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in Callithrix jacchus
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Abstract

Background The common marmoset, Callithrix jacchus, is an invaluable model in biomedical research. Its use
includes genetic engineering applications, which require manipulations of oocytes and production of embryos

in vitro. To maximize the recovery of oocytes suitable for embryo production and to fulfil the requirements of the 3R
principles to the highest degree possible, optimization of ovarian stimulation protocols is crucial. Here, we compared
the efficacy of two hormonal ovarian stimulation approaches: 1) stimulation of follicular growth with hFSH followed
by triggering of oocyte maturation with hCG (FSH+hCG) and 2) stimulation with hFSH only (FSH-priming).

Methods In total, 14 female marmosets were used as oocyte donors in this study. Each animal underwent up to four
surgical interventions, with the first three performed as ovum pick-up (OPU) procedures and the last one being

an ovariohysterectomy (OvH). In total, 20 experiments were carried out with FSH+hCG stimulation and 18 with FSH-
priming. Efficacy of each stimulation protocol was assessed through in vitro maturation (IVM), in vitro fertilization (IVF)
and embryo production rates.

Results Each study group consisted of two subgroups: the in vivo matured oocytes and the oocytes that underwent
VM. Surprisingly, in the absence of hCG triggering some of the oocytes recovered were at the Ml stage, moreover,
their number was not significantly lower compared to FSH+hCG stimulation (2.8 vs. 3.9, respectively (ns)). While

the IVM and IVF rates did not differ between the two stimulation groups, the IVF rates of in vivo matured oocytes
were significantly lower compared to in vitro matured ones in both FSH-priming and FSH+hCG groups. In total, 1.7
eight-cell embryos/experiment (OPU) and 2.1 eight-cell embryos/experiment (OvH) were obtained after FSH+hCG
stimulation vs. 1.8 eight-cell embryos/experiment (OPU) and 5.0 eight-cell embryos/experiment (OvH) following FSH-
priming. These numbers include embryos obtained from both in vivo and in vitro matured oocytes.

Conclusion A significantly lower developmental competence of the in vivo matured oocytes renders triggering
of the in vivo maturation with hCG as a part of the currently used FSH-stimulation protocol unnecessary. In actual
numbers, between 1 and 7 blastocysts were obtained following each FSH-priming. In the absence of further studies,
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FSH-priming appears superior to FSH+hCG stimulation in the common marmoset under current experimental

settings.

Keywords Marmoset, Ovary, Hormonal stimulation, hCG, In vivo matured oocytes, Embryo outcome, IVM

Introduction
The common marmoset, or white-tufted-ear marmoset
(Callithrix jacchus), is a non-endangered, classified as
least concern, New World monkey species. Being native
to the northeastern Brazil, the common marmoset has
become a valuable laboratory animal model worldwide.
Research colonies keeping common marmosets imported
the animals from their native habitat in 1960-70-ies.
These colonies now exist in Europe (France, Germany),
UK, Northern America (USA and Canada), Southern
America (Brazil), Asia (Israel, China and Japan) and
Australia [1]. C.jacchus is used as a model species in a
wide range of biomedical disciplines, including, but not
limited to, research in neurologic, inflammatory and
infectious diseases, aging, obesity, reproductive biology,
behavioural science and in preclinical testing [2, 3].
Several specific reproductive characteristics make the
common marmoset a highly advantageous non-human
primate (NHP) research model. Common marmoset
females, same as other callitrichids, have the highest life-
time reproductive potential among non-human primates.
This is due to a relatively early attainment of sexual matu-
rity (the average age at the first conception is around
2.5 years), multiple infants per litter (naturally 2), an
unusual for primates postpartum ovulation and therefore
short inter-birth intervals, and absence of menopause [4].
Notwithstanding the considerable phylogenetical distance
between callitrichids and the Old World primates, mar-
mosets still display a high genetic similarity to humans
compared with non-primate species and are readily
used in reproductive and genetic modification studies
as a human model [5, 6]. Similarly to humans and crab-
eating macaques [7], the average ovarian cycle length in
marmosets is 28 days and exhibits no seasonality [8, 9],
as, for example, seen in rhesus monkeys, which are also
commonly used as human models. However, marmosets
also feature some substantial differences to Old World
primates and humans. In contrast to humans, the aver-
age follicular phase in marmosets is considerably shorter
(8 days [8, 9] compared to 16.9 days in humans [10]),
while the luteal phase is longer than in humans (on aver-
age, 20 days in marmoset [8, 9] vs. 12.4 days in humans
[10]) and more variable. Next, preimplantation and
early post-implantation embryo development is much
slower in marmosets than in the Old World primates: the
embryo implantation can occur as early as on day 6 post
ovulation in human [11], on day 9 in rhesus [12], yet only

on day 11-13 in marmosets [13]. Further, the transition
from embryonic to fetal stage of development, defined as
the completion of organogenesis, takes place at around
day 53-58 (of 266 days of gestation) in humans [14], day
48 (of 160 days) in rhesus [15], yet only at day 73—-87 (of
144 days) in marmosets [16].

The reproductive endocrinology of marmosets and
other New World monkey species differs from the Old
World primates’ as well. In contrast to the latter, New
World monkeys possess a special type of LH recep-
tor (LHR) lacking exon 10, known as LHR type II [17].
In humans and other primates, LHR is activated by two
hormones — luteinizing hormone (LH) produced in the
pituitary and chorionic gonadotropin (CG) produced by
embryonic trophoblast cells and by the placenta. These
two hormones have an identical a subunit (which is com-
mon to the four glycoprotein hormones — FSH, LH, CG
and TSH), while the B subunit is unique for each specific
hormone [18]. In humans, the  subunit of hCG has an
85% homology with the  subunit of LH [18]. In the com-
mon marmoset, however, CG is the only gonadotrophin
with luteinising function present in the pituitary gland
[19]. Miiller et al. [19] proposed that during the evolu-
tionary establishment of the New World monkey lineage,
when LHR lost its exon 10, CG took over the functions
of LH, since it is able to bind to LHR even with its exon
10 missing. According to Miiller et al. [19], the earlier
studies, which analysed LH in the common marmoset
[20-23], had actually measured CG levels instead of LH
and therefore their results should be reinterpreted [19].
However, marmoset LHR type II might still possess at
least residual ability to bind LH, since in the earlier cul-
ture systems human FSH (hFSH) was used in combina-
tion with human LH (hLH) to trigger oocyte maturation
in vitro [24]; but this issue requires additional research.

