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ABSTRACT

Poor ovarian response represents an in-depth studied etiology of infertility, accompanied with
low quantity and quality of oocytes that leads to poor prognosis of in vitro fertilization (IVF)
outcomes. The heterogeneity of this group leads to the absence of consensus regarding
diagnosis and definition of poor responders, which challenges their efficient management.
Recently, the novel approach of double oocyte retrieval during both the follicular and luteal
phases of a single menstrual cycle was introduced to IVF clinical practice. Our team
introduced the acronym of LuPOR to describe the practice of luteal phase oocyte retrieval.
This is based on previous observations in animal models reporting the existence of two or
three follicular waves during a single menstrual cycle, which is averse to the prevailing theory
of folliculogenesis. The aforementioned phenomenon is known as “Second Follicular Wave”,
being also detected in women. Current literature mainly focuses on dual stimulation and dual
oocyte retrieval in the same menstrual cycle, indicating similar embryological parameters
stemming from data regarding both phases. Moreover, studies that compared the approach of
dual stimulation and oocyte retrieval to the conventional protocol, showed encouraging
results with respect to the first option, providing a higher cumulative number of available
oocytes in a shorter time frame. However, little is known about the practice of double oocyte
retrieval during natural cycles, along with the underlying physiology with respect to the
mechanism of the second follicular wave phenomenon. Concurrently, numerous biomarkers
have been proposed to evaluate oocyte and embryo competency, with the novel option of the
non-invasive biomarker of cell-free DNA (cfDNA) in follicular fluid (ff) to be at the spotlight
of research. The aim of this prospective study is to uniquely investigate the physiology of the
second follicular wave phenomenon, through the evaluation of ff cfDNA levels resulting from
follicular and luteal phases of the same menstrual cycle, during natural IVF cycles. The
aforementioned intents to reveal a potential association with the number and maturation status
of corresponding oocytes, as well as the number of subsequent zygotes following
insemination. The study population included 47 poor responders aged from 32 to 48 years,
being characterized according to Bologna criteria, and enrolled based on strict inclusion and
exclusion criteria. All women were detected with a second follicular wave and thus they
underwent double oocyte retrieval in the same menstrual cycle during natural IVF cycles. The
preparation of collected ff samples and the subsequent cfDNA extraction were conducted
appropriately, resulting in cfDNA quantification through real-time polymerase chain reaction
(RT-PCR) method. For RT-PCR, we opted for ALU115 and ALU247 primer sets, with the
first to amplify both short and long cfDNA fragments, while the second only the long ones.
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Statistical analysis was performed employing R statistical programming language. The results
showed that the mean levels of ALU115 were statistically significant lower during FoOPOR
when compared to LuPOR (0.79 = 0.72 vs 1.46 + 1.59 ng/ul, p-value=0.02). Regarding
FoPOR’s group, a statistically significant positive correlation of serum estradiol levels and
ALU115 concentration (p-value=0.04) was revealed, along with a negative correlation of
cfDNA integrity and estradiol levels (p-value=0.03). The latter was also observed with
respect to LuPOR’s group (p-value=0.03). No other statistically significant difference was
observed between ALU115, ALU247 and cfDNA integrity for any of the examined
parameters. Finally, a statistically significant lower number of oocyte retrieved (1.29+0.58 vs
1.09 + 0.28, p-value=0.02) and MII oocytes (0.77 + 0.55 vs 1.08 £ 0.61, p-value=0.02)
regarding FOPOR were recorded when comparing FoPOR to LuPOR groups. However, no
statistically significant difference was demonstrated regarding the number of 2PN zygotes.
The aforementioned results highlight the quality and safety of performing retrieval in both the
follicular and luteal phases, as evaluated through the apoptotic marker of ff cfDNA.
Furthermore, they buttress the validity of LuPOR approach, rendering it as an alternative and
highly-promising option for the time-sensitive poor responders. However, further randomized
controlled trials are imperative to be conducted with the intent to strengthen our results

regarding LuPOR practice during natural IVF cycles.




