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Abstract

Background: In vitro oocyte maturation (IVM) is not a novel concept; however, its
wide-scale practice has been limited because of the lower clinical outcomes com-
pared to conventional assisted reproductive technologies.

Methods: This comprehensive review addresses the significant advances made in oo-
cyte in vitro maturation with the biphasic capacitation (CAPA)-IVM strategy applied
to small ovarian antral follicles in humans over the last 10years. CAPA-IVM consists
of a prematuration phase wherein immature oocytes are temporarily meiotically ar-
rested to gain competence before undergoing meiotic resumption.

Main findings: The integration of knowledge from basic research in animal models
into clinical practice has led to a reevaluation of IVM for policystic ovary syndrome
(PCOS) and onco-fertility patients. The introduction of meticulously conceived
growth factors, hormonal supplements, and culture conditions led to an integrated
biphasic CAPA-IVM system that promotes oocyte competence. A series of prospec-
tive randomized controlled studies validated the reproducible improvements in clini-
cal outcomes and the safety of CAPA-IVM. So far, nearly 1000 babies have been born
using this approach.

Conclusion: The use of CAPA-IVM in clinical studies has set the tone for major pro-
gress in the field and is achieving a safer, less expensive, and less emotionally loaded

IVF experience, currently validated for PCOS patients.
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1 | INTRODUCTION: ANIMAL
REPRODUCTIVE SCIENCE INSPIRED
IMPROVEMENT OF HUMAN IVM

The purpose of this review article is to summarize the improvements
made in the field of in vitro maturation (IVM) of small ovarian follicles
in humans over the last 10years and to present a comprehensive
list of these advances to clinicians and embryologists eager to apply
them in their clinics. This review does not intend to discuss IVM as
an add-on method to mature Ml or germinal vesicle (GV) oocytes,
which are side products from fully hormone-stimulated IVF cycles
(i.e., rescue-IVM).

From a practical point of view, IVM is widely applied in livestock
breeding programs. In the context of ART in bovine, ovine, and por-
cine, the female gamete at the start of the culture is most often an
immature oocyte (GV stage) that gets isolated from the follicle either
by ultrasound-guided needle aspiration or by isolation out of ovaries
obtained at the slaughterhouse. In the large majority of cases, no
stimulation of follicle growth with hormones is practiced, but care is
taken to select the GV oocytes from follicles of a restricted diameter
group (4-6 mm diameter) to allow for a uniform maturation time.1™*
Application of a stringent selectivity in follicle diameters for IVM is
feasible because the animals are generally young and have a good
ovarian reserve.

In order to broaden the possibility to mature oocytes from
smaller follicular diameters (predominant sizes), the concept of
prematuration (“capacitation”) was first introduced in bovine IVM
practice.” Experiments in bovine, ovine, and porcine have been a
very generous source of ideas and techniques that would other-
wise never have led to the applications of an efficient IVM system
for humans. Although the work in livestock breeding has been in-
spirational and a valuable reference for the efficacy and safety
of IVM, its application had never been broadly tested in clinical
human ART before the year 2000. Reasons for this are thatthe
available culture media for IVM were sparse and expensive, the
entire lab process for IVM was poorly described, the clinical pre-
treatment of patients was fairly arbitrary between centers, and
precise clinical indications for IVM (besides policystic ovary syn-
drome (PCOS)) were lacking.

The changes in practice to make IVM successful do not require
major financial investments. Clinicians should consider a “training”
period to learn the COC pick-up from follicles between 2 and 9 mm
in diameter. Embryologists should learn how to recognize and select
out of curetted intrafollicular cellular material the small unexpanded
COCs. In the hands of experienced IVF experts, these two changes
to their current practice should not take more than 20-30 cases to
obtain the required key performance indicators (KPI).

In the following pages, we provide the rationale for providing
cumulus-enclosed immature oocytes with an extra culture step
under an in vitro environment that is compatible with a healthy step-
wise maturational process.

For the patient eligible for IVM, the Capacitation (CAPA)-IVM
technology reduces treatment burden, time, and costs. Compared to

current IVF, the reduced medicalization might attract infertile cou-
ples into infertility treatment mode at an earlier age, which in itself

would already increase their chances of success.

2 | OVARIAN FOLLICULAR SIZES TO
TARGET FOR OBTAINING CUMULUS
OOCYTE COMPLEXES SUITABLE FOR
CAPA-IVM

Follicular sizes targeted for IVM differ substantially from those used
in COS cycles: CAPA-IVM targets small antral follicles of 2-9 mm in
diameter.

In the human ovary, initiation of antral cavity formation occurs
under the influence of FSH in follicles with a diameter of 250pm.6
At these very early antral stages, until follicles reach ~2mm in di-
ameter, only a low proportion of them show atresia: ~15%-30%.°
Follicles grow to 2-5mm in diameter (also known as the selectable
stage) under baseline gonadotropin levels. From a diameter of 2mm
onward, follicles become more dependent on FSH, and the pro-
portion of atretic follicles tends to increase unless increasing FSH
levels rescue them from atresia.” Follicular growth beyond 2-5mm
depends on the intercycle rise of FSH. Follicles that fail to react to
threshold gonadotropin are highly susceptible to atresia. Indeed, the
mean percentages of healthy follicles from 2 to 5mm and 6 to 10mm
were reported to be ~42% and ~23%, respectively, demonstrating
that in 6-10 mm follicles, atresia can be as high as >70%.7

In most IVM studies, mild gonadotropin priming strategies (ei-
ther with hCG, FSH, or hCG + FSH) were used to stimulate follicular
growth.871% The COCs were usually retrieved from 6 to 12 mm folli-

1112 5yggesting that most of these could already be undergoing

cles,
atretic changes.

Despite the fundamental role of FSH, the benefit of using FSH
priming in IVM remains controversial.®*3-¢ Currently, most clinical
programs use a few?™> days of FSH stimulation before collecting oo-
cytes for IVM. The rationale of FSH pretreatment in IVM cycles is
based on the high expression of FSH receptors in 2-6mm human
follicles and the beneficial effects of FSH on follicular health.}”8
In normo-ovulatory women, FSH priming reduced, by half, the inci-
dence of apoptosis in granulosa cells of immature follicles compared
to unstimulated normal ovaries (~29% vs. ~46%).2> Until today, there
is no consensus on either the dose or duration of FSH priming to be
applied in IVM cycles. A short course of FSH treatment usually in-
volves 1501U FSH daily for 2-3days, initiating from day 2 or 3 of the
menstrual cycle or after a progestin withdrawal bleed.'?-2! Despite
previous evidence of the need for FSH with monophasic (“standard”)
IVM culture, results from a recent RCT demonstrated that using ca-
pacitation in vitro maturation (CAPA-IVM), pretreatment of oocytes
in PCOS patients with either FSH and/or hCG is superfluous.??