The increasing use of marmosets in biomedical
research, including their genetic modifications, requires
manipulations of oocytes and production of embryos
in vitro. To maximize the recovery of suitable oocytes,
ovarian stimulation is applied. However, compared to
humans, relatively little progress has been made in the
development of hormonal stimulation approaches in
marmosets. Since published marmoset embryo produc-
tion rates remain low [25-29], further research towards
optimisation of ovarian stimulation is needed.

To the best of our knowledge, all protocols of hor-
monal stimulation for marmosets published up to date,
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only include application of hFSH and/or hCG in differ-
ent doses and for a variable duration of time. Most of
the stimulation approaches have been summarised in
two reviews on assisted reproductive technologies in
this species [30, 31]. In brief, up to date there are three
basic strategies applied for hormonal stimulation in mar-
mosets: (1) Stimulation with hFSH followed by ovula-
tion triggering with hCG; (2) Ovulation triggering with
hCG in the natural cycle; and (3) hFSH-priming. While
the first two strategies actually aim to produce in vivo
matured oocytes, the latter one is focused exclusively on
increasing the number of large antral follicles containing
immature cumulus-oocyte complexes (COCs) which are
to be subjected to in vitro maturation. However, the only
use of FSH-priming was published by Gilchrist et al. [32],
while all recent (published in the last decade) studies in
marmosets involving hormonal stimulation used the
protocols with FSH+hCG [29, 33-35], assuming their
higher efficiency.

No direct comparison between FSH+hCG and FSH-
priming approaches in marmosets has ever been pub-
lished; in addition, the ovum pick-up (OPU) technique
has never been attempted in FSH-priming cycles. The
equal or better efficacy of the hFSH-priming approach
omitting the in vivo oocyte maturation triggering with
hCG would represent an advantage in adherence with
the 3Rs principle due to reduction of the total number
of injections given per animal and avoidance of potential
adverse effects of hCG, such as the ovarian hyperstimu-
lation syndrome [36]. The present study was conducted
within a larger project aiming at the production of genet-
ically modified marmoset monkeys (the results will be
published separately). Here, we report the relative effi-
cacy of two hormonal stimulation strategies: hRFSH+hCG
vs. hFSH-priming and the practical consequences result-
ing from this comparison.

Materials and methods
Animals
All procedures involving animals were carried out
according to the German Animal Welfare Act, the rele-
vant guidelines and approved by the competent authority,
i.e. Niedersédchsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit (LAVES; Animal Experiment
Permission #33.19-42,502-04—19/3221). This study was
carried out as part of the hormonal stimulation optimi-
zation protocol for a larger project consisting of multi-
ple subprojects aiming at the production of genetically
modified marmoset monkey model intended for further
research.

The animals used in this study are part of the self-sus-
tained research colony of the German Primate Center,
which has originally been established in the 70-ties
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with C.jacchus imported from England and which now
includes around 480 animals. All animals used for this
study were housed according to the applicable legal
guidelines and institutional practice of the German Pri-
mate Center for C. jacchus [5, 32, 37, 38]. Well-being of
the animals was controlled daily by animal care person-
nel with additional regular health check-ups by veteri-
narians. Marmosets were housed at 25+ 1 °C and 65+ 5%
relative humidity and air circulation and filtration at
artificially controlled light/dark cycle (12/12 h). Verti-
cally-oriented stainless steel cages [165 cm (H)X65 cm
(W)x80 cm (D)] were furnished with wooden elements
for environmental enrichment. Rooms and cages were
cleaned with water biweekly. The animals received pel-
leted primate food Altromin 0633 (Altromin Spezial-
futter GmbH & Co. KG, Lage, Germany) ad libitum. In
addition, approx. 20 g mash (bananas, carrot juice, yogurt
and quark enriched with vitamins and minerals) per ani-
mal was served in the morning and 30 g fruit or vegeta-
bles mixed with rice and gum Arabic were provided in
the afternoon. Furthermore, mealworms or locusts were
offered three times per week. Total daily vitamin D3
intake provided as a liquid supplement to the morning
mash consisted of approx. 140 IU/animal, while addi-
tional approx. 150 IU/animal were provided with food
pellets. Drinking water was always available in the cages
while fruit teas were provided occasionally.

In total, 14 female marmosets were used as oocyte
donors in this study (age: from 3.3 to 6.1 years (mean
4.6+0.7 (SD) y), bodyweight: from 371 to 528 g (mean
442+35.5 g)). Some animals have previously undergone
one or more OPU procedures, but their oocytes/embryos
were cultured under different conditions; therefore, data
from these operations were not included in this study.
Oocyte donors were housed with male partners to ensure
the optimal ovarian function [39]. In addition, 5 males
with proven fertility were used as sperm donors (age:
from 5.6 to 7.7 years (mean 6.7 +0.9 years), bodyweight:
from 368 to 561 g (mean 443+39.1 g)). These were
housed in male-male pairs to avoid copulations, which
could affect the volume of the sample and/or its quality.
In our colony, neither homosexual behaviour nor mastur-
bation have been observed of yet (own observations).

Cycle monitoring and control

Ovarian cycles were monitored by plasma progesterone
levels measurements performed twice weekly [9, 40] and
carried out by enzyme immunoassay as described ear-
lier [41]. In brief, 0.2 mL blood was collected from the
Vena femoralis using a 1 mL syringe with a 26G heparin-
primed needle. The blood samples were kept on ice and
transferred to the endocrinology laboratory, where the
samples were centrifuged at 1500 g for 10 min at RT to
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obtain the plasma for progesterone analysis. Proges-
terone was determined by a direct, non-extraction EIA
using a monoclonal antibody to 11-hydroxyprogester-
one-hemisuccinate: BSA (Quidel clone no. 425; CL425)
[41]. Progesterone—horseradish peroxidase (HRP) was
used as enzyme conjugate in the EIA. Samples were usu-
ally measured in a 1:30 dilution in assay buffer (TBS,
pH 7.2). The assay has previously been analytically and
biologically validated [41], and inter-assay coefficients
of variation of high- and low-value quality controls run
in each assay were both<15% across all measurements.
Progesterone concentrations<10 ng mL™" indicated the
follicular phase, whereas concentrations>10 ng mL™*
indicated the luteal phase of the ovarian cycle [9, 40].