IHEPIAHYH

H mtoyn oobnkikn amdkpion omotehel pio kodd peAemnuévn ottio LTOYOVIHOTNTOG,
GULVOJELOUEVT OO Alyo @APLO YOUNANG TOLOTNTOC, YEYOVOS TOL 0dNYEl 68 Kakn Tpdyvmon
TOV OnoTEAECUATOV TNG eE@OmUATIKNG yovipomoinong. H etepoyévela tng opddag auvtrg
EMPEPEL TNV ATOVGI0 OHLOPOVING AVOPOPIKA UE TN OLAYVOGCT KOl TOV OPIGUO TOV TTOXDV
ATOVINTPUDV, KATL IOV duokoAeDEL TN dtayeipton Tovs. IIpdcpata, 1 KavoToUog TPoGEyyion
g OwmANG woAnyiog katd tn dtdpkeln @OBVAOKIKNG Kol @YPVIKNG @dong o€ &va Euunvo
KOKAO €xel e1oayBel TNV KAWVIKY TPOKTIKY TG EEOOCOUATIKNG Yoviponoinons. H opdda pog
mpoteve to akpovoplo LuPOR y va meptypdyel v mpokTikn G @oAnyiog Kotd tnv
OYpWIKN @dorn. Avt Poacileton o mponyodueveg mapotnpfoelg oe (wikd povtéda mov
avagépouy Ty VIapén dV0 1 TPLOV MOOVAAKIKOY KUUAT®V KATA TN SIUPKELN EVOG ELUNVOD
KOKAov, TO omoio avtifaivel otV vrdpyovca Oewpio TG ®obvlokioyéveong. To
TPOAVOPEPHEY PUIVOUEVO EIval YVMGTO ¢ «OEVTEPO MOBLANKIKO KOMO» KL EXEL EVIOTIOTEL
ka1 oti¢ yovaikee. H tpéyovoa Pifloypapio eotidalel otny SImAn di€yepon TV ®oONKOV Kot
o™ SmAN @oAnyio oTov 110 EUUNVOPPLGLOKO KOKAO, deiyvovTag TapOUoles EUPPLOAOYIKEG
TOPOUETPOVS OO dedopéva TV Ovo (doemv. EmmAéov, pedétec mov ovykpivovv tnv
TPOGEYYIOT TNG OUTANG OLEYEPONC KAl WOANWING HE TO GUUPOTIKO TPMTOKOALO ATOKUAVTTOVV
evOOPPLVTIKG OTOTEAECUOTO OVOQOPIK UE TNV TPOTN €MA0YY, kabdg mopéyel Eva
GLYKEVTPOTIKO aplOpud olobéciumv mapiov 6e GUVTOUOTEPO YPOVIKO Oldotnua. QoTtdc0,
eldoto eival YVOOTO OYETIKA HE TNV TPOKTIKY TNG OMANG woAnyiag Katd T SidpKeln
QLOIK®V KOKA®V EEMCOUATIKNG YOVILOTOINGNG, 0ALY KOL Y10 TNV VTOKEIEVT] PLGLOAOYIN TOVL
UNYOVICHOD TOV (OIVOUEVOL TOL OgVTEPOL obvAakikoh Kvuatog. Tavtdypova, moAroi
Brodeixteg £yovv mpotabei yio v a&loddynon Tov mapiov Kot eufpdov, e TNV KAvoToUo
emAoyn Tov pn emepPatikov Prodeiktn Tov ehevbepov kuvtropikovd DNA (cfDNA) oto
®oBvAaKikd VYpO va PpiokeTar 610 ETIKEVTPO TNG EpeVVaG. ZKONHG TG TOPOVCHS TPOOTTIKNG
UEAETNG eivorl va S1EpELVICEL Yo TPMTY POPE TN PLGIOAOYIO TOL PUIVOUEVOL TOL OEVTEPOV
®oBvaxikoy Kopatog pEcm g aglodldynong tov cfDNA eminédwv oto wobviakikd vypod
amd TNV  ®OOLANKIKY] KOl OYPWIK @ACT, O @LOIKOVG KOKAOVG eEMOMUATIKNG
yoviponoinong. To wpoavapepBéy oToxedel 610 v amokaAvyel pio Thavi cueYETIoN TOV
aplOpod Kol TG OPOTNTUC TOV 0apiov, Kaddc kol Tov aplduod TOV YOVILOTOMUEVOY
oyotov énsito and v €yyvon. O mTAnBucpdc g pelémg amoteleitor ond 47 mrwyég
amovTTpleg nAkiag omd 32 émg 48 €TV, TOL £oVV YOPOKTNPLOTEL fACEL TV KPLTNPi®V TNG