On a similar note, cases for fertility preservation where ovarian
tissue IVM is used because there is no time for stimulation treatment
before chemotherapy, the application of CAPA-IVM yielded more
blastocysts for cryopreservation than monophasic IVM. 2
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Notably, in IVM cycles where PCOS women receive 2-3days of
FSH priming (but no hCG priming), the majority (280%) of COC are

retrieved from follicles <6mm in diameter,?%:24-2¢

a range where a
higher percentage of follicles do not show signs of atresia.” A smaller
proportion of COC (~20%) are from follicles larger than 6 mm with a
higher risk of atresia. Follicular size and oocyte diameter are import-
ant determinants of IVM outcomes.?’"3? Likewise, the capability of
oocytes to resume and complete meiosis in vitro is dependent on
oocyte size.30-%2

Nevertheless, oocyte and follicle growth do not occur in a syn-
chronous manner (except during the early stages until follicle diam-
eter is ~124um and the oocyte is on average, 80 pum). Final oocyte
size is reached at a faster pace, apparently during the small antral
stages.32'33

In ovaries obtained from patients requesting fertility preser-
vation before cancer treatment, Pors®? demonstrated that human
small antral follicles ranging from 0.5 to 3mm are found in a high
number in the medulla of cryopreserved ovaries. In these antral fol-
licles, oocytes displayed an average diameter of 115um following
IVM, but those that reached the MII showed larger diameters, on
average 123;1m.32 This report confirms previous findings on the
relationship between oocyte size and maturation potentia\l.30’31'34
Later data confirm that fully grown oocytes, in size, can be present
in a high proportion in a population of yet underdeveloped antral
follicles.3® Besides oocyte size, other important aspects need to be
considered when maturing oocytes in vitro. In PCOS patients receiv-
ing mild FSH priming for IVM, ~80% of cumulus-enclosed oocytes
derived from follicles <10mm had diameters >110pum (on average
115pum) at retrieval®® (Figure 1). Yet, at this oocyte size, only 53%
of these cumulus-enclosed oocytes displayed condensed chroma-
tin and were transcriptionally quiescent (Figure 2), and only 20%
showed perinuclear distribution of mitochondria, all being patterns
associated with meiotic and cytoplasmic maturity (Figure 3). The
other fraction revealed mostly features associated with immaturity
at cellular and molecular levels (Figure 4).

When the effectiveness of the different IVM strategies is con-
sidered, a higher maturation rate was observed for COCs from

21,2526 (Table 1). However,

follicles >6 mm compared to <6 mm
when applying a biphasic system (e.g., CAPA-IVM), compared to
conventional monophasic or Standard IVM, significantly more
top-quality embryos were available for transfer from <6 mm folli-
cles than from follicles >6 mm.?* For the first time in human ART,
a live birth was achieved successfully from such small (<6 mm)
antral follicles.?!

Hence, it could be inferred that the more suitable target follicle
population to focus on for IVM is the class of <6 mm. The most suit-
able follicle class to culture is the more uniform cohort of (1) healthy
follicles, (2) with COCs having strong interconnected (unexpanded)
cumulus cells, and (3) a healthy, nearly fully grown oocyte capable of
sustaining maturation, embryo development, and live birth.?* In con-
clusion, selection of a proper IVM system is crucial for the successful
clinical applicability of IVM programs in the clinic. Our data show
that oocytes found in small follicles (i.e., <6 mm) profit most from a
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FIGURE 1 Frequency distribution of oocyte diameters from
human small antral follicles at the time of oocyte retrieval. Oocyte
size was calculated as the average after measuring maximum and
minimum diameters, without including the zona pellucida (A).
Number and proportions of oocytes analyzed at retrieval in three
different size categories (B). The majority of oocytes (78.5%)
displayed diameters >110 um (mean diameter in this group: 115 pum).
A representation of the transcriptional activity in the three oocyte
diameter categories (C).

sophisticated IVM system that supports the completion of essen-
tial processes to acquire full oocyte developmental potential before
they are exposed to a maturation trigger (see Section “Cellular mark-
ers of nuclear and developmental competence of CAPA-cultured
oocytes”).

3 | PREDOMINANT FOLLICLE
PHYSIOLOGY

3.1 | Gonadotropin receptors in small follicles from
PCO and normal ovaries: Does the patient need any
gonadotropin before CAPA-IVM?

LHCGR and FSHR are expressed in cumulus cells from both imma-
ture and mature follicles and are regulated differently during oo-
cyte maturation in vivo and in vitro.}”*>=% |n granulosa cells, LHCGR
levels are upregulated in connection with ovarian stimulation and
during in vitro maturation, whereas levels of FSHR are downregu-
lated. These changes in expression levels are related to exogenous
FSH administration, either in vivo or in vitro.17:3>87 However, com-
pared to mural granulosa cells, LHCGR expression is very low in cu-
mulus, while FSHR is expressed at higher levels, including in CCs of
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Chromatin configuration

Oocyte diameter Dispersed Intermediate Condensed
category (%) (%) (%)
small|< 105 um 3 (75) 0 1(25)
medium|> 105 < 110 um 3(27.3) 3(27.3) 5 (45.5)
large|= 110 um 20 (31.3) 10 (15.6) 34 (53.1)
Total (N=79) 26 (32.9) 13 (16.5) 40 (50.6)

@
.
.l

FIGURE 2 The three pictures show the chromatin status in relation to oocyte diameter in human germinal vesicle-stage oocytes from
small antral follicles immediately analyzed after retrieval in IVM cycles. Oocyte classification is according to the condensation status of the
chromatin. Nucleolus-like bodies (NLBs) are “dispersed” (left), “intermediate” (middle), or “condensed” (right) chromatin. The single chromatin
ring around an NLB is also known as the perinucleolar rim. The table shows the distribution of the chromatin status in three different

categories of oocyte diameter as measured at the time of retrieval.

(B) ©
-
»
ﬂ

FIGURE 3 Examples of oocytes displaying characteristics associated with meiotic and cytoplasmic competence. (A-C) In all figures, a
condensed chromatin ring surrounding the oocyte nucleolus can be visualized while (B) transcriptional activity has ceased, (C) mitochondria
have been translocated toward the nucleus, perinuclear distribution. Original pics from Sanchez et al. (2015).

follicles <6 mm retrieved for IVM® and in CCs from follicles <3mm
from ovarian tissue.’ Rationally, gene expression findings on cumu-
lus cells do not suggest the in vitro use of an LHCGR ligand to induce
maturation for IVM cycles.

Interestingly, in women with PCOS, Owens®® reported an aber-
rant expression profile of crucial regulatory hormone receptors that
are possibly involved in follicle arrest. Granulosa cells of small antral
follicles ranging from 2.4 to12.4mm were retrieved from unstimu-
lated PCO, and their expression profiles were compared to those
of normal ovaries in a fertility preservation program. Granulosa
cells from PCO ovaries showed an altered profile, with a reduced
expression of CYP11A1, FSHR and AR; and an increased expression
of STAR and CYP19. Furthermore, although overall, no difference
was found in LHCGR expression, a subpopulation (20%) of PCO ova-
ries displayed abnormally high levels of LHCGR transcripts. Based
on this, the authors suggest that the aberrant expression of both

gonadotropin receptors is among the crucial factors involved in
the premature arrest of antral follicle growth observed in PCOS
women.

The studies performed over the last decade using ovarian tissue
from fertility preservation programs, have provided valuable insights
into the gene and protein expression of gonadotropin receptors, ste-
roid receptors, and oocyte growth factors in the follicular contents
of small antral follicles <6 mm.!”18:3¢:87

In ovarian tissue from women with normal endocrinology (non-
PCQOS), a marked difference between FSHR and LHCGR expression
levels has been found in human granulosa cells from small antral fol-
licles in unstimulated ovaries. Although FSHR gradually decreases as
the follicle increases in size and maturity, FSHR was highest in granu-
losa cells from small antral follicles (3-6 mm), compared to LHCGR.Y

On the other hand, in cumulus cells from <6mm follicles, no

changes in expression levels of both gonadotropin receptors were
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FIGURE 4 Examples of oocytes displaying characteristics associated with meiotic and cytoplasmic incompetence. (A) A disperse
chromatin pattern throughout the oocyte nucleus. (B) An oocyte displaying strong transcriptional activity while chromatin is dispersed. (C)
Oocyte with a homogenous mitochondria distribution pattern throughout the cytoplasm, while chromatin is in the process of condensation.

Original pics from Sanchez et al. (2015).

TABLE 1 Invitro maturation and embryology outcomes in 40 patients.