To time the beginning of hormonal stimulation and to
prevent natural pregnancies, luteolysis was induced in
oocyte donors by prostaglandin F,, analogue (PGF-2q,
Estrumate, Essex Tierarznei, Munich, Germany) given
i.m. [38].

On the day following PGF-2a injection, i.e. day 1 of the
new cycle, hormonal stimulation was initiated. Injections
of 25-35 IU recombinant human FSH (Gonal-f, Merck
Europe B.V., Amsterdam, Niederlande) were performed
daily at 09:00 with the total duration of FSH-stimula-
tion according to the study protocol (see below). In vivo
ovulation was triggered with the injection of 75 IU hCG
(Ovogest, MSD Animal Health, Unterschleissheim, Ger-
many) given at 15:00 on the last day of stimulation, and
the operation (OPU or ovariohysterectomy (OvH)) was
performed 18-20 h later.

Study design

Two stimulation approaches were investigated in this
study: stimulation with hFSH plus in vivo matura-
tion triggering with hCG (hereafter referred to as
"FSH+hCG") was compared with priming with human
recombinant FSH only (hFSH; hereafter referred to as
"FSH-priming"). In total, 20 FSH+hCG stimulation
cycles were performed in 11 individual animals. Out
of these, 16 stimulations included eight (8) daily injec-
tions of FSH, and in four (4) stimulation cycles the dura-
tion of the FSH-stimulation was individually adjusted
(see below) and varied between 6 and 9 days. Eighteen
stimulations of 9 individual animals were performed as
FSH-priming for 6-9 days. The stimulation length cho-
sen depended on the individual follicular phase length,
which was calculated based on the data from previous
cycles. Additionally, individual responsiveness to FSH
in previous stimulation cycles was considered. In case
of rising progesterone observed on the day of operation,
the duration of FSH-stimulation was reduced in the fol-
lowing stimulation cycles. The operations were always
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planned 1-2 days before the predicted day of the ovula-
tion (Table 1).

There were no statistically significant differences in
either age or body weight assessed at the moment of each
operation between the animals of the two stimulation
protocol groups (Fig. 1).

Individual adjustment of the duration of FSH-stimula-
tion was based on the natural follicular phase (FP) length.
The average length of the FP was calculated based on sev-
eral cycles preceding the experiment. In addition, ovarian
response to FSH was controlled by ultrasound and in the
case of an unexpectedly fast growth of the follicles the
current stimulation cycle was cancelled due to logistical
reasons and inability to perform unscheduled surgeries.
The duration of stimulation was adjusted accordingly in
the next stimulation cycle.

OPU and OvH procedures

For each animal, the oocyte collection was performed
in four stimulation cycles: the first three surgeries were
OPU procedures, while the fourth surgery was carried
out as an OvH. Each animal received Metacam (0.5 mg/
mL meloxicam) 0.15 mg p.o. as premedication and 0.1 mg
postoperatively over 3—4 days for pain management. In
addition, all animals received antimicrobial treatment
postoperatively (Hostamox LA 150 mg/mL, 15 mg/ani-
mal i.m. immediately post-OP and every second day for
4 days).

All operations were carried out under injection nar-
cosis: to this end, ketamine 100 mg/mL at 25-50 mg/kg,
medetomidine 1 mg/mL at 0.05-0.1 mg/kg, and atropine
0.513 mg/mL at 0.05 mg/kg) were administered i.m. For
the last operation (OvH of one animal from the FSH-
priming group), new narcosis was used, with the aim to
improve the general tolerability and to shorten the post-
operative recovery/waking-time. The new protocol con-
sisted of alfaxalone 10 mg/mL at 10 mg/kg, midazolam
5 mg/mL at 0.25 mg/animal and buprenorphine 0.3 mg/
mL at 0.005-0.025 mg/kg administered i.m., and bupiv-
acaine at 2 mg/kg applied topically. The outcome of the
operation carried out with the new narcosis was compa-
rable to the outcomes seen with the old protocol. OPU

Table 1 Two hormonal stimulation protocols applied in Callithrix
Jjacchus for recovery of oocytes via OPU or ovary dissection

Variables Hormonal stimulation protocols
FSH+hCG FSH-priming

FSH dose 251U 250r351U

Days of FSH 55-9 6-9

hCG dose 751U Not applicable

Total number of stimulations 20 18
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Fig. 1 Age (A) and bodyweight (B) of C. jacchus females in both study groups. The number of stimulations in each group is shown in square

brackets

was performed using an aspirator (Labotect Aspirator
3, Labotect, Gottingen, Germany). 23Gx3/4 puncture
needles (BD, Allschwil, Switzerland) were connected
to a sterile Heidelberger extension tube (#13,802, Labo-
tect, Gottingen, Germany). The oocytes were collected
into a 10 mL tube with pre-warmed (37 °C) handling
medium (POE-CM ([Porcine Oocyte/Embryo Collection
Medium], CosmoBio, Tokyo, Japan) supplemented with
5% FBS (Biochrom AQG, Berlin, Germany) and 2.5 IU/mL
heparin (Heparin-Natrium-5000-ratiopharm®, Ratiop-
harm, Ulm, Germany).

After ovariohysterectomy, the ovaries attached to the
uterus were immediately placed into pre-warmed (37 °C)
POE-CM+5% FBS and transferred to the laboratory,
where large ovarian follicles were mechanically dissected
using 26G needles and/or forceps to recover oocytes.

Culture plate preparation

All culture steps were performed in 4-well dishes
(NUNC, Thermo Fisher Scientific, Osterode am Harz,
Germany, Catalogue number #179,830) in drops of the
respective culture medium (see below) under light min-
eral oil (LiteOil®, LifeGlobal Europe, Brussels, Belgium):
the drops in the first three wells were used for wash-
ing, followed by culturing in the fourth well. All culture
plates (for short-term storage; in vitro maturation (IVM);
in vitro fertilization (IVF); embryo culture) with drops
of medium under pre-incubated light mineral oil were
prepared the day before use and stored overnight in an
incubator with gas conditions according to the develop-
mental stage to assure proper pH (7.3) and dissolved oxy-
gen concentration.