Bologna kot £yovv evtaybei Bdoet avotnpdv kpumpiov évioéng kot amoxkieicuov. Oleg ot
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YOVOIKEG OVIYVELTNKOV HE 0e0TEPO WOBVAOKIKO KOHO Kl €10l LTOPANONKav oe devTepn
owoyia tov idov éuunvov KOKAOL Kotd Tn O1dpKEW QUOIKOV KOKA®V £EMCOUOTIKNAG
yovipomnoinong. IlpaypatomomOnke n mpogtoipacio v derypdtov @ofuiakikov vypol Kot m
emkeipevn anopovoon tov cfDNA, pe okomd TV TOGOTIKOTOINGT TNG GLYKEVIPOGNS TOV
cfDNA péom g pebddov aAvcidmtg avtidpacng molvuepdong o€ mpoyuatikod ypévo (RT-
PCR). I'a v RT-PCR, emié&ape tovg exkkivntég ALUL1S xor ALU247, pe 100G TpadToug
V0L EVIGYVOVV TOGO Ta IKPA 660 Kot Tt peydho Opadouata cfDNA, eved ot devtepotl povo ta
peydrio. H ototiotikn oavédivon ampoypatomombnke pe 1t xpnon g R yAdoocog
wpoypappatiopov. To amotehéopato £dei&av 0Tl N uéon TN tov emmédwv tov ALUL1S
NTAV GTATICTIKG GNUOVTIKG LKPOTEPT KATA TNV 0OOLANKIKT PAGCT) G GYECT LE TNV WYPIVIKN
(0.79 £ 0.72 vs 1.46 £ 1.59 ng/ul, p-value=0.02). Ecotidlovtag oT0 OMOTEAEGUATO TNG
®OOVLAUKIKNAG QACTG, ATOKOADQONKE [0 GTUTIOTIKMG CTUOVTIKT) GUGYETION TOV EMTESDV
01oTpadtoOAnNG opold kol ovykévipwong ALUIL1S concentration (p-value=0.04) kaBdg won
apvnTIKn] ovoyétion g akepootnrag tov cfDNA pe 1o emimeda owotpadioing (p-
value=0.03). To tekevtaio mapatnpndnke emiong kot otnv opdda LuPOR (p-value=0.03).
Kopio GAAn otatiotikd¢ onpavtiky cvuoyétion o Ppébnke peta&d TV GLYKEVIPOGE®DV
ALU115, ALU247 xon axepardtnrag cfDNA pe omowadnmote mapdueTpo mov e£eTdotnKe.
Téhog, Ppébnke oTATIOTIKG ONUOVTIKOG HKPOTEPOG OPBNOC mapiov Katd TNV ®oAnyic
(1.29+0.58 vs 1.09 + 0.28, p-value=0.02) kou oppwv MII wapiov (0.77 £ 0.55 vs 1.08 *
0.61, p-value=0.02) avapopikd pe TV @oANyio ®oBLAAKIKNAG GAcTS, VOTEPO amd GUYKPIoN
tov pe v LuPOR opdda. Qot600, Kopic oTaTioTikd onpovTiky dtogopd dev amodeiydnie
®¢ Tpog Tov aplud Tov yovipormouévav oyotov. Ta aroteléouata avtd tovilovv v
TOWOTNTO KOl TNG GOQUAEID TNV OOANYING TOGO KOTA TNV mobvAakiky 0G0 Kol KATd TNV
OYPWIKN  @dorn, Omwg ofloroyndnke péom Tov amomt®TikoV Ogiktn Tov cfDNA.
Emmpocbitmg, evioybovv v eykvpodtnto tg LuPOR wtpoktikig, kabiot@vtag tnv cav pia
EVOALOKTIKTY Kol TOAAG VTOGYOUEVT] TPAKTIKY Y10, TNV YPOVOELAicONnTn opdda TOV TTOYOV
amovinTpldv. Qotdc0o, givar avaykaio 1 deaywyn EMTAEOV TUYUOTOUNUEVOV UEAETDV UE
OKOTO VO EVOLVOUDGOLY T amoTeAEoUaTe pag oxetikd pe v aélomoinong ¢ LuPOR

TPOKTIKNG G€ PLGIKOVE KOKAOVG EEMCMUATIKNG YOVIILOTOINGTG.




I. GENERAL CHAPTER

A.INTRODUCTION

1) THE PROCESS OF OOGENESIS/FOLLICULOGENESIS

The word “ovary” is derived from the Latin term “ovum”, meaning “egg” (“ovary |
Origin and meaning of ovary by Online Etymology Dictionary,” n.d.; Soutis, 2006). Ovaries
depict the principal gonads of the female reproductive system, playing the dual pivotal role of
gamete production, and hormonal secretion. In fact, they can successfully orchestrate
follicular growth as well as ovulation of mature oocyte, in line with their endocrinological
function of producing sex hormones, mainly referring to estrogens and progesterone (Rimon-
Dahari, Yerushalmi-Heinemann, Alyagor, & Dekel, 2016). In 1827, Karl Ernst von Baer
discovered that mammalian oocyte was enclosed in ovarian follicle (Cobb, 2006)

In the first arm, female gamete production-known as “oogenesis” which goes hand in
hand with “folliculogenesis”-is initiated at the embryonic stage, when primordial germ cells
proliferate, along with their migration from the dorsal axis of the inferior mesendery, to the
developing genital niche in a female XX embryo (Rimon-Dahari et al., 2016; Virant-Klun,
2015). This physiological process is mainly controlled by signals originating from
extraembryonic ectoderm and visceral endoderm, which in turns expresses several Proteins of
Bone Morphogenetic family (Figure 1) (Rimon-Dahari et al., 2016). The clusters of
primordial germ cells break down to primordial follicles, each of them containing a single
oogonium encompassed by a flattened epithelium of pre-granulosa cells. Oogonia continue to
proliferate through mitotic divisions, until they reach prophase I of meiotic divisions, where
they become arrested at diploid primary oocyte (Nikolic, Volarevic, Armstrong, Lako, &
Stojkovic, 2016). Similarly, the aforementioned process is regulated by various molecules,
mostly activin and FOXL2 (Figure 1) (Rimon-Dabhari et al., 2016). During this developmental
period, chromosomes remain attached inside the oocyte’s nucleus that is called “Germinal
Vesicle” (GV) within the primordial follicles (Heiligentag & Eichenlaub-Ritter, 2018).
Following birth, they turn into primary oocytes in primordial follicles. At this stage,
primordial follicles remain inactive until the commencement of menarche, in which the first
selected pool of primary oocytes complete meiotic division, separating into a haploid
secondary oocyte accompanied with the subsequent extrusion of the first polar body (Virant-

Klun, 2015).