CAPA-IVM STD IVM <6 mm, CAPA-IVM STD-IVM
Oocyte developmental outcomes <6mm, N=20 N=20 p-Value 26mm, N=14 26mm,N=15 p-Value
Number of COCs 236 178 - 69 60 -
Maturation (MlI) rate, % (n) 61 (144) 44.4(79) 0.055 65.2 (45) 58.3 (35) 0.517
Fertilization rate per ICSI, % (n) 86.1(124) 84.8 (67) 0.912 84.4 (38) 62.9 (22) 0.118
EQ1+EQ2 rate per fertilized, % (n) 43.5 (54) 29.9 (20) 0.138 44.7 (17) 31.8(7) 0.573
EQ1 rate per fertilized, % (n) 16.9 (21) 9 (6) 0.258 15.8 (6) 13.6(3) 0.258

Note: Outcomes of COC are analyzed in relation to their follicular origin, being follicles <6 mm, and 26 mm. The performance is shown for CAPA-IVM
and Standard IVM in accordance with follicle diameter of origin. For COC from follicles <6 mm, capacitation culture produced more MIl oocytes than
Standard IVM (p=0.055), which provided more embryos of good morphological quality. Values are presented as percentages and total number of

COC included between brackets. Adapted from Sanchez et al. (2019).

Abbreviations: CAPA-IVM, capacitation in vitro maturation; COC, cumulus-oocyte complex; EQ1, embryo quality 1 (Top quality); EQ2, embryo

quality 2; MIl, Metaphase Il.

observed between PCOS and normovulatory women, before or
after undergoing IVM culture.®®

LHCGR gene is expressed in granulosa cells from follicles with
diameters of 5-6mm and until ovulation'” and its expression is
~10-fold lower in small antral follicles (~6-9 mm) compared to pre-
ovulatory follicles (~15 mm).1%% As reported by Jeppesen,17 LHCGR
becomes measurable only around a diameter of 5-6 mm since granu-
losa cell samples showing no LHCGR expression were mostly derived
from follicles of diameters <5-6 mm.

Based on previous findings, the widely used practice of inject-

ing an hCG trigger in IVM cyclesg"11

where usually small antral fol-
licles (up to 12 mm diameter) are targeted seems not to be backed
up by scientific rationale. Triggering with 5000 or 100001U hCG
could induce inappropriate signaling within the follicle,®® with un-
desired consequences for the COCs, such as asynchrony in oocyte
maturation stage (as evidenced by the typical retrieval of a het-
erogeneous population of COCs containing a mixture of immature
and mature oocytes).”*40 Furthermore, the induction of the ex-
pansion process in cumulus cells leads to interruption of essen-

tial communication between oocytes and cumulus cells, which is

incompatible with the acquisition of developmental competence
in oocytes. Finally, clinical studies that compared hCG-triggered
cycles with untriggered cycles did not find a difference in preg-
nancy outcomes, demonstrating there is no clinical benefit in

using hCG-triggering in IVM cycles.41

4 | OPTIMAL TIME AND TREATMENT
SCHEME TO COLLECT CUMULUS-
OOCYTE COMPLEXES (COCs) WITH HIGH
DEVELOPMENTAL POTENTIAL

The CAPA-IVM strategy brings a radical paradigm shift in infertility
treatment in many ways. It moves the infertility specialist away from
the principle that “quality” oocytes for ART can only be obtained
from large preovulatory follicles. So far, gonadotrophins have been
instrumental in overcoming the strong natural selection process
among human follicles in the ovary. However, instead of targeting
follicles of >15-17mm, a diameter above which follicles generally
deliver an MII oocyte after an HCG trigger, with CAPA-IVM the
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aim is to collect COCs from the follicles between 2 and 9 mm, be-
fore dominance is established in the ovary. Follicles between 2 and
6mm, at the end of their gonadotropin-independent growth phase,
are present at all times in the ovary.*>"#* In the absence of gonado-
trophin treatment, most follicles >6 mm are, at any moment of the
menstrual cycle, in variable stages of early atresia.

In the particular case of PCOS, the follicles are arrested at the
stage of 4-6mm and are resistant to FSH stimulation for further
growth. The COCs from such small follicles, when aspirated for
CAPA-IVM on day 5 after a withdrawal bleeding, even without any
prior exposure to FSH or hCG, nevertheless contain oocytes with
high developmental capacity.?*® As an infertility treatment for
PCOS women, the use of CAPA-IVM without any gonadotrophin ad-
ministration resulted in a 38% live birth rate after the first blastocyst
transfer.??

With a consistent average live birth rate of 35% over several
RCT studies (see Table 3), CAPA-IVM could be considered a supe-
rior treatment for PCOS compared to protracted ovulation induction
treatments which, with or without intra-uterine insemination, gen-
erally produce live birth results that rarely exceed 20%.

Until today, the clinical studies in PCOS patients using CAPA-
IVM have timed the oocyte retrieval after: (1) withdrawal bleeding
(obtained after 10-14 days of contraceptive pill) followed by (2) 2 or

3days of gonadotrophin stimulation (1501U/day r-FSH). The oocyte
retrieval was scheduled 42 h after the last FSH injection. In case no
gonadotrophins were preferred, the oocyte retrieval was performed
on day 5 after the last day of taking the OC pill.??

Currently, a simplified treatment scheme (Figure 5), without prior
oral contraceptive use is proposed for PCOS patients. For patients
with a regular cycle, the random retrieval of small follicles could
also be proposed. Alternatively, for more convenient scheduling of
the OPU in a busy clinic, the use of OC or progesterone might be
implemented.

For the patients with normo-ovulatory cycles, there is not yet
much experience with the CAPA-IVM technique. In principle, oo-
cyte retrieval could be performed from follicles from 2 to 6 mm at
any time of the cycle, as this class is always present.*? Perhaps the
peri-ovulatory period would be a period to avoid doing OPU in these
patients. However, in case that the initial aim was to also collect the
oocyte from the dominant follicle, like in Teramoto's study,*? it is
foreseeable that a fraction of the smaller follicles (those <6 mm)
would be usable for CAPA-IVM, while the COCs from follicles be-
tween 7 and 10 mm are on the path to atresia. Teramoto et al.>” have
demonstrated that in combination with a dominant follicle, oocytes
from small follicles are capable of developing into blastocysts and
giving live births.

(A) Start on Day 2-3
of cycle
N < ]
>0 >
© © ©
[a el
TTTT T @
Normo ovulatory o

women
24h  30h
PPOTRRl (CAPA [T evervo cuLtuRe
Day Day Day Day Day Day
1 4 6 7 8 13
Cycle days |
(B) )
<
i 8 &
PCOS women Wlth No FSH stimulation — E
no orirregular cycle “Random OPU” s
24h  30h L
oAPA] i venvocuiune
Day Day Day Da.y
X X+1 X+2 X+7

FIGURE 5 Representative scheme showing the clinical protocol for CAPA-IVM cycles and the key steps following oocyte retrieval. (A) In
women with normal cycle (<35days), no oral contraceptive is needed. CAPA-IVM treatment starts on Day 2 or 3 of cycle. (B) In PCOS women
with no cycle or irregular cycles, OPU for CAPA-IVM can be performed randomly on any day. Similarly, in oncological patients, gonadotropin

injection can be avoided.



SMITZ ET AL.