Oocyte collection and in vitro maturation

All available cumulus-oocyte complexes (COCs) and
naked oocytes retrieved during the OPU procedure or
dissected out of antral follicles from the removed ovaries
were immediately transferred from the handling medium
(see above) into hormone-free POM medium (Cosmo-
Bio, Tokyo, Japan) supplied with 5% FBS (Biochrom
AG, Berlin, Germany) and left at 37.5 °C, 5.5% CO, in
air, until the collection was finished. Only healthy, non-
degenerated COCs and oocytes were selected for culture.
These were then transferred into culture dishes with 500
pL drops of IVM medium with hormones (POM, 5% FBS,
1 IU/mL FSH and 1 IU/mL hCG) under oil. IVM was
performed at 37.5 °C, 5.5% CO, in air, for 29-30 h. The
choice of gas conditions has been described in detail in
Tkachenko et al. [42]. All oocytes and embryos from dif-
ferent donors were always cultured separately.

Sperm collection and in vitro fertilization

At least two sperm donors were used for each experi-
ment. Sperm was collected by penile vibrostimulation
(PVS) procedure described in detail in [43]. Briefly, ejac-
ulation was induced using a FertiCare personal vibra-
tor (Multisept ApS, Rungsted, Denmark) fitted with a
2 cmx 0.5 cm glass tube with rounded edges serving as
an artificial vagina. Sperm collection medium (HEPES-
buffered Tyrode’s lactate with 0.25 mM sodium pyruvate
(Sigma-Aldrich (Merck), Darmstadt, Germany) and 0.3%
wt/vol Bovine Serum Albumin ((BSA, Sigma-Aldrich
(Merck), Darmstadt, Germany), pH 7.3, 400 uL, 37 °C)
was immediately added to the ejaculate to minimize
coagulation of the seminal plasma. In the laboratory,
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sperm samples were washed using a density gradient cen-
trifugation (300 g, 18 min, 37 °C, soft mode) The 40%/80%
density gradient prepared with PureSperm solution
(PureSpermTM 100, Nidacon, Molndal, Sweden) and
Sperm collection medium. Washed sperm samples were
carefully pipetted on the bottom of glass tubes with 600
pL Capacitation medium (Tyrode’s lactate with 0.25 mM
sodium pyruvate and 0.3% wt/vol BSA) and placed in
the incubator with 37.5 °C, 5% O,/5.5% CO, for 40 min
for capacitation. Capacitated sperm samples were ana-
lysed for motility and the sample with the highest rapid
progressive motility was chosen for IVE. On average,
samples with concentration of ca. 5 000 000 sperm/mL
and 80% motility were used for IVF. For IVE, the oocytes
were transferred into 500 pL IVF medium (Tyrode’s lac-
tate medium supplemented with 0.5 mM sodium pyru-
vate, 0.5 mM GlutaMAX (GlutaMAX"™, Gibco® (Merck),
Darmstadt, Germany), 2 mM CaCl,.2H20, 1% v/v mini-
mum nonessential amino acid solution (NEAA 100x,
PAN Biotech, Aidenbach, Germany), 0.3% wt/vol BSA,
10 IU/mL penicillin, and 10 pg/mL streptomycin (Peni-
cillin-Streptomycin, PAN Biotech, Aidenbach, Germany)
under oil (37.5 °C, 5% O,/5.5% CO,). Sperm concentra-
tion was adjusted to 300.000 sperm/mL.

CRISPR injection and embryo culture
The following morning, 15-16 h after the sperm sus-
pension was added into IVF drops, cumulus cells were
removed by pipetting. Denuded oocytes were assessed
for the presence of two polar bodies (PBs) and pronu-
clei (pn) and zygotes were injected with CRISPR/Cas9
to induce genetic modification (results will be published
separately). All fertilized oocytes analysed in the pre-
sent study received injection of CRISPR/Cas9, there-
fore no additional variation in the study groups was
introduced by this manipulation. In brief, at the pronu-
clear stage, intracytoplasmic injection of CRISPR/Cas9
mixture (4x15 ng/pL sgRNAs, 100 ng/uL of Cas9 pro-
tein (NEB, Ipswich, USA), 25 ng/pL of hCas9 mRNA,
5 mM TrisHCL pH 7.4 buffer and 100 mM NaCl) was
performed. The mixture was injected using 1.6 pm pro-
nucleus injection pipettes (Type PI-1.6, BioMedical
Instruments, Zo6llnitz, Germany) attached to the Fem-
toJet 4i microinjector (Eppendorf, Hamburg, Germany).
Immediately after CRISPR/Cas9 injection, zygotes were
transferred into culture plates with 50 pL ORIGIO®
Sequential Cleav" (Origio, Milev, Denmark). Starting
from the 4-cell stage, embryos were cultured in ORI-
GIO® Sequential Blast™ (Origio, Malov, Denmark) at
37.5°C, 5% 0,/5.5% CO,.

From the morula stage (12-cell stage or initiation of
compaction), ORIGIO® Sequential Blast™ was addi-
tionally supplemented with 2.5% FBS. Throughout the
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embryo culture period, every two days the embryos were
transferred into new culture 4-well dishes with fresh
medium chosen according to the developmental stage.
Pictures of all cultured embryos were taken daily, with
detailed recording of the developmental stage.

Statistics

The analysis was performed using GraphPad Prism ver-
sion 8.0 for Windows (GraphPad Software, Boston,
Massachusetts USA, (www.graphpad.com). Differences
between two groups were analysed using Student t-test
for normally distributed samples; comparison of multiple
groups was performed using one-way ANOVA with post-
hoc Tukey multiple comparisons test. For evaluation of
the relationships between variables, Pearson’s correlation
coefficient was used. The results of correlation analy-
sis are presented in the form of correlation coefficients
and p-values. Differences were considered significant at
p<0.05, otherwise the differences are labelled as ‘ns’ (not
significant) in the text. Unless indicated otherwise, the
data are presented as mean + SD.

Results

Oocyte recovery

After hormonal stimulation with FSH only (FSH-prim-
ing), ovaries appeared smaller, compared to the stand-
ard FSH+hCG protocol. This was due to the absence of
large preovulatory follicles and no or lower number of
cysts, which are a known consequence of hCG adminis-
tration in women [44] (Fig. 2). No ovary measurements
were performed during OPU or after ovariohysterectomy
to avoid compromising sterility or delaying the process-
ing. The risk of ovarian adhesions due to multiple OPUs
was significantly reduced after FSH-priming compared to
the standard FSH+hCG protocol. This might be attrib-
uted to lesser bleeding, which is one of the risk factors for
adhesion formation [45]). Our main concern was whether
it will be technically possible to recover at least the same
number of oocytes following the FSH-priming protocol
as following the standard stimulation protocol with hCG.
Therefore, the number of the oocytes recovered from
large ovulatory follicles was compared between the two
study groups for each type of the oocyte recovery proce-
dure (OPU1-3 and OvH).