Knowledge concerning follicular growth was obtained through the evaluation of
ovarian histology after laparotomy, in combination with endocrinologic results and
transvaginal ultrasonography (Chikazawa, Araki, & Tamada, 1986). Indeed, a series of
different developmental stages of follicles occurs, including the transition from primordial
follicle to primary and secondary follicle. Several factors inside and outside the primordial
follicles contribute to their development to primary follicles, whereas the evolution to
preantral secondary follicle consists of the proliferation of granulosa cells enclosed within
theca cells, under the control of TGF-B pathway (Figure 1) (Rimon-Dahari et al., 2016). The
early stages of primordial to preantral follicles are independent from the secretion of pituary
gonadotropins, namely Follicle Stimulation Hormone (FSH) and Luteinizing Hormone (LH),
are factors such as inhibin, activin, follistatin, transforming growth factor-b are mostly
involved. Follicular maturation occurs in conjunction with the differentiation of granulosa
cells into mural and cumulus granulosa cells, along with the formation of a single cavity
widely known as antrum (Heiligentag & Eichenlaub-Ritter, 2018; Rimon-Dahari et al., 2016).
Mural granulosa cells mediate to the formation of the inner lining of follicles, while cumulus
granulosa cells develop the cumulus-oocyte complex (Hennet & Combelles, 2012). Antral
stage follicles increase in size and are mostly dependent from the pulsatile-fashion hormonal
stimuli of FSH and LH that are produced by the activation of Hypothalamus-Pituitary-Ovary
axis (HPA) (Plant, 2015). Follicle Stimulation Hormone is essential for survival and
proliferation of granulosa cells. The selection of “dominant” or “privileged” or so called
“Grafian” follicle is succeeded by LH surge that triggers ovulation, with the subsequent
release of oocyte into fallopian tube, while the remaining granulosa cells differentiate into
corpus luteum under progesterone production (Heiligentag & Eichenlaub-Ritter, 2018).

To conclude, folliculogenesis represents a crucial physiological process, including
recruitment of follicles during menstruation, the selection of a subgroup of primordial ones
accompanied by atresia and maturation of the primary follicle that lead to a competent oocyte
characterized by both nuclear and cytoplasmic maturation. The latter requires a complex
bilateral dialog between oocyte and cumulus cells, exchanging numerous molecules, namely
fatty acids, transcripts, nutrients or miRNNAs via gap junctions or transporters into oolema

(Heiligentag & Eichenlaub-Ritter, 2018).

Figure 1: A schematic presentation of the stages of ovarian folliculogenesis and the major factors and

signaling pathways involved in this process (Rimon-Dabhari et al., 2016).



PGCs Germ PMF Primary Secondary Antral Preovulatory Follicle Corpus Luteum

Cells Follicle Follicle Follicle
Clusters
E2 AMH
-
.'4""@""3"*.—'\0—’ ‘*
BMmP TGFB (actvin) Intra oocyte: TGFp signaling FSH signaling: LH signaling
Signaling NTs Pi3K pathway (BMP15, GDF9, AC/CAMP/PKA AC/CAMP/PKA
Figia Activin) PI3K PIAK/AKT
Kitkit Extra cocyto NTs (NTFs, BONF) Estradiol RAS, EGFR
Notch signaiing "‘K‘;Sff} ,s;?;.‘:":'pg‘ ERK12, PR
i, LI, s d
Foxi2 KGE PDOGE NT C/EBPR, ROS
Foxl2, AMH

PGCS: Primordial Germ Cells; PMF': Primordial Follicle

2) OVARIAN RESERVE

During the 20™ week of gestation, about 7 million primordial follicles are observed in
the developing ovary, from which the vast majority degenerate through the natural atresia
process. Following birth, almost a million primordial follicles are presented in the gonad with
the intent to be recruited and further grow or contrarily to undergo the physiological atretic
process. Thenceforth at puberty, almost 300,000-400,000 follicles are available to be recruited
for each menstrual cycle, throughout the reproductive age until menopausal period, which in
turns signs the end of fecundity, as the follicular pool is totally diminished (Figure 2)

(Persani, Rossetti, & Cacciatore, 2010).

Figure 2: Follicular dynamics in physiology (Persani et al., 2010).

Number of total follicles

Life stages (Prmoriaipihen) Atresia

Gestation (20th week) 7 x 108

Birth 1 x 108 Ovulation
Puberty 300000

Pre-menopause <1000

Menopause 0 400 - 500

The physiological transition from puberty to menopause coincides with ovarian or
reproductive aging. Interestingly, the rate of follicles’ depletion differs among women and it

is affected by a wide pallet of factors, mainly by the age, race, along with genetics and
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environmental parameters (Tal & Seifer, 2017). Therefore, several contributing aspects, such
as endometrioma, specific pelvic infections, ovarian surgery, chemotherapy or radiotherapy
for cancer diseases, reduced aromatase activity, alterations in blood flow, or even obesity and
chronic smoking, seem to play a vital role to follicular decline (Jirge, 2016). Concerning
genetics, experiments on mouse models documented an association of mutations on the
fragile X mental retardation 1 (FMR1) gene with ovarian aging (Hoffman et al., 2012). These
results were confirmed by prospective studies in humans, observing that reduced number of
FMRI1 gene alleles was related with poor ovarian reserve (Gleicher, Weghofer, & Barad,
2010; Gleicher et al., 2015). Other defects of X chromosomes, including depletions,
translocations or rearrangements, conduce to the appearance of premature ovarian failure or
insufficiency (Laven, 2016), which is defined as the cessation of menstruation prior the age of
40 (Cohen, Chabbert-Buffet, & Darai, 2015). Importantly, polymorphisms or alternatively
spliced variants of FSH receptor in cumulus and granulosa cells showed that elicit unexpected
poor response in young women (Desai, Roy, & Mahale, 2013). Additionally, over the last
decades, women tend to delay the time of childbearing, commonly due to social reasons
stemming from their infinite focus on career success or educational progress (Simoni, Mu, &
Collins, 2017). However, advanced maternal age may exert an impact on pregnancy outcome,
with several studies to demonstrate that pregnancy rates seem to be intensely decreased over
the age of 35, with pregnancy loss rates, along with chromosomal abnormalities to be
increased (Crawford & Steiner, 2015).

