluation at
approximately 7 weeks of pregnancy identified a normal fetal
heart rate of 156 bpm (Fig. 2¢). An elective Cesarean section
at 157 days gestation delivered a healthy term female infant
named Elizabeth OCTAVIA for “ovarian cortical transplant
and viable infant afterwards” (Fig. 2d). OCTAVIA was nursed
by a foster dam and reached menarche at age 2.5. She had
three menstrual cycles at ages 2—3 and five menstrual cycles at
ages 3—4, though her age at the time of her first luteinizing
hormone surge is unknown.

BRENDA resumed regular menstrual cycles after the sec-
ond pregnancy. During her seventh year, she underwent three
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Fig. 2 Ultrasound images of biparietal diameter measurement (a) and
fetal heart rate (b) of a 20-week fetus during BRENDA's first spontaneous
pregnancy, and fetal heart rate (c¢) of a 7-week fetus during BRENDA’s

controlled ovarian stimulations. She responded to each gonad-
otropin treatment as indicated by elevated serum E2 levels
(peak level > 2000 pg/ml) prior to hCG treatment and P4
levels (> 6 ng/ml) post-hCG treatment. The number of oocytes
retrieved per protocol from BRENDA and age-matched con-
trols is summarized in Table 1. During the first stimulation, 18
MII oocytes were retrieved from BRENDA, with 23 + 6 col-
lected from control animals. Under the assumption that data
from the control animals followed normal distribution, there
was a 40.5% chance to observe an MII oocyte number as large
as or less than 18 in the control population. At age 8,
BRENDA also served as a surrogate dam on one occasion in
the ART Support Core. She became pregnant following a
single embryo transfer with three fetuses collected by a
Cesarean section at 62 days gestation for another research
study.

Pwr 100 %
Gn -1.8
Frq mid

Qual norm

WMF low1

PRF 0.9kHz

second spontaneous pregnancy. A healthy female infant monkey was
born from BRENDA'’s second pregnancy and named Elizabeth
OCTAVIA (d)

The ratio of copies of telomeres to copies of the standard
single copy gene (T/S) was 1098.7 for BRENDA and
173.2 £ 24.3 for 12 control animals (147.7 + 38.2 for

Table 1  Numbers of oocytes retrieved from BRENDA and nine age-
matched control monkeys following controlled ovarian stimulation
Oocytes BRENDA Controls

Ist 2nd 3rd 1 stimulation/monkey
Total 102 88 56 70 + 14
Metaphase 11 18 15 23+6
Metaphase 1 21 14 23+10
Germinal vesicle 54 54 40 20+ 6
Degenerated 9 5 4 4+1
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prepubertal animals; 239.0 £ 70.9 for adult animals;
154.0 +25.1 for aged animals; Fig. 3). Under the assumption
that results from the control animals followed a normal distri-
bution, the probability of observing a T/S value as large as or
greater than 1098.7 in the control population was 0.0%.
BRENDA is currently 14 years old (similar to a 35-year-old
woman).

Discussion

Ovarian tissue transplantation provides fertility preservation
options to women facing gonadotoxic medical treatment, in-
cluding cancer therapy. Compared with orthotopic transplan-
tation, a heterotopic transplantation site can offer advantages
including (a) greater numbers of ovarian tissue fragments
transplanted, (b) ease of the transplantation procedure, and
(c) better access for follicular monitoring and oocyte collec-
tion [7, 22]. To date, the optimal site for heterotopic ovarian
tissue transplantation has not been clearly defined [7], though
a few studies investigated subcutaneous sites. Ovarian func-
tion resumed after transplantation subcutaneously to the fore-
arm [23] and the rectus muscle of the abdomen [6], but off-
spring have not been reported. In the current study, the animal
with heterotopic transplants to the kidney and abdominal mus-
cle exhibited the longest endocrine function, demonstrating
the success of transplanting ovarian tissue to well-
vascularized tissue. Animals with transplants to the arm and
abdominal muscle had relatively less steroid hormone func-
tion, and the animal with transplants to the arm only had the
least E2 production for the shortest period of time. The results
are consistent with the duration of endocrine function de-
scribed in heterotopic ovarian transplantation to subcutaneous
sites in women. Fresh ovarian tissue resumed function after
being transplanted subcutaneously to the forearm of women as
indicated by periodic menstruation and follicular development
for about 2 years post-transplantation [23]. Patients with