For the purposes of statistical analysis, the data for
OPUs 1-3 were pooled to compare the mean recovery
rate after OPU between the two study groups. With the
exception of one single case in the group of FSH+hCG,
in all other stimulated cycles oocytes were successfully
recovered. In total, following FSH+hCG stimulation,
14.4 + 8.8 non-degenerated oocytes (incl. both imma-
ture and mature) were recovered per one OPU proce-
dure vs. 16.4+9.0 following FSH-priming (ns). Similarly,
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Fig. 2 Morphological appearance of marmoset monkey ovaries after stimulation with FSH+hCG (A) and after FSH-priming (B). The ovaries
stimulated with FSH+hCG visually appear larger (no measurements were performed due to sterility considerations), with presence of cysts

and a high degree of hyperaemia (A). In contrast, the ovaries after FSH-priming have lighter colour and have evenly distributed large antral follicles
(B). Bl - bladder; U — uterus, C - cyst, CL — Corpus luteum, RO - right ovary, LO - left ovary, F —follicle
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Fig. 3 Total number of the non-degenerated oocytes

recovered from large antral follicles in operations #1-4. For each
animal, operations 1-3 were OPU (ovum pick-up); operation 4

was ovariohysterectomy (OvH). The number of stimulations of each
type is shown in square brackets

the recovery rate after ovary dissection upon OvH was
at least as efficient with the stimulation approach with-
out hCG, as with it (41.5+14.7 in FSH+hCG group vs.
65.8 +31.3 FSH-priming group, ns) (Fig. 3).

Oocyte maturation

In vivo matured

Following FSH+hCG stimulation, the mean number of
in vivo matured MII oocytes collected in each experiment
was 3.9+3.3. Surprisingly, this number was not signifi-
cantly lower after FSH-priming (2.8 £2.8, ns) (Fig. 4A). In
addition, there was no difference in the number of in vivo

matured oocytes between OPU1, OPU2, OPU3 and OvH
and MII number varied from 0 to 11 in the FSH+hCG
group and from O to 10 in the FSH-priming group (ns).
Therefore, for graphical presentation, data from all oper-
ation types were pooled for each study group (Fig. 4A).

In vitro matured
In total, 320 immature oocytes were recovered from
20 FSH+hCG stimulations and 558 immature oocytes
were recovered from 18 FSH-priming experiments. The
two study groups did not differ in the rates of in vitro
oocyte maturation: 60.4+26.7% oocytes reached the MII
stage in the FSH+hCG group during IVM culture and
47.1+29.8% in the FSH-priming group (ns) (Fig. 4B).

While, as expected, there was a positive correla-
tion between the number of recovered oocytes and the
actual number of those which later matured to MII stage
in vitro (r=0.5734, p<0.001, Fig. 5A), the number of
recovered oocytes negatively correlated with the propor-
tion of oocytes matured to MII stage in vitro (r=-0.5695,
p<0.001, Fig. 5B). This suggests that with the increasing
numbers, a greater part of those recovered was develop-
mentally incompetent.

Morphological appearance of mature and imma-
ture recovered oocytes was similar between both study
groups (Fig. 6 A-D).

IVF

While no significant effect of the stimulation approach
on fertilization rates was observed in this study, surpris-
ingly, fertilization was significantly lower in both MII
subgroups compared to the oocytes matured in vitro
(p<0.05). Following stimulation with FSH+hCG,
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Fig.4 In vivo and in vitro maturation rates in the groups stimulated with FSH+hCG or FSH-priming. A Number of in vivo matured oocytes
recovered from large antral follicles by aspiration or during follicle dissection. The number of stimulations in each group is shown in square brackets.
B in vitro maturation rate from the total number of immature oocytes recovered. The number of stimulations in each group is shown in square
brackets. The single case where no oocytes were recovered (FSH+hCG group) was not included in this analysis
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Fig. 5 Correlation between the total number of recovered immature oocytes and the IVM outcome. This was represented either by the number
of oocytes that successfully matured in vitro (A), or as the percentage of those matured in vitro from the total number of immature oocytes

(B). The graphs show individual value data points, best-fit regression lines (solid lines), upper and lower 95% confidence intervals (dotted lines),
and the respective Pearson correlation coefficients

fertilization rates were 34.5+32.0% in the in vivo Embryo development

matured subgroup and 64.8+28.8 in the IVM sub- Same as with fertilization rates, the reduced quality of
group; following FSH-priming fertilization was seen in  the in vivo matured oocytes was suggested by a signifi-
5.5+13.5% of in vivo matured oocytes and 52.3+24.4%  cantly lower first cleavage rate in both MII subgroups
of IVM oocytes (see Fig. 7A for statistical differences). compared to IVM subgroups (Fig. 7B). From the total
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Fig. 6 Morphology of oocytes recovered as in vivo matured MIl oocytes or immature oocytes. The recovered Ml oocytes (A, C) sometimes were
either surrounded by expanded corona radiata cells or naked. The recovered immature oocytes (B, D) were either surrounded by several compact
granulosa cell layers or were naked. No significant morphological differences were seen between either in vivo matured oocytes recovered
from FSH+hCG stimulated (A) or FSH-primed ovaries (C); or immature oocytes (B vs. D, respectively)

number of fertilized oocytes, only 33.8+44.5% in vivo
matured oocytes underwent first cleavage in FSH+hCG
group and no cleavage (0+0.00%) was seen in the in vivo
matured subgroup in the FSH-priming group. These rates
were significantly different (p <0.05) from those observed
in the IVM subgroups, both of which had a similarly high
percentage of 2-cell embryos (66.2+38.2 and 71.7+31.4,
respectively) (Fig. 7B).