It is notable that the aforementioned subgroups of women reflect different sides of the
same coin, with the common denominator being the reduced quantity of primordial follicular
pool during the reproductive period. This special population presents huge heterogeneity,
including patients presenting with premature ovarian failure, poor responders, or women of
advanced maternal age. They can plainly be included in the general category known as “Poor
Ovarian Reserve” (POR), a term that was introduced in an attempt to concur on the
reproductive potential of women, with respect to the quantity and quality of their oocytes
(Jirge, 2016). Unfortunately, their fecundity is irrevocably jeopardized, and thus they tend to
fail to achieve a pregnancy through natural conception. According to the World Health
Organization, infertility is defined as the failure to achieve a clinical pregnancy following 12
months of regular and unprotected sexual intercourse (Zegers-Hochschild et al., 2009).
Therefore, infertile couples often turn to Assisted Reproduction units, with the intent to seek
in vitro fertilization (IVF) treatment, prior to opting for oocyte donation programs which may
be viewed as the last resort. The demanding cases of patients presenting with reduced ovarian
follicular pool pose a challenge to the highly-esteemed scientists, who in turn propose various
markers to guide IVF management and enable accurate prediction of ovarian reserve in an

efficient manner.
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The first ovarian reserve test was voiced by Scott and his colleagues concerning FSH
measurement on day-3 of menstrual cycle (Scott, Hofmann, Oehninger, & Muasher, 1990).
Thenceforth, numerous tests were emerged, including clomiphene citrate challenge test,
inhibin B, estradiol (E,), gonadotropin-releasing hormone (GnRH), antral follicle count
(AFC), and anti-miillerian hormone (AMH) (Fleming, Seifer, Frattarelli, & Ruman, 2015; Tal
& Seifer, 2017). However, the indirect estimations served as confounders for the results.
Nowadays, the most sensitive and accurate biomarkers that are commonly opted include the
AFC, and AMH, with the latter to be rendered as the “queen” among the prognostic markers
(Jirge, 2016). On the one hand, AFC represents the total number of follicles that are observed
via ultrasound in both ovaries during day 2-4 of menstrual cycle and they are measured at 2-
10 mm in diameter. On the other hand, AMH is produced ultimately by granulosa cells of
small and large preantral and small antral follicles (Fleming et al., 2015; Jirge, 2016).
Estimating women’s ovarian reserve may enhance specialist’s adjustment for a personalized
treatment, tying to predict the response for individual woman which may favor the subsequent

IVF outcomes (La Marca & Sunkara, 2014).

3) POOR RESPONDERS IN ASSISTED REPRODUCTION

During the IVF procedure, a crucial step is controlled ovarian stimulation, in order to
increase the number of oocytes retrieved (Pacchiarotti et al., 2016). In Assisted Reproductive
Technologies (ART) world, the cases that under-response to stimulation ovarian protocols is
defined as poor ovarian response. Poor ovarian response is considered to be an important
etiology of infertility, with a prevalence that ranges from 9% to 24% among women who
undergo ovarian stimulation (N. P. Polyzos & Devroey, 2011). Following literature search, it
is obvious that there are numerous terms employed, namely “poor”, “low”, “bad”, “slow”,
“inadequate”, “suboptimal” that are joined with “response”, “responder” and ‘“ovarian
reserve” (A. P. Ferraretti et al., 2011). Garcia and his colleagues were the first to report on
poor responders, resulting in reduced number of oocytes retrieved, following ovarian
stimulation with human menopausal gonadotropin and human chorionic gonadotropin (hCG),
(Garcia, Jones, Acosta, & Wright Jr, 1983). However until now, there is an absence of a
consensus regarding POR diagnosis and definition, due to overlapping among the different
subgroups, which adds another level of complexity to their management (N. P. Polyzos &

Devroey, 2011).
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In light of the wide range of definitions employed for the description of poor
responders throughout the studies (Surrey & Schoolcraft, 2000), it was imperative to decide
on a universally accepted definition. Thus, a workshop was organized by the European
Society of Human Reproduction (ESHRE) and Embryology, in which numerous research
groups participated, resulting in setting the appropriate criteria-known as the “Bologna
criteria”-regarding POR definition. According to the “Bologna criteria”, a woman could be
characterized as a poor responder, if she fulfills at least two of the following three parameters:
i) advanced maternal age (=40 years) or any other risk factor for POR; ii) a previous POR,
which entails <3 oocytes with a conventional stimulation protocol; iii) an abnormal ovarian
test, meaning AFC: 5-7 follicles or AMH: 0.5-1.1 ng/ml (A. P. Ferraretti et al., 2011).
Particularly, Bologna criteria fail to define precisely the risk factors, the cut-off points of AFC
and AMH measured, or even to take into account oocyte quality. Particularly, several risk
factors that may harbor the peril during the treatment of the distinct category of infertile
women are both medical and genetic parameters, with a great emphasis on short menstrual
cycle, ovarian cystectomy and chronic smoking (Younis, Ben-Ami, & Ben-Shlomo, 2015).
Undoubtedly, the primary challenge was to approach the category of the true poor responders
who fail to conform to Bologna criteria. Later, the POSEIDON group (Patient-Oriented
Strategies Encompassing IndividualizeD Oocyte Number) suggested a novel classification,
enlisting patients with poor response into four separate groups, based on the following
parameters: i) age and expected aneuploidy rate; ii) ovarian biomarkers, namely AFC and
AMH; iii) ovarian response, which requires a previous stimulation cycle. The four groups are