5 | TECHNICAL ASPECTS OF INTACT COC
RETRIEVAL FROM SMALL FOLLICLES

The size of the unstimulated ovary to puncture in IVM is consider-
ably smaller and is thus more mobile in the pelvis. This, in combi-
nation with the smaller follicles to puncture, requires particular
attention from the clinician. Particularly for CAPA-IVM, it is more
the amount of intact COCs (i.e., well surrounded by several lay-
ers of cumulus cells) than overall oocyte number that determines
success (see Figure 8). The retrieval technique used so far for
most patients in CAPA-IVM is with a double lumen needle (17G
external and 19G internal from Kitazato (Japan)). Suction pressure
is set at 100-120mm Hg. The inner needle is spun between the
index finger and thumb to perform a curettage of every little fol-
licle accessed under ultrasound guidance. During the procedure
of oocyte retrieval, the use of insufficient aspiration pressure in
combination with a thin needle can result in obstruction of the
needle lumen by blood clots or fine tissue fragments. Needles
can be rinsed with flushing media to circumvent the formation of
blood clots, but often the addition of heparin is applied. Some clin-
ics make use of pseudo double lumen needles for follicle aspiration
in IVM cycles.*® The development of such closed-circuit needle
flushing systems initially aimed to increase the number of oocytes
retrieved in IVM cycles. Although similar retrieval rates were ob-
tained after using single lumen or pseudo double lumen needles,
the use of these latter needles showed some advantages, mainly
in the handling of the COCs in the embryology lab. They mainly
avoid blood clots in the aspirated follicular fluid, which results in
an IVM retrieval more like IVF for the embryologists.46 In experi-
enced hands, the use of a (co-axial) double or single lumen needle
in patients with 25ng/mL can yield an average of 20 COCs suit-
able for culture.?? In CAPA-IVM cycles, hCG trigger before follicle

aspiration is never used.?%?2 This makes the retrieval of COC from

Reproductive Medicine and Biology

small follicles quite different from large follicles, where hCG ex-
pands the innermost cumulus layers by mucification. The absence
of any hCG-triggering in CAPA-IVM keeps the COC firmly lodged
in the follicular wall. Hence, it is logical that a follicle curettage
by the spinning movement of the needle followed by aspiration
would collect COCs more easily in a small space (small follicle of
<6mm) than COCs from larger follicles (>6 mm follicles). The COC
recovery rates in small follicles <6 mm is 80%, in contrast to ~20%
in the 6-10mm diameter follicles.?”> Hence, it is a majority of COCs
from <6 mm follicles (the healthier cohort) that will be cultured in
a CAPA-IVM system.

In general, oocyte retrieval in IVM cycles is usually more chal-
lenging compared to standard IVF collections. Physicians need train-
ing, and there is a learning curve to perform the aspiration of such
small antral follicles.

6 | CAPA-IVM CULTURE METHODOLOGY

The steps involved in the biphasic CAPA-IVM procedure until an

in vitro competent Mll oocyte is obtained are summarized in Figure 6.

6.1 | Generallaboratory aspects considered for
CAPA-IVM

Different from regular IVF cycles with a full FSH and hCG treat-
ment course, where an embryologist is mostly used to handling and
searching for fully expanded COCs following OPU; in standard IVM
and CAPA-IVM cycles, embryologists are challenged with fully com-
pacted GV-stage COCs. The processing of bloody follicular aspirates
and the identification of immature compacted COCs retrieved from

small antral follicles require a period of training. Nonetheless, this is

Application of CAPA-IVM Technology

CNP + Estradiol

Patients with high AFC (>20) and High AMH (>5 ng/mL)
Target : 2 — 9 mm growing follicles in the ovary
Ultrasound guided COC curretage and aspiration

Collect from follicle : fully surrounded COC

HARVESTING GV Oocytes
Search and select the intact COC Immature cytoplasm
l CNP + Estradiol
37\?53} TION Step 1: CAPA : 24 h incubation GV Oocytes
CNP + Insulin + FSH +Estradiol induce cytoplasmic
l maturation
INDUCE Step2: IVM : 30 h incubation Ml Oocytes
MATURATION ARECHINSHINEESEEE Rl mature cytoplasm

FIGURE 6 Steps of CAPA-IVM procedure in patients with high antral follicle count (AFC) and the effects that each step produces within
the COC. AMH, antimdillerian hormone; AREG, Amphiregulin; CAPA-IVM, capacitation in vitro maturation; CNP, C-type natriuretic peptide;
COC, cumulus-oocyte complex; GV, germinal vesicle; IVM, in vitro maturation.
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not particularly demanding, and the learning curve is substantially
less than, for example, an embryologist learning ICSI or embryo bi-
opsy procedures.

The main disposable device used for this purpose is a 70-um pore
cell strainer, composed of a nylon mesh, through which follicular as-
pirates collected in tubes are passed. Following a continuous rinsing
with a buffered medium, follicular aspirate is sieved, and COCs are
separated from other smaller components such as red blood cells
and cellular debris.

Cumulus oocyte complexes and some clumps of granulosa cells
retained in the cell strainer are then washed and transferred to a new
dish for COC identification under a stereomicroscope. Because the
type of follicular aspirates received in the lab requires a more laborious
process prior to the isolation of COCs, it is important to initially allo-
cate double searching time to collect all the COCs for further culture.

A crucial aspect when applying the biphasic CAPA-IVM proto-
col is that during the aspiration procedure, collection, and isolation,
appropriate methods need to be used that are nondisruptive to cu-
mulus-oocyte connections. COCs should keep their “compact” in-
tegrity, which is needed to maintain oocytes under meiotic arrest.
Both cell types are equally critical and rely on each other, as proper
communication between cumulus cells and the oocyte will main-
tain oocytes under meiotic arrest via the C-type natriuretic peptide
(CNP)/NPR2 system. Consequently, oocytes cultured in the bipha-
sic CAPA-IVM system will acquire cytoplasmic and nuclear maturity
during the CAPA pre-IVM culture period and will resume meiosis in a

more homogenous manner following the maturation trigger.25

6.2 | Culture supplements of the
CAPA-IVM system

The CAPA-IVM system involves different specific media for COC col-
lection/searching, prematuration, and oocyte maturation procedures.

With the aim of mirroring, as much as possible, the in vivo mi-
croenvironment, the main two physiologically relevant components
included in the CAPA-IVM system are CNP, present in the pre-
IVM capacitation (CAPA) medium and amphiregulin, present in the
second-step IVM medium. Basal factors present in both prematura-
tion and maturation medium are FSH, insulin, and estradiol (E2) as
originally described.?**” In order to evaluate the potential of CNP
as a physiological nuclear arrestor, our laboratory chose the most
stringent mouse model: juvenile unstimulated animals. The surpris-
ing results showed an increased yield of good-quality embryos from
COCs from juvenile mice by using CAPA-IVM.¥

Almost all previous work in animal models from others had mod-
eled IVM in the mouse by using eCG-stimulated mice, which are
known to increase the proportion of surrounded nucleolus (SN) oo-
cytes.*® Hence, this might mask the importance of other paracrine
factors that are needed in the human model when the purpose is to
minimize the daily injections of gonadotrophins in infertility treat-
ment. Translation of the CAPA-IVM methodology developed in
the murine model was subsequently implemented into the human

clinical embryology laboratory using donated oocytes.?* Similar fa-
vorable results of applying the culture supplements of CAPA-IVM to
human COCs were evidenced in minimally stimulated PCOS volun-
teers.?* The judicious selection of supplements to add to the basal
IVM media extrapolated from the CAPA system in humans relies on
various publications in animal models and in human studies.

6.2.1 | Capacitation medium composition

CNP, the natural meiosis-inhibiting substance produced in the gran-
ulosa compartment of the follicle, was elected to be added to the
prematuration (CAPA) medium. In vivo, high levels of cAMP within
the oocyte inhibit the activation of maturation-promoting factor,
resulting in oocyte meiotic arrest. CNP signals through its recep-
tor, NPR2, a guanylyl cyclase natriuretic peptide receptor 2, present
both in mural granulosa and cumulus cells. CNP regulates cGMP
levels in granulosa cells.*? Cyclic GMP diffuses into the oocyte via
gap junctions and inhibits phosphodiesterase (PDE) 3.°%°! PDE3 is a
cGMP-dependent cAMP phosphodiesterase. The inhibition of PDE3
prevents oocyte meiotic resumption.50 Hence, CNP is the natural
oocyte meiotic inhibitor in vivo and can readily be used to arrest
oocyte maturation in vitro.