To better visualize the overall efficiency of each pro-
tocol, embryo formation rates were calculated as a total
proportion of MII oocytes which, after fertilization, pro-
gressed to 2- and 8-cell embryo stage in different groups
(Table 2). While only a very small proportion of the
in vivo matured oocytes in the FSH+hCG group could
develop at least until the 8 cell stage (6%, 5/77) and no
embryos were obtained from in vivo matured oocytes in
the FSH-priming group; the rates in the IVM subgroup
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B. FSH+hCG immature

were 21% (30/142) and 28% (54/195) in the FSH+hCG
and FSH-priming groups, respectively (Table 2). Trying
to choose between the two protocols for future projects,
we were interested in the actual numbers of progressed
embryos that could be obtained with each approach. As
much lower numbers of oocytes can be recovered with
OPU compared with OvH, these two types of opera-
tions were analysed separately. In this case, due to low
numbers, ANOVA only showed differences in embryo
production between MII and IVM subgroups only (see
Supplementary Table 1). Therefore, we calculated the
total outcome as the sum of the total embryos obtained
in each group divided by the number of the respective
experiments. In total, 1.7 eight-cell embryos/experi-
ment (OPU) and 2.1 eight-cell embryos/experiment
(OvH) were obtained after FSH/hCG stimulation vs. 1.8
eight-cell embryos/experiment (OPU) and 5.0 eight-cell
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Fig. 7 In vitro fertilization and first cleavage rates. A In‘FSH+hCG, Ml group’and ‘FSH-priming, Ml group'the fertilization rates were calculated
from the number of in vivo matured oocytes. In'FSH+hCG, IVM group'and ‘FSH-priming, IVM group'the fertilization rates were calculated

from the number of oocytes matured in vitro. B First cleavage rate calculated as the percent of 2-cell embryos from fertilized oocytes. Both M|
groups refer to in vivo matured oocytes, while IVM group includes oocytes matured in vitro. The number of stimulations in each group is shown

in square brackets. The number of stimulations in each group is shown in square brackets. The experiments during which no mature oocytes were
obtained were not included in the respective groups. * p<0.05, ** p<0.01, *** p <0.001

Table 2 Total embryo outcome per experiment for different study groups

In vivo matured oocytes

in vitro matured oocytes

FSH+hCG FSH-priming  FSH+hCG FSH-priming
Total matured oocytes, n 77 20 142 195
Rate and total numbers of 2-cell embryos from matured oocytes 18% (14/77) 0% (0/20) 49% (70/142) 44% (86/195)
Rate and total numbers of 8-cell embryos from matured oocyte 6% (5/77) 0% (0/20) 21% (30/142) 28% (54/195)
Total experiments, n 20 6° 20 18
Operation type OPU OvH OPU OvH OPU OvH OPU OvH
Number of experiments by operation type (OPU/OvH) 16 4 42 2° 16 4 12 6
Number of 8-cell embryos per experiment 03 03 0 0 14 1.8 20 50

2 In vivo matured oocytes were used for IVF and further culture only in 6 out of 18 FSH-priming experiments, as IVF attempts were terminated for the MIl subgroup

once it had become obvious that these oocytes are not developmentally competent

embryos/experiment (OvH) following FSH-priming.
These numbers include embryos obtained from both
in vivo and in vitro matured oocytes (Table 2).

In the FSH+hCG group, the embryos produced from
MII oocytes were cultured until embryo day (ED) 6 and
the embryos produced from IVM oocytes — until ED5
(the culture ended on a specific day of the week, i.e. when
the embryo transfer to surrogate mothers was performed;
embryo transfer results will be published separately).
With the beginning of FSH-priming, we also extended
the culture duration as a part of the protocol optimiza-
tion, first until ED8 (embryos were produced only from
IVM oocytes), later we removed the time limit to let the

embryos that required longer than 8 days to form the
blastocoel, to develop to this stage. Therefore, the data
for blastocyst rates is only available for those nine FSH-
priming experiments, where all potentially competent
embryos were allowed to complete blastocyst forma-
tion. In general, blastocyst formation rate varied from 3
to 17% when calculated from the total number of recov-
ered immature oocytes and from 6 to 40% of the in vitro
matured (Table 3). The timescale of marmoset embryo
development in vitro and the morphological appearance
of the respective stages is shown in Fig. 84, C.

Most embryos capable of the development to the blas-
tocyst stage formed a blastocoele at ED 8 (63%) (Fig. 8B).
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Table 3 Individual blastocyst rates calculated from the total number of immature oocytes obtained after FSH-priming

Experiment # OP type Total immature MIl after IVM Blastocysts, n  Blastocyst rate from Blastocyst
oocytes recovered, n recovered immature oocytes, rate from IVM
% Mil, %

1 OvH 62 5 2 3% 40%

2 OPU 15 11 2 13% 18%

3 OPU 22 10 1 5% 10%

4 OPU 6 6 1 17% 17%

5 OPU 20 18 1 5% 6%

6 OvH 113 19 4 4% 21%

7 OvH 67 26 7 10% 27%

8 OvH 52 1 2 4% 18%

9 OPU 1 4 1 9% 25%

The data are shown for the nine experiments, where immature oocytes recovered following FSH-priming, underwent maturation, fertilization and long culture until
blastocyst stage

OPU Ovum pick-up, OvH Ovariohysterectomy

28-30h
EDO ED1 ED2 ED3 ED4 ED5 ED6 ED7 ED8 ED9 ED 10 ED 11 ED 12
Recovery of
GV oocytes Mil Zygote ~an
’\ ’] 4 cell
|V|'3? 8 cell
10-12 cell
initiation of compaction
B- 63.64% ED8 compacted morula
m 27.27% ED9 blastocyst

? expanded blastocyst

hatching blast, + (assisted hatching)
9 oty

C Total=22

Fig. 8 Callithrix jacchus embryo development in vitro and morphological appearance of the respective developmental stages. A Timeline
of embryo development from in vivo matured oocytes (recovered at MIl stage, starts from embryo day 0 (EDO) or in vitro matured oocytes
(recovered at the germinal vesicle (GV) stage, starts from 28-30 h IVM). B Proportion of embryos with blastocoel first visible on ED8, ED9

and ED10 analysed in 22 blastocysts obtained during extended culture of VM oocytes in FSH-priming group (n=9). C Morphological appearance
of the respective developmental stages: immature cumulus-oocyte complex (a); COC after IVM, with expanded cumulus surrounding the oocyte
(b); fertilised oocyte with visible 2 PB's (black arrows) and 2 pn (white arrowheads) (c); 2-cell embryo (d); 4-cell embryo (e); 8-cell embryos (f); 12-cell
embryo (g), initiation of compaction (h); compacted morula (i); morula-blastocyst transition (j); blastocyst with a visible zona pellucida cut (black
arrowhead) after artificial hatching performed at morula stage (k); hatching blastocyst (1)
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The latest blastocoele formation was observed on ED10,
but all these were of suboptimal quality (poor morphol-
ogy and or low number of trophectoderm and/or inner
cell mass (ICM) cells).