portrayed in Figure 3 (Humaidan, Alviggi, Fischer, & Esteves, 2016).

Figure 3: Four groups of ‘low prognosis patients’ in ART, according to the

POSEIDON’s stratification based on oocyte quantity and quality (Humaidan et al., 2016).
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Efforts should be focused on the efficient management of poor responders, in light of
the poor prognosis regarding IVF outcomes. Studies have demonstrated reduced oocyte yield
concerning poor responders, with up to 7% of them to appear one oocyte, coupled with
decreased pregnancy rate at almost 14.8%, following the comparison to normal responders
(Oudendijk, Yarde, Eijkemans, Broekmans, & Broer, 2012). Furthermore, studies have
observed a higher pregnancy loss rate, with a percentage of 47% originated from poor
responders in contrast to 25% from normal responders (Haadsma et al., 2010).

Available data from current reports reveal that the management of poor responders
still remains a heated debate among IVF experts (Giovanale, Pulcinelli, Ralli, Primiero, &
Caserta, 2015). In this context, there are two principal schools of thoughts, with the first to
support that stimulation protocols ascertain the optimal results for poor responders, while the
second one to support the option of the natural cycle approach (Jirge, 2016; F Ubaldi et al.,
2007; Filippo Ubaldi, Vaiarelli, D’ Anna, & Rienzi, 2014).

Concerning the stimulation approach, its main purpose is to increase the patients’
ovarian response, employing a broad range of protocols (Jirge, 2016; Filippo Ubaldi et al.,
2014). Following literature search, the respective stimulation protocols involve gonadotropins
(Anna Pia Ferraretti et al., 2004), GnRH agonists or antagonists (Pu, Wu, & Liu, 2011; M
Schimberni et al., 2016), clomiphene citrate (Haas & Casper, 2017; Song et al., 2016) or
combination of clomiphene citrate and gonadotropins (D’Amato et al., 2004), or alternatively
protocols that employ hCG (Berkkanoglu, Isikoglu, Aydin, & Ozgur, 2007), growth hormone
(X.-L. Li et al., 2017), letrozole (Haas & Casper, 2017), melatonin (Pacchiarotti et al., 2016;
Vitale et al., 2016), low-dose aspirin (Frattarelli, McWilliams, Hill, Miller, & Scott Jr, 2008;
Lok, Yip, Cheung, Yin Leung, & Haines, 2004), heparin of low molecular weight, adrogens
such as deydroepiandrosterone (DHEA) (Bosdou et al., 2012; Chern et al., 2018), myo-
inositol (Unfer, Raffone, Rizzo, & Buffo, 2011; Vitale et al., 2016), or even corifollitropin
alfa (Andrisani et al., 2019). It seems that the antagonist stimulation protocol is the most
widely employed for poor responders by clinicians, as it was ranked on the top of the list
among the other choices (Papathanasiou, Searle, King, & Bhattacharya, 2016). A randomized
controlled trial (RCT) compared the IVF outcomes resulting from minimal stimulation
protocol and those from conventional GnRH antagonist protocol in 77 poor responders. The
results demonstrated that there was no statistically significant difference regarding the number
of oocytes retrieved as well as the pregnancy rate, rendering minimal stimulation as a valid
option, avoiding IVF treatment’s medication and cost (Pilehvari et al., 2016).

An alternative and moderate treatment for poor responders represents the
employment of natural IVF cycles, which can be chosen by all women who want to bypass

the administration of drugs, which in turns entails less somatic and financial burden (Jirge,
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2016). Natural IVF cycles may embrace several subcategories. In the first arm, it may include
the retrieval of the dominant oocyte during woman’s spontaneous cycle, followed by the
impending single embryo transfer (J. Li, Xu, Zhou, Guo, & Xin, 2011). In the second arm, it
may be reflected through repeated natural cycles, followed by the subsequent
cryopreservation of zygote-stage embryos through vitrification, a method known as “freeze
and collect” or “single embryo banking”. In this case, clinicians make an attempt to resemble
the situation that occurs in normal responders, resulting in remarkable live birth outcomes
(Cobo, Garrido, Crespo, José, & Pellicer, 2012). The final arm includes the modified natural
cycle with the administration of hCG during women’s menstrual cycle. It is characterized as
second-line option for the management of poor responders and it is accompanied with notable
live birth outcomes (Ho & Paulson, 2017; Lainas et al., 2015). In fact, various studies support
the option of natural cycles for poor responders who are presented with one or two follicles (J.
Li et al., 2011; Loutradis, Drakakis, Vomvolaki, & Antsaklis, 2007; Morgia et al., 2004;
Filippo Ubaldi et al., 2014). Furthermore, a large retrospective study including 500 poor
responders revealed promising results following natural IVF cycles, with pregnancy rates to
reach the percentage of 9.7% per patient aged over 40 years, while a percentage of 31.7% per
patient aged younger than 35 years (Mauro Schimberni et al., 2009). Contrarily, another
retrospective cohort study showed lower birth rates regarding poor responders-who were
defined according to Bologna criteria-when comparing to normal responders, leading to the
conclusion that the therapeutic potential of natural IVF cycle is restricted in cases of poor
responders (N. Polyzos et al., 2012). Consequently, natural cycle is apparent more cost-
effective and patient-friendly therapeutic option compared to stimulation protocols, and it is
further accompanied with remarkable IVF outcomes (Practice Committee of the American
Society for Reproductive Medicine, 2018).