Making use of CNP in in vitro prematuration protocols in differ-
ent animal models and in human oocytes was shown not only to ef-
ficiently maintain oocytes under meiotic arrest but also to preserve
transzonal projections and keep gap-junctional communication be-
tween the oocyte and CCs®24475253; therefore, favoring develop-
mental competence acquisition.

The effectiveness of the CNP/NPR2 system needs a minimal
amount of estradiol (E2) to maintain the expression of the NPR2 re-
ceptor on granulosa and cumulus cells, as demonstrated by Zhang
et al. in the mouse model.*>>*

Also, the presence of FSH at critical doses during the different
steps of in vitro culture is essential. FSH promotes an efficient inter-
cellular coupling between the oocyte and their surrounding cumu-
lus cells.>* High FSH doses would induce a premature retraction
of TZPs,>® a low dose of FSH is used in the CAPA pre-IVM phase.
Furthermore, there is a molecular rationale for the use of a higher
dose of FSH in the maturation media as well. A study revealed that
FSH, through interaction with the EGF network and activation of the
PIBK/AKT signaling pathway, regulates the translation of maternal
mRNAs in the oocyte, leading to improved oocyte developmental
potential.>® FSH may accelerate oocyte development by its activity
to promote cumulus cell proliferation and by stimulation of specific

genes (KITL) that promote oocyte growth.*®

6.2.2 | Maturation medium composition

The addition of amphiregulin (AREG), an epidermal growth factor
(EGF)-like peptide in the maturation medium, in combination with
FSH, was selected to stimulate the EGF signaling network to induce
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oocyte maturation in vitro. Amphiregulin is the most abundant EGF-
like factor found in the follicular fluids of primates and humans,
and its concentration is positively correlated with human oocyte
developmental competence.’”*® In mouse, primate, and human
models, EGF-like peptides such as epiregulin and/or amphiregulin
are the most suitable additives to IVM medium compared to FSH
or EGF#>7%0 and were shown to improve oocyte developmental
competence.’’ %! In human COCs retrieved from <6mm follicles
undergoing CAPA-IVM culture, the presence of AREG in the matu-
ration medium significantly increased the oocyte maturation rate
compared to using standard maturation medium containing FSH, LH,
and growth hormones. Using the AREG trigger upregulated genes
responsible for progesterone synthesis and redox metabolism.?®
The combination of the components and their variable fine-tuned
concentrations in biphasic IVM sustained cumulus-oocyte dynamic
communication and led to in vitro meiotic and developmental com-
petence acquisition of human oocytes from the 2-6 mm follicle class,
which would otherwise have poor developmental outcomes.?*242>
Further optimization of the CAPA culture medium with the
potential addition of components such as cumulin, midkine, mela-
tonin, or antioxidants may continue increasing the efficacy of the
CAPA-IVM system, as shown already in animal models, but needs
to be researched in humans.427¢® Recent work from Cava-Cami®’ on
human COCs from hyperresponsive patients demonstrated subcel-
lular effects in cumulus and oocyte after supplementing the COC

with pro-cumulin.

6.3 | Significance of a prolonged prematuration
incubation in biphasic IVM culture systems

Currently, compared to conventional IVF, the standard IVM proto-
col requires one additional day of oocyte culture in the laboratory,
whereas the biphasic IVM protocols, which include a prematuration
step, require two additional days of oocyte culture.

The rationale behind the development of biphasic IVM ap-
proaches is that despite being almost fully grown, oocytes retrieved
from underdeveloped (mostly 2-10mm) antral follicles are still tran-
scriptionally active and acquiring/rearranging their cellular machin-
ery (cytoplasmic maturation) needed to support the first stages of
embryo development.3¥3234 These cytoplasmic processes are nor-
mally taking place in vivo during the several days of a follicular phase
before natural ovulation. In vitro, prior to being exposed to a meiotic
stimulus, there is a requirement to induce these cytoplasmic and nu-
clear changes by providing appropriate culture conditions. Pre-IVM
aims to provide an environment where oocytes are intentionally kept
meiotically arrested and where oocyte-cumulus crosstalk (via TZP
and GJC) is uninterrupted so they can continue to develop in vitro.

Several protocols and time periods using prematuration have
been reported, where oocytes have acquired partly or fully nu-
clear and cytoplasmic maturation in vitro (discussed further in the
next section). When using cAMP modulators in prematuration cul-
ture systems, culture times as minimal as 1h (initial models where

Reproductive Medicine and Biology

cAMP modulators were present during collection of COCs), and up
to ~24h, have been studied (Reviewed in Gilchrist et al., 2024).4°
Recent studies in bovine and sheep models showed that a prolonged
culture (known as “long in vitro oocyte culture”) from up to 5days
was able to sustain the development of COCs derived from early
antral follicles.*”® In the mouse model, oocytes have been success-
fully cultured in prematuration medium, particularly employing CNP
as a meiotic inhibitor (CNP-mediated pre-IVM), for periods from 2h
to 48h (reviewed in Gilchrist et al., 2024%%). A temporally depen-
dent improvement in oocyte developmental competence has been
reported in the mouse and bovine model after using biphasic IVM in
the presence of cAMP®%7! or CNP.>? Furthermore, an inverse rela-
tionship between the length of prematuration and the developmen-
tal status (follicle size and FSH-priming dose or duration) of COCs
at the moment of retrieval has been hypothesized.52’72 This hypoth-
esis is mainly supported by findings in animal models but also from
experience in humans using biphasic IVM.?* In mouse, a prolonged
CNP-mediated pre-IVM culture of 48 h successfully allowed oocytes
originating from the smallest follicles—deriving from unstimulated
mice—to acquire nuclear and cytoplasmic maturation, resulting in
higher rates of blastocyst development compared to directly apply-
ing standard IVM.* A more recent study from Zhao et al.,>? in mildly
(23 h post-PMSG) stimulated mice, CNP-mediated pre-IVM culture
of 24h enhanced oocyte developmental competence (in terms of
blastocyst and hatching rates), more efficiently than shorter pre-
IVM intervals. Interestingly, in mice that received full (46-48h post-
PMSG) stimulation, an improvement in blastocyst development and
pregnancy rates was already evident following a 2h, rather than a
24h, CNP-mediated pre-IVM culture period compared to control
conditions (without pre-IVM).>3

Prematuration culture systems for human oocytes have also
succeeded in maintaining oocyte meiotic arrest and TZPs and/or
GJC, but initially for not longer than 6h.”374 In this initial work with
human oocytes by Nogueira et al.,’®7% pharmacological compounds
(small-molecule competitive inhibitors of PDE3) had strong biologi-
cal activity but did not succeed in keeping the oocyte and cumulus
tightly connected. As a result, the embryos obtained after this kind
of induced arrest were not of better morphological appearance. In
contrast, using CNP in pre-IVM, human oocytes cultured for 24h
gained developmental potential and were able to maintain cumulus-
oocyte TZPs?* for up to 46h.

In human oocytes retrieved from small antral follicles from PCOS
patients stimulated for 2-3days with hMG, 24h and 46h of CNP-
mediated pre-IVM culture (CAPA-IVM system) efficiently prevented
spontaneous meiotic resumption and retrained cumulus-oocyte
TZP. Nonetheless, no gain in maturation rates, oocyte quality, and
blastocyst yields was evidenced when the capacitation period was
extended for COC from the same follicle class (2-9 mm), from 24 h
to 46h.%* Recent reports from Garcia Barros et al.* and Ebrahimi
et al.”® on COCs derived from unstimulated animals (bovine, ovine)
support the hypothesis that developmental competence can be suc-
cessfully promoted in vitro in oocytes from very small antral follicles
(0.5-2mm) after using a more elaborate extended cAMP-mediated
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pre-IVM protocol of 5days. This work has implications for the future

development of human pre-IVM culture systems.