Discussion

Although several protocols of ovarian stimulation have
been published for the common marmoset [26, 28, 29,
32, 34, 46, 47], the reported outcomes can often not be
achieved in other research centres adopting the same
stimulation scheme. Among other factors, this might be
attributable to the differences in phenotype and/or geno-
type of the animals from different breeding colonies [48].
Since the implementation of Brazil’s restrictions on mar-
moset export in 1974, only a very small number of new C.
jacchus individuals have entered captive colonies world-
wide [49, 50]. As a result, multiple phenotypical and
physiological changes have accumulated in those closed
populations. Of these, the easiest to observe is body
weight, which varies significantly in different colonies
[51-53] and is strongly associated with the quality of the
ovaries and the follicular reserve in the marmoset [54].

All these factors may potentially affect the animal’s
response to hormonal stimulations and may explain why
the protocol developed by one laboratory may not always
suit animals originating from a different colony. Moreo-
ver, similar to the situation seen in assisted human repro-
duction, no standard protocol can be reliably applied
even within the same colony, since inter-individual differ-
ences need to be considered. Therefore, our primary goal
was to individualize the stimulation conditions to maxi-
mize the oocyte harvest and embryo production. To this
end, the duration of FSH stimulation and the dose of FSH
(25-35 IU) was adjusted for each animal, as described
above (see Materials and Methods).

It is also noteworthy that human gonadotropin hor-
mones are used in primate reproductive research due
to the lack of the respective species-specific prepara-
tions, and these may be a suboptimal substitute. Most
published studies [26, 28, 55] used hFSH at the dose of
25-50 IU/animal. Originally, Marshall et al. [28] have
shown that only 50 IU of hFSH, corresponding to approx.
100-150 1U/kg, increased the number of dominant fol-
licles in marmosets. This dose is significantly higher
than that usually used for ovarian stimulation in women
(2-5 IU/kg) [56-58]. In marmosets, such low doses of
hESH (6 1U/kg) produced only a slight shift in the follicle
population towards larger sizes [32]. Similarly, in rhesus
higher doses of hFSH are usually reported for hormonal
stimulation (10-20 IU/kg) [59, 60], although lower doses
(3.5 IU/kg) may also produce sufficient ovarian response
in this species [59-61]. Generally, lower efficiency of
human FSH preparations in primates is likely attributed
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to species-unique specificity of gonadotrophins, which
may be particularly true for marmosets, with their differ-
ent type of the LH receptor [19] and not yet well stud-
ied reproductive endocrinology. As has already been
suggested by other primate biologists [62], the use of
primate-specific gonadotropin preparations would allow
to perform more focused hormonal stimulation and pos-
sibly improve both the outcome and the quality of the
oocytes and embryos.

In this study, we compared the efficacy of two hormo-
nal stimulation approaches (hFSH stimulation with and
without hCG) in the common marmoset monkey. The
aim of the hCG injection at the final stage of the ovar-
ian stimulation is to trigger the in vivo maturation of
the oocytes from large antral follicles. However, here
we observed the superior quality of the in vitro matured
oocytes over those matured in vivo, indicating that in our
settings the hCG injection step is unnecessary.

In humans, in vitro matured oocytes were shown to
have higher rates of chromosomal and spindle defects
and are generally less developmentally competent com-
pared to those reaching the MII stage in vivo [63]. In
contrast, in marmoset oocytes matured in vivo after hor-
monal stimulation with 50 IU hFSH for 9 days and 50 IU
hCG on day 10 showed abnormal cytoskeletal formation
[46], which supports our current findings. However, such
discrepancy with the results published for humans sug-
gests rather the inadequacy of the current protocols used
for ovarian stimulation in the common marmoset than
the intrinsically poorer quality of the oocytes matured
in vivo after hCG triggering in this animal species. In
support of this idea, in unstimulated cycles in marmo-
sets after in vivo maturation triggering with hCG (75 IU)
mature oocytes were derived from the naturally occur-
ring dominant follicles, and all fertilized oocytes cleaved
and 30% of the resulting embryos developed to blasto-
cysts, showing excellent developmental competence [64].
In addition, in rhesus monkeys, a significant (30-40%)
proportion of peri-ovulatory follicles displayed features
of atresia after hCG injection [62], which compromised
the quality of the oocytes derived from these follicles.
This phenomenon may be related to a predetermined fate
of dominant vs. subordinate follicles and warrants fur-
ther investigation.

Another explanation of the better quality of the in vitro
vs. in vivo matured oocytes in our study may be related to
the age of the animals used (the mean age of the oocyte
donors here was 4.6 years). The age at the time of the
oocyte recovery is associated not only with the available
follicular reserve, but also with the quality of the oocytes.
Although efficient reproduction starts in marmoset
females at around 2 years of age and markedly decreases
only at 8-10 years of age [65, 66], differences in the
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ovarian morphology and in vitro embryo production out-
comes can be seen in marmosets between 2 and 4 years
of age [64]. A very recent human study showed that with
the advancing age, although the number of the recov-
ered oocytes naturally decreases, the oocytes collected at
the GV stage become more developmentally competent,
while the quality of the in vivo matured oocytes deterio-
rates [36, 67]. The differences shown for women between
32 and 40 years of age and those over 45 years were dra-
matic: while for in vivo matured oocytes embryo produc-
tion rate decreased from 64 to 27%, for IVM oocytes it
increased from 2 to 50% [36, 67]. Aligning reproductive
age between humans and marmosets poses challenges,
yet this new data is worth of further research in primates.

Molecular analysis of freshly isolated in vivo and of
in vitro matured oocytes obtained from both stimula-
tion protocols, as well as a detailed biochemical analysis
of blood serum during and following stimulation could
reveal the differences in parameters and help understand
the reasons for a diminished quality of in vivo matured
marmoset oocytes. Unfortunately, such investigations
were not possible in the present study, which has been
performed within the framework of a larger project, due
to restrictions imposed by the current animal experi-
ment permission. We suggest further investigation in this
direction.