Interestingly, the lack of standardization of treatment usually leads clinicians to
reclaim their experience and employ an empirical approach, in order to dictate the ideal
management of this special group. To conclude, it is apparent that the management of poor
responders is still characterized by controversy, as the heterogeneous nature of this category

of patients pose difficulties in establishing a common treatment strategy.

4) THE LUTEAL PHASE OOCYTE RETRIEVAL (LuPOR) APPROACH
FOR POOR RESPONDERS
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A restrictive factor for POR patients of advanced maternal age is time. The latter goes
hand in hand with IVF cycle cancellation, due to several reasons, such as failure of oocyte
retrieval, or response to stimulation protocol, or even gametes’ fertilization (Gonda, Domar,
Gleicher, & Marrs, 2018). Under the prism of time and cycle postponing, couples are
inevitably discouraged, presented with further psychological strain and physical burden,
especially on behalf of women (Gameiro, Boivin, Peronace, & Verhaak, 2012; Garel et al.,
2009). On that concept, it becomes apparent that it is of paramount importance to determine
both time and oocyte yield for these patients. Recently, IVF specialists introduced to their
clinical practice the novel approach of double oocyte retrieval during the same menstrual
cycle, in light of the increased E, levels and developing follicles recorded via ultrasound
monitoring (Kuang et al., 2014). This can be explained by previous observations of the
phenomenon of “Second Follicular Wave”, mostly in animal models (Baerwald, Adams, &
Pierson, 2003a). Our team proposed the acronym LuPOR, in an attempt to describe the
clinical practice of Luteal Phase Oocyte Retrieval (Sfakianoudis et al., 2019). The emergence
of LuPOR approach represents a highly promising practice that could revolutionize the

therapeutic strategy for time-sensitive patients, such as poor responders.

The “Second Follicular Wave” phenomenon

The traditional theory of folliculogenesis process includes the recruitment of a single cohort
of 2-5 mm antral follicles (follicular wave), with the subsequent development of one
dominant follicle throughout the follicular phase of the menstrual cycle (Gougeon & Lefevre,
1983).

However, robust evidence resulting from observations of the estrous cycle of various
animal models, such as ruminants (G. Adams, 1999), heifer (G. P. Adams, Matteri, Kastelic,
Ko, & Ginther, 1992; Knopf, Kastelic, Schallenberger, & Ginther, 1989; Sirois & Fortune,
1988), cattle (Ginther, Kastelic, & Knopf, 1989; Pierson & Ginther, 1988), equine (Ginther,
1993), suggest the existence of more than one “cohorts” or “waves” of follicles, leading to the
development of at least two privileged follicles, during the same menstrual cycle (Vaiarelli et
al., 2018). Particularly, researchers detected two or three follicular waves during
interovulatory interval that were characterized as “major” and “minor”, with the final wave to
result in ovulation. It was supported that major waves could be either ovulatory or not,
whereas the minor waves to be ultimately anovulatory. The changes regarding the follicular
morphology and hormonal status during two or three follicular waves are describing in Figure
4 and Figure 5 respectively (Baerwald, Adams, & Pierson, 2003b). Concurrently, specific

hormonal changes were noted, namely increased levels of FSH, which ensued by the raise of
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E, levels, when follicular waves were in progress, in contrast to the decline of FSH
concentrations along with the expression of LH receptors in granulosa cells at the end of the
phenomenon (Gastal, Gastal, & Ginther, 1999).

In the same line, similar wave patterns and hormonal observations were documented
in humans. Interestingly, the evaluation of FSH, LH, and E, levels was conducted, in
conjunction with the monitoring of the number and diameter of developing follicles via high-
resolution transvaginal ultrasound, in an effort to describe the demonstration of the current
phenomenon in women (Baerwald et al., 2003b). The results were in accordance to those
originated from animal models, a fact that confirms the existence of the phenomenon of
multiple follicular waves in humans. The above clinical observations in women challenge the
traditional notion of folliculogenesis, updating the field of reproduction. As a consequence,
the assumption behind follicular selection could be aptly depicted through the theory of
“continuous recruitment”, or a “single recruitment episode”, or finally “follicular waves”
(Baerwald, Adams, & Pierson, 2012).