6.4 | Invitro connectivity between cumulus
cells and oocytes during CAPA-IVM determines
embryo quality after IVF/ICSI

During follicle development, oocytes depend on differentiated cu-
mulus cells, which are highly specialized somatic cells that provide
them with nutrients and regulatory signals needed to promote oo-
cyte growth and the acquisition of nuclear and cytoplasmic compe-
tence (reviewed in”%). However, oocytes greatly influence granulosa
cell functions such as proliferation, differentiation, and regulating
the metabolic activity of cumulus cells (amino acid uptake, glycoly-
sis, and cholesterol biosynthesis), which indeed is recognized as an
important mutual cooperativity within the COC.””””? Based on this,
it is essential to emphasize that, as an initial condition for CAPA-IVM
to properly support the acquisition of oocyte nuclear and cytoplas-
mic maturation, the aspiration procedure should be nondisruptive
for cumulus-oocyte connections. As mentioned earlier, CNP is a key
component of the capacitation culture medium. The generation of
cGMP by cumulus cells via the CNP/NPR2 system and its diffusion
into the oocyte via gap junctions is crucial to preventing oocyte mei-
otic resumption.*>* Currently, the biphasic CNP-mediated prema-

turation step, especially the CAPA-IVM system, has been shown to

improve oocyte quality and subsequent embryology (Table 2) and

clinical outcomes (Table 3) (reviewed in*%8°)

. A crucial step for these
improvements was made possible by successfully maintaining COC
integrity and supporting oocyte-cumulus cell communication as re-
vealed at the cellular level, by maintaining TZP and GJC in mouse,
bovine, and human (reviewed in“°). Figure 7 shows the preserva-
tion of TZP integrity throughout CAPA culture in human COCs.
Furthermore, evidence of oocyte-cumulus interactions affecting

cumulus cell function has been shown by Zhao et al.>?

and Gong
et al.,®! reporting an increase in cumulus cell proliferation and ex-
pansion, and changes in cumulus cell metabolism in a mouse model.

Inevitably, although at a low incidence, there is a fraction of
COCs that are only partially surrounded by cumulus cells at re-
trieval (Figure 8). An initial study using CAPA showed that both
after 24h and 46h pre-IVM CAPA culture, fully enclosed oo-
cytes (surrounded by cumulus cells) displayed 100% meiotic
arrest, whereas in oocytes (a minority) that were only partially
surrounded by cumulus layers, meiotic arrest at 24h and 46h
was maintained less efficiently: at ~83% and 75%, respectively.?*
Furthermore, after undergoing the IVM step, partially cumulus-
connected oocytes end up being most often totally discon-
nected.?>2¢ Rationally, the poorly surrounded oocytes may have
insufficient cGMP to firmly maintain meiotic arrest throughout
the pre-IVM period and are prone to being released from the cu-
mulus-oocyte complex during the IVM step.?>8! A recent publi-

cation showed that in spite of this, maturation rates of both types

TABLE 2 Invitro maturation and

Oocyte R
developmental Standard Between-group etm :;ycr)(ljolg\;/'\j T;?Tr?,eé Anpiﬁ\ljﬁﬂlvrM dand d
outcomes CAPA-IVM (N=40) IVM(N=40) difference (95% CI)  pValue®  °°"%? S VM produce
significantly higher maturation rates and
Number of COCs 17.5[11.0, 23.0] 16.5[9.8, 1(-3,7) 0.39 yielded more frozen embryos per patient
21.0] than Standard VM.
% Maturation (MIl)  63.6 [55.0, 75.0] 49.0[35.9, 14.6 (5.5, 24) <0.001
62.1]
% Pronuclear stage  84.0[72.9, 100.0] 84.50[72.0, -0.5(-10.7,11.9) 0.80
per ICSI 100.0]
% Grade 1 or 37.5[23.8, 50.0] 35.40[16.4, 2.1(-11.5, 14.6) 0.60
2 embryos per 50.0]
pronuclear stage
% Grade 1 or 30.0[13.9,43.3] 26.80[14.3, 3.2(-8.6,16.2) 0.70
2 embryos per 40.7]
metaphase Il
% Grade 1 or 2 18.9 [8.5, 26.9] 12.7 [7.3, 6.2 (-1.5,12.4) 0.11
embryos per COC 20.4]
No embryo, n (%) 1(25) 1(25) - -
Frozen embryos 2.5+25 1.3+1.9 0.02

remaining after
first ET, n

Note: Values are median [interquartile range], number of patients (%), mean +standard deviation, or

difference (95% confidence interval). Original table from Vuong et al. (2020).

Abbreviations: CAPA, capacitation culture; Cl, confidence interval; COC, cumulus-oocyte complex;
EQ1, day 3 embryo quality grade 1; EQ2, day 3 embryo quality grade 2; ICSI, intracytoplasmic

sperm injection; IQR, interquartile range; IVM, in vitro maturation.
2Bootstrapping and resampling 1000 times.
bWilcoxon rank sum test, p-value.
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of COC morphologies were similar. However, embryo formation

Reproductive Medicine and Biology

from oocytes showing a pattern of release from the COC was
significantly reduced after the IVM step.25’82

Interestingly, in small antral follicles <3 mm, deriving from ovar-
ian medulla in fertility preservation programs, a high and positive
correlation between oocyte maturation rates and the size of cumu-
lus cell mass has been found. Unsurprisingly, oocytes surrounded by
a large mass of cumulus cells were more prone to mature compared
to oocytes enclosed in small cumulus complexes or naked oocytes."’5
Likewise, the COC size was significantly and positively associated
with the MII rate and oocyte diameter.3?

Overall, former studies highlight the crucial role of the somatic
cell compartment for human oocyte maturation strategies. A res-
cue strategy to compensate for the diminished number of somatic
cells in partially surrounded, almost naked, or small-sized COCs at
retrieval is promising,®® demonstrating that in the mouse model, par-
tially denuded COCs can reconnect and reestablish a fully enclosed
COC structure, similar in morphology and functionality to control
intact COCs during CAPA pre-IVM culture. Considerably, more par-
tially denuded COCs were restored after 4 days compared to 2days
in CAPA culture. The reconnected COCs likely reestablish a func-
tional TZP connection, as no significant differences in meiotic and
developmental competence were shown between reconnected and
control intact COCs. Later findings were recently confirmed by ex-
periments from Morahaku's team.®* Recent data on gene expression
in human oocytes and cumulus cells from PCOS patients revealed
that the addition of pro-cumulin to CAPA-IVM culture medium helps
in the rescue of partially denuded CcocCs.”? Despite the potential
possibilities of rescuing COC function in vitro, it is of fundamental
importance to adjust the COC retrieval procedure by matching the
suction strength of the pump to the needle diameter and to advise a

gentle follicle curettage.

7 | CELLULAR MARKERS OF NUCLEAR
AND DEVELOPMENTAL COMPETENCE OF
CAPA-CULTURED OOCYTES

Most monophasic IVM systems have focused on increasing the
number of oocytes reaching maturation (MIl stage); however,
by removing COCs from the ovarian follicle and placing them in
maturation medium, a disconnection between the somatic com-
partment (cumulus cells) and the oocyte occurs, interrupting the
ongoing metabolic, molecular, and cellular signaling systems, leav-
ing the oocyte's cytoplasm in an underdeveloped state. On the
contrary, biphasic IVM systems (i.e., CAPA-IVM) have deliberately
dealt with a more complex issue: the synchronization of the oo-
cyte's nuclear and developmental competence prior to triggering
meiotic resumption.