In our study, no differences were observed between
the two approaches in regard to the number of COCs
recovered after OPUs or after OvHs. However, there
might be a trend towards a larger number of COCs har-
vested after FSH-priming. Despite trying to select only
those COCs which contained the oocytes of at least
80 pum in diameter (without the zona pellucida, ZP) for
IVM culture, we could not precisely measure the diam-
eters of the oocytes while enclosed in cumulus cell lay-
ers. Therefore, the size-selection of immature COCs
was only approximate. After hCG application, hyper-
aemia of the ovaries was routinely observed, which
might be similar to the ovarian hyperstimulation syn-
drome (OHSS) in women, the risk of which increases
significantly by hCG injection [36]. In contrast, in the
FSH-priming group, the risk of bleeding and the sub-
sequent formation of adhesions on the ovarian sur-
face during follicle puncture was significantly lower. It
is therefore possible that in the FSH-priming group,
with more efficient follicle aspiration during OPU due
to better visibility of the follicles or with a higher num-
ber of available large antral follicles punctured dur-
ing ovary dissection, a higher number of smaller, not
developmentally competent oocytes recovered from
smaller sized follicles were selected for culture, com-
pared to FSH+hCG stimulation. This assumption is
further supported by the correlation analysis results,
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suggesting that the number of recovered oocytes was
negatively associated with the number of developmen-
tally competent oocytes, as their proportion from the
total number of the recovered oocytes decreased with
the increasing recovery rates.

Surprisingly, after elimination of maturation trigger-
ing with hCG, there were still MII oocytes collected from
follicles following the FSH-priming only, and their num-
ber was not significantly lower than that recovered in the
FSH+hCG group. A premature surge of a gonadotropic
hormone exerting luteinizing functions (which is CG in
case of the marmoset, as was already mentioned in the
Introduction) could explain the presence of matured
oocytes on the day of surgery. In marmosets, the ovula-
tion can be timed by the measurement of serum proges-
terone (P,) concentration, with concentrations exceeding
10 ng/mL indicating that ovulation occurred [9, 41]. The
levels of P, <10 ng/mL at the time of operation, however,
cannot exclude that oocyte maturation has already taken
place within the follicle. Further shortening of the FSH-
stimulation duration may be beneficial, but the fact that
MII oocytes were recovered in nearly 90% of FSH-stim-
ulated cycles (16/18) strongly suggests that FSH over-
stimulation in terms of the timing was unlikely. Another
issue that warrants further research is whether hrFSH
injections may promote meiotic resumption of marmo-
set oocytes in vivo. In humans and rodents, FSH alone
is shown to trigger oocyte maturation in vitro [68—70],
but whether it could stimulate in vivo meiotic resump-
tion in marmosets (e.g. mediated by EGF-like peptides)
remains unknown. Further, whether the presence of the
in vivo matured oocytes is associated with a poorer qual-
ity of the remaining immature ones is not clear, but, as
mentioned above, immature oocytes in both stimulation
groups still possessed a better quality in terms of embryo
development rates compared to the ones recovered at the
MII stage.

Total outcome of 8-cell embryos from both, in vivo and
in vitro matured oocytes, was not different between the
two protocols or even tended to be higher after OvH with
FSH-priming compared to FSH+hCG (5.0 vs. 2.1). This
convinced us to choose the FSH-priming protocol for
further studies as having at least equal or even superior
efficacy under our experimental settings of embryo pro-
duction. Both protocols produced viable, developmen-
tally competent embryos from in vitro (but not in vivo)
matured oocytes. This was confirmed by pregnancies/
offspring obtained after transfer of embryos from both
stimulation protocols (pregnancies from FSH-priming
stimulations are still ongoing, the data will be published
separately).

All oocytes in this study were injected with CRISPR/
Cas9 to generate genomic modification (the data will
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be reported separately). This should be taken into
account when interpreting the outcome rates, as both
the injection alone and the compounds injected are
traumatic for the oocytes. With our FSH-priming pro-
tocol, 20% of the oocytes which reached MII follow-
ing IVM progressed to blastocyst stage in culture (see
Supplementary Table 2). This current rate for in vitro
matured marmoset oocytes appears to even exceed
the rate seen in in vivo matured (following hormonal
stimulation) rhesus oocytes subject to similar manip-
ulations: only 6 to 9% of rhesus MII oocytes injected
with CRISPR/Cas9 mix at the zygote stage formed
blastocysts [71]. In actual numbers, we have obtained
between 1 and 7 blastocysts per experiment (mean
2.3/stimulation cycle). Comparing this outcome with
the results of other laboratories working with mar-
mosets proves challenging, since the reported data
sometimes do not allow to exactly track the numbers
to assess the efficiency of each operation/step of the
protocol, especially in the presence of an additional
stress factor, such as CRISPR/Cas9 injection. In older
reports, similar marmoset blastocyst production
rates of around 2.5 blastocysts/stimulation cycle were
obtained upon application of various stimulation pro-
tocols with either hFSH alone or in combination with
hCG, although in the absence of any genetic manipu-
lations [25, 26, 28]. Recently, the number of zygotes
but not blastocysts obtained following hormonal
stimulation in marmosets were reported by Kishimoto
et al. [27] being 4.98 per ovarian stimulation cycle,
which is comparable with our rate of 5.6 zygotes/cycle
after IVM (average for both IVM subgroups, data not
shown).

In summary, in our settings, the FSH-priming proto-
col provides an outcome comparable to that reported by
other labs and demonstrates at least equal or even better
efficiency compared to FSH +hCG stimulation. In addi-
tion, FSH-priming reduces the burden on the animals by
shortening the stimulation cycle (number of injections)
and eliminates possible adverse effects of hCG. Further-
more, ovarian follicle puncture is generally easier and
less harmful in FSH-primed animals due to a less pro-
nounced ovarian hyperaemia and, consequently, reduced
risk of intraoperative bleeding and postoperative adhe-
sions. In view of the impaired quality of the in vivo
matured oocytes compared to IVM ones, further studies
aiming at an optimization of hormonal stimulation and
culture conditions in marmoset are needed. Such proto-
cols could help address the requirements for the in vivo
development of dominant vs. subordinate follicles as
well as the in vitro development of the oocytes recovered
from them.
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