1000 4

750

500

T/S Ratio

250

J |

BRENDA Prepubertal  Adult Aged

Fig.3 Relative numbers of telomere copies to standard single copy gene
copies (T/S) for BRENDA and control monkeys (four prepubertal
animals, three adult animals, and five aged animals). Values are
presented as mean + SEM for control animals
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frozen-thawed ovarian tissue transplanted to the rectus muscle
of the abdomen were followed for 10 years in a previous study
[6], wherein endocrine function in one patient continued for
7 years post-transplantation. However, for the current investi-
gation, the study design is limited in that it did not compare
single sites of transplantation.

While there have been concerns about the reproductive
competence of mouse offspring born via ART [24] in 1999,
Louise Brown became the first [IVF-born baby to have a child
of her own, indicating that women born from IVF can have
healthy children. However, ovarian tissue transplantation adds
complications to IVF treatment due to significant hypoxia
during transplantation that may affect subsequent follicular
development and oocyte maturation [6, 7]. Therefore, it is
encouraging to demonstrate that BRENDA, born after ART
procedures with an oocyte derived from ovarian tissue trans-
plantation to a subcutaneous site, was able to achieve timely
puberty and experienced three pregnancies via time-mated
breeding or IVF resulting in a normal offspring. BRENDA
also yielded comparable numbers of MII oocytes to those of
age-matched control monkeys during controlled ovarian stim-
ulation cycles, further illustrating her normal reproductive po-
tential. In addition, Elizabeth OCTAVIA, daughter of
BRENDA, reached puberty at the expected age for female
macaques, portending normal reproductive development in
the second generation.

There is growing evidence that an adverse in vitro environ-
ment for oocytes and subsequently derived embryos may neg-
atively impact health of the offspring, e.g., mice demonstrate
long-term detrimental health effects with epigenetic origins in
IVF offspring following growth of immature oocytes and pre-
implantation embryos in suboptimal conditions in vitro [13,
25]. Here, BRENDA was examined for telomere length in
peripheral white blood cells to evaluate potential epigenetic
issues caused by non-native conditions during ovarian tissue
transplantation, oocyte retrieval, and IVF. Surprisingly,
BRENDA did not show premature cellular aging, as sug-
gested by shortened telomeres [15], or compromised repro-
ductive function, as predicted by short telomeres in human
oocytes [26]. In contrast, BRENDA'’s telomeres were longer
than those of control monkeys. Telomerase activity in oocytes
and early embryos is minimal and increases only at the blas-
tocyst stage [27]. A DNA double-strand break mechanism
called alternative lengthening of telomeres robustly elongates
telomeres [27]; this mechanism is evident during early embryo
development and may explain the long telomeres in
BRENDA. Alternatively, there is evidence that hypoxia con-
ditions can alter telomere length. Mild hypoxia increased tel-
omerase activity and telomere length in human umbilical vein
endothelial cells [28, 29], vascular smooth muscle cells [30],
and stem cells [31]. Given the existence of a genetic compo-
nent to telomere length, the long telomeres in BRENDA may
also have been inherited from her parents. With preliminary
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data from only one animal, no definitive conclusions can be
drawn based on the current finding and further studies are
clearly warranted on oocytes, embryos, and offspring derived
from heterotopic and orthotopic ovarian tissue transplantation.

In summary, fresh ovarian tissue transplanted to heterotop-
ic subcutaneous sites can maintain ovarian steroid hormone
production for years. BRENDA, the first primate derived from
an oocyte in subcutaneously transplanted ovarian tissue, is
fertile and also produced normal metaphase I oocytes during
IVF cycles. Her telomeres do not appear to be shortened.
While clinical information is collected continuously in order
to gain general acceptance of ovarian tissue transplantation as
an established procedure [10], results from the current nonhu-
man study are informative for the future of ovarian tissue
banking with subsequent transplantation to improve fertility
in women, including cancer patients.
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