Being aware that an oocyte's meiotic competence is set before
developmental competence, a prematuration phase (in which meio-
sis is prevented) was thought to provide the appropriate conditions
for the oocytes to reach a developmental status that will ultimately
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FIGURE 7 Preservation of cumulus-oocyte TZP after extended CAPA culture time. Immunofluorescent labeling of human COCs indicates
maintenance of TZPs (green) integrity after 24h (A-D, n=8) and 46h CAPA culture (E-H, n=10). F-actin staining (green) shows vertically
oriented TZPs on the tangential plane at the oocyte-cumulus cell interface (B, F). Cumulus cell nuclei and oocyte GV (ethidium homodimer-2,
red) are shown in the merge (C, G). Original magnification, x40, zoom 1.5. Scale bar: 50 um. Magnified TZPs details are depicted in panels

(D) and (H). Original magnification x40, zoom 2.5. Scale bar: 50 um. GV, germinal vesicle. Original figure from Sanchez et al. (2017). CAPA,
capacitation; COC, cumulus-oocyte complex; TZP, transzonal projections.

produce good quality embryos. Acknowledging this is of relevance,
since the analysis of oocytes subjected to a standard IVM protocol
indicated that they are of an “unripe nature” or are less developed®*
(see Figures 3 and 4).

The CAPA-IVM system was conceived on the premise that oo-
cytes derived from small antral follicles are in the process of acquir-
ing the competencies to undergo maturation, fertilization, embryo
development, and offspring production. One such process is the
synthesis and storage of transcripts that are needed in the early
stages of embryo development, prior to embryonic genome activa-
tion. During oogenesis, oocytes are initially transcriptionally active;
however, transcription decreases and then eventually ceases when
the oocytes approach the preovulatory stage. Transcriptional activ-
ity is related to chromatin organization in the oocyte nucleus. A more
disperse/noncondensed chromatin is accessible to the transcription
factors, while a more compact/condensed chromatin reflects cessa-
tion of transcriptional activity. Germinal vesicle (GV) stage oocytes
that undergo IVM have been shown to have different degrees of
chromatin condensation, both before and after VM. 34

In mice and rats, a condensed chromatin status together with
the eccentric position of the germinal vesicle has been positively
correlated with an oocyte's developmental competence.®’ It is un-
known whether this phenomenon is replicated in humans; however,
due to the combined toxicity of the dye and UV light exposure, such
a study cannot be performed with human eggs.

At the molecular level, among other factors, Oct-4 has been
suggested as a key regulator in the acquisition of an oocyte's

developmental competence. For instance, it has been shown that
Oct-4 expression (and Oct-4-dependent regulated genes) is dys-
regulated in MIl oocytes derived from oocytes with noncondensed
chromatin (in comparison to Ml derived from condensed chromatin
oocytes).86

Similarly, being aware that meiosis is an energy-demanding
process, the pattern of mitochondria distribution changes prior to
(and during) meiotic reinitiation.’*®” It is not unexpected that al-
tered mitochondria load, distribution, and quality will impact oocyte
competence.®!

Under CAPA-IVM, the pre-IVM step facilitates the transition
from a dispersed to condensed oocyte chromatin configuration.?*4”
This means that while maintaining meiotic arrest, the capacitation
culture allows for a time window in which more oocytes achieve the
status of transcriptional silencing, instead of transitioning from un-
condensed chromatin to chromosomes, which abruptly stops RNA
transcription and accumulation (like in monophasic IVM) (Table 4).

The capacitation culture also preserves TZPs and gap-
junctional communication between the oocyte and cumulus

ce”524,47,52,81 (

Figure 7). Such communication has been reported
to favor the proliferation of cumulus cells, energy metabolism,
and the appropriate expression of genes related to cumulus ex-
pansion and extracellular matrix formation.>? Furthermore, goat
oocytes cultured in CAPA regulate, in a dynamic way, the lipid
content during culture and showed increased expression of ATGL
(adipose triglyceride lipase) and PLIN2 (perilipin 2) genes, involved

in lipolysis and lipogenesis, respectively, which might be likely
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Selection of coc retrieved for CAPA-culture

Ideal COC
Minimum 3 layers
of cumulus cells
completely
covered

Partially
denuded
oocytes

Completely
denuded
oocytes

--

FIGURE 8 Morphological characteristics of COCs retrieved from IVM cycles prior to be subjected to CAPA-IVM culture. The first

row shows the ideal morphology of COCs to be put in culture. Integrity is understood as cumulus cells firmly attached and completely
surrounding the oocyte. In the second row, oocytes are partially denuded from their cumulus; at the white arrows, the cumulus cells are
lacking. Denudation can be at variable degrees. In the third row, the two left oocytes are almost naked, and the two at the right fully naked.
CAPA-IVM, capacitation in vitro maturation; COC, cumulus-oocyte complex.

related to the maintenance of lipid stocks necessary to support
embryo development.®®

In the second phase of CAPA-IVM (the IVM phase), the effects
of the first phase are notable. The gap junctions preserved through-
out the capacitation culture are maintained for some hours even
after triggering meiosis in vitro.> CAPA-IVM promoted better cu-

mulus expansion®>8? 81

and promoted antioxidant gene expression.
Furthermore, it boosted cytoplasmic quality by reducing reactive
oxygen species (ROS) levels, improving mitochondrial function, pre-
serving spindle integrity, and maintaining a normal CG distribution.8!
Oocytes exposed to capacitation culture are more synchronized to
reinitiate meiosis. They resume meiosis faster, and the maturation
rate is enhanced. More importantly, the improvements observed
with the biphasic IVM system are finally translated into better oo-

cyte and embryo quality.21’24‘25’47’52'88

8 | CLINICAL INDICATIONS FOR
CAPA-IVM

Although IVM is being increasingly investigated as an infertil-
ity treatment option in women with PCOS who have an indication

for ART,0:20458990 it is not currently part of first-line strategies
to manage infertility.

Live birth rates in PCOS women treated by ovulation induction
with letrozole are consistently higher than rates in those treated
with clomiphene citrate,’*"? leading to recommendations for this as
first-line ovulation induction therapy in women with PCOS.® The
conclusion of a multinational RCT on ovulation induction was that
FSH may be a more appropriate first-line treatment for infertile
women with PCOS.7*

Data suggest that both IVM and OI-1UI are safe treatment op-
tions for infertile couples where the female partner has PCOS and
there is no or only a minor male factor in the couples' etiology of
infertility. Cumulative live birth rates from CAPA-IVM trials were
greater (up to 44%) compared with published data on OI-IUl using
letrozole or clomiphene citrate in a comparative population (retro-
spective data on file of MyDuc Center). Prospective studies should
provide support to confirm their comparative effectiveness for ear-
lier use of CAPA-IVM or OI-lUl in patients with PCQOS, to evaluate
the costs and other impacts of first-line use of CAPA or OI-IUl in this
patient population.?>?

The current pioneering experience at the MyDuc clinic in
Vietnam over the last 6years with CAPA-IVM shows that patients
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TABLE 4 Studies reporting on morphological and functional oocyte quality parameters in different species comparing CAPA-IVM with

standard IVM.

Features and processes needed for and

involved in gaining cytoplasmic maturity

During pre-IVM (Capa phase)
Chromatin remodeling

Preservation of oocyte-cumulus
communication

Oocyte growth
Proliferation of CC
Energy metabolism

Regulation of lipid content within the
oocyte

Detailed description

Compared to STD IVM
Promotes chromatin transition to condensed stage

Maintenance of TZP and Gap junctions

Increase in oocyte diameter

Studies using CAPA and
CAPA-IVM

Mouse,47 Human?*

Mouse,*°281 Human?*

Mouse,*” Human?®
52

Post-IVM

Cumulus expansion

ROS levels in mature oocytes and
expression of antioxidant genes

Mitochondrial distribution and MMP

Spindle/chromosome structure and CG
distribution in mature oocytes

Increase in CC DNA content Mouse
Increase in CC ATP and ADP content Mouse®?
Decreased fluorescent intensity of Nile red. Upregulation of Goat®®
ATGL and PLIN2

Increased mRNA expression of Has2 and Tnfaipé at 6 h Mouse>28?
of IVM

Lower ROS levels and Increased expression of Sod2 and Sirt1 Mouse®!
and Egfr

Lower % of oocytes with an abnormal mitochondrial Mouse®?
distribution (similar to control OS group)

Lower % of oocytes with an abnormal spindle and Mouse®!
chromosome structures

Maintenance of intracellular Ca, in the oocyte Mouse®!

Intracellular and mitochondrial Ca®* levels

Enhanced maturation potential
the Mll stage

Embryo development and quality
development

Higher proportion of oocytes resuming meiosis and reaching

Increased embryo quality and/or rate of embryo

Mouse,*°281 Human,?*?° Goat®®

Mouse,*”*? Human,?*2° Goat®®

Abbreviations: ATGL, adipose triglyceride lipase; CAPA-IVM, capacitation IVM; CC, cumulus cells; Egfr, EGF receptor; IVM, In vitro oocyte maturation;
MMP, mitochondrial membrane potential; PLIN2, perilipin 2; Pre-IVM, Prematuration in vitro maturation; ROS, reactive oxygen species; Sirt1, Sirtuin

1; Sod2, superoxide dismutase 2; TZP, transzonal projections.

with PCOS presenting for infertility treatment are provided with in-
formation about the first-line therapy treatment options available.
For their first-line therapy, some couples choose to have ovulation
induction combined with IUl, whereas others choose IVM.

IVM is an alternative assisted reproductive technology that has
been consistently shown to eliminate the risk of OHSS.87778 The
suitability of IVM as an alternative to IVF in patients with PCOS has
been demonstrated in a consistent number of studies. 120458290

The use of IVM for patients with resistant ovaries (due to a
defect in the FSH receptor), who after multiple IVF attempts fail
to become pregnant, has been published.””°? The CAPA-IVM
system implements factors (targeting the EGF receptor) in the
media, which overcomes in vitro this rare defect that these pa-
tients experience.

In the oncofertility clinic, where COCs are isolated during the
dissection of cortex from medulla, the CAPA-IVM system has been
shown to be capable of generating blastocysts from COCs dis-
sected from ovarian tissue in patients with cancers of the repro-

.28 1.192 stressed

ductive trac
that the CAPA-IVM media contributed to a significant decrease
in large polar body formation compared to standard (monophasic)

IVM media.

A recent report from Kashutina et a

9 | SAFETY ASPECTS

There has been a concern about the safety of embryos produced
after IVM of human oocytes and the long-term safety of children
conceived after IVM. This reasonable concern mainly relates to the
possible increased risk of chromosomal abnormalities and the poten-
tial epigenetic impact (i.e., increased risks of epigenetic alterations
and imprinting defects) of in vitro manipulation of human oocytes

during prolonged in vitro culture.

91 |
analysis

Human embryo genetic and epigenetic

So far, studies of IVM oocytes and blastocysts produced after IVM

| 103

are reassuring. Kuhtz et a could not detect major epigenetic al-

terations in oocytes cultured after conventional IVM. IVM did not
affect the quality of embryos nor the aneuploidy rate of embryos.1%

Analysis of day 3 embryos produced after IBMX-mediated pre-
IVM followed by a short biphasic IVM approach was not different in
the rate and type of chromosomal abnormality compared to those

produced from in vivo matured oocytes.'%
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In relation to the CAPA-IVM system, an initial analysis of 20 blas-
tocysts obtained from 10 patients, generated in a pre-IVM system
using CNP, did not display increased genetic aberrations, as shown
by NGS sequencing for aneuploidy screening.?*

Further collected safety data concentrated on epigenetic risks.
Epigenetic effects are best studied in blastocysts if the safety of an
ART is to be evaluated. Using the CAPA with CNP and IVM protocol
described in Sanchez et al.,?* blastocysts of CAPA-IVM and blastocysts
of standard controlled ovarian stimulation (COS) cycles in PCOS pa-
tients were compared for DNA methylation patterns and RNA expres-
sion analysis. The results indicate that CAPA with CNP and IVM did
not alter DNA methylation levels at germline differentially methylated
regions (gDMR). Neither did CAPA-IVM alter expression levels of im-
printed genes OR EMI. Until today, there is no evidence that CAPA-
IVM using CNP as a meiotic inhibitor followed by IVM using AREG
poses increased risks to methylation maintenance through preimplan-

tation development (compared to blastocysts from standard COS).1%

9.2 | Follow-up of children

Outcome of pregnancy and the 2-year follow-up of children born
from CAPA-IVM are available upon request.*%”

Pre-IVM has principally been applied in Vietnam to women with
PCOS or a high AFC, who are at increased risk of exaggerated ovar-
ian response, OHSS, ovarian torsion, and related risks of very high
concentrations of steroid hormones after ovarian hyperstimulation.
So far, no cases of OHSS have been recorded in any of the CAPA-
IVM trials. No significant differences have been noted between COS
and CAPA-IVM with respect to the occurrence of pregnancy com-
plications, obstetric and perinatal complications, preterm delivery,
birth weight, and neonatal complications.*®

To assess the development of children, the authors prospectively
used, in a first study, the screening tools ASQ-3 and Red Flags ques-
tionnaire at three time points (ages 6, 12, and 24 months). There were
no significant differences in ASQ-3 scores between the CAPA-IVM
and IVF groups. Children from both groups showed normal growth
with respect to body weight over the first 24 months.'%” In a second
prospective cohort study in Vietnam, children born after CAPA-IVM
were propensity score-matched with those born after natural con-
ception and followed up to a maximum of 24 months.'°® The mean
age of children at the end of follow-up was 15months. The propor-
tions of babies with any abnormal ASQ-3 score or with a develop-
mental red flag were not statistically different between children
from the CAPA-IVM group and babies conceived naturally.108 The
latter study further supports the lack of evidence of any negative
effect of CAPA-IVM on childhood physical and mental development.

10 | CONCLUSIONS

The worldwide data in humans produced with the CAPA-IVM sys-
tem, which were initially developed from animal experiments and

Reproductive Medicine and Biology

from human oocyte donors at the Follicle Biology Laboratory from
the Free University Brussels (VUB), Belgium, demonstrate that the
system is transferable to other embryology labs. The clinical ap-
plications and clinical validation studies with CAPA-IVM in human
ART have been developed mainly through long-standing rigorous
collaborations between VUB (Belgium) and MyDuc Hospital in Ho
Chi Minh City (Vietnam), the Horac Group in Osaka (Japan), and the
University of New South Wales Sydney (Australia). As of today, more
than 1000 healthy children have been born using CAPA-IVM.

The CAPA-IVM system has been validated clinically in ovulatory
and anovulatory infertile PCOS patients, high responder patients
(AMH >5ng/mL) and in patients with gonadotrophin receptor muta-
tions. In onco-fertility patients, CAPA was used to mature the COC
dissected from medullary ovarian tissue (ex vivo IVM or OTO-IVM)
(Kulakov Institute, Moscow).

The technology of prolonged culturing of the immature oocyte in
connection to cumulus also opens a new field: application of oocyte
therapeutics. The potential to mature the oocyte without prior bur-
densome hormonal pretreatments unwraps new exciting possibili-
ties for fertility preservation in disease and for age banking.

Finally, the potential to obtain COCs without having to stimulate
the ovary could reduce the threshold to treatment, the burden for
the patient, and the cost of treatment to the society.
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