The underlying mechanisms of this phenomenon still remain the “black box” in
physiology (Vaiarelli et al., 2018). It is widely known the contributing role of HPA axis to
follicular dynamics, mainly through the secretion of GnRH and gonadotropins. In fact, FSH is
crucial for preventing new developing follicles from atretic process (van Santbrink, Hop, van
Dessel, de Jong, & Fauser, 1995). Additionally, when corpus luteum is formed during luteal
phase, it produces progesterone which is coupled with the development of major and minor
follicular waves in women. Contrarily to this, progesterone contributes to pituitary
suppression which in turn prevents minor waves from being ovulatory (Kuang et al., 2014;
Vaiarelli et al., 2018). Robust evidence support that various markers of inflammation seem to
be crucial for the follicular wave patterns (Salmassi et al., 2001; Vinatier et al., 1995), mainly
with serum C reactive protein (CRP) to be secreted during ovulation, in the middle of luteal
phase, as well as during menstruation. Studies investigated high CRP levels in blood serum of
women appeared with two follicular waves when compared to those with two follicular waves

(Clancy, Baerwald, & Pierson, 2013).

Figure 4: Morphologic and endocrinologic changes associated with two waves of follicle
development during the human menstrual cycle. Dotted vertical lines indicate the days of

wave emergence. Follicles are shown in pink and corpus luteum in yellow (Baerwald et al.,

2012)
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“DuoStim” Approach

The new discovery of the “Second Follicular Wave” phenomenon was introduced in
the ART world. In fact, IVF clinicians performed ovarian stimulation for both the follicular
and luteal phase of a single menstrual cycle, proceeding with the subsequent oocyte retrieval
during follicular phase (Follicular Phase Oocyte Retrieval: FOPOR) and during luteal phase
(LuPOR) as well. Kuang and his colleagues were the forerunners in proposing the approach
of the double controlled ovarian stimulation for the management of poor responders, which is
widely known as the “Shanghai protocol”, giving the acronym of “DuoStim”. This pilot study
employed a combination of gonadotropins, clomiphene Figure 6. The results showed that hold
double stimulation along with double retrieval in the same menstrual cycle may hold a
remarkable promise, as the number of oocytes retrieved, MII oocytes, and top-quality
embryos, in conjunction with clinical pregnancy rates, were comparable between the two

phases (Kuang et al., 2014).



Figure 6: The protocol of double stimulation during the follicular and luteal phases in

patients with poor ovarian response (Kuang et al., 2014)
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Thenceforth, numerous retrospective and prospective studies showed results that were
in accordance to the aforementioned. Particularly, they focused on comparing the
embryological and clinical parameters resulting from follicular phase and those resulting from
luteal phase of a single menstrual cycle of patients appeared with low IVF prognosis. The
majority of them observed no statistically significant difference regarding the mean number
of oocytes retrieved, mature MII oocytes, fertilization rate, embryos’ development to cleavage
stage, blastocyst formation, and euploidy rate (Jin, Niu, Xu, Chen, & Zhang, 2018; Liu, Jiang,
Zhang, & Yin, 2017; Madani, Hemat, Arabipoor, Khodabakhshi, & Zolfaghari, 2018;
Rashtian & Zhang, 2018; F. M. Ubaldi et al., 2016; Vaiarelli et al., 2018; W. Zhang et al.,
2018). In terms of clinical pregnancy and live birth rates, it was obvious that data from both
phases did not demonstrate any statistically significant difference (Jin et al., 2018; Liu et al.,
2017; F. M. Ubaldi et al., 2016; W. Zhang et al., 2018). Interestingly, a retrospective study
observed higher implantation rates regarding embryos that resulted from luteal phase in
contrast to those from follicular phase, possibly due to higher doses of exogenous
gonadotropins during luteal phase stimulation (Q. Zhang, Guo, & Li, 2017). In the same line,
other studies made an effort to compare “DuoStim” approach with conventional stimulation
protocols, indicating higher mean number of oocytes retrieved concerning the employment of
“DuoStim” protocol, though providing oocytes and embryos that appear equal developmental
competence and quality (Cardoso et al., 2017; Jin et al., 2018; Liu et al., 2017; Madani et al.,
2018; W. Zhang et al., 2018). Concerning clinical pregnancy and live birth rates, the reported
results were similar between “DuoStim” and conventional protocols (Jin et al., 2018; W.

Zhang et al., 2018).
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The alternative protocol of “DuoStim” may favor specific time-related categories of
patients, namely women suffering from cancer who are in the urge of fertility preservation in
the light of preventing delay of chemotherapy or radiotherapy (Creux, Monnier, Son, Tulandi,
& Buckett, 2017; Maman et al., 2011), as well as patients with poor ovarian reserve,
including those of adcanced maternal age, poor or diminished ovarian reserve (Cardoso et al.,
2017; Kuang et al., 2014; Xu & Li, 2013). Moreover, it may be a viable solution for women
who are accompanied with previous unsuccessful IVF cycles due to fertilization failure or
women who undergo preimplantation genetic diagnosis for aneuploidies or monogenetic
diseases and they did not manage to develop blastocyst for biopsy (Cardoso et al., 2017).

Finally, it may depict an alternative option for oocyte donors (Martinez et al., 2014).

Natural cycle and LuPOR approach

It is apparent that the “DuoStim” protocol contributes to a higher oocyte yield leading
to the achievement of pregnancy in a shorter period of time (Kuang et al., 2014). This may
undoubtedly relieve the patients’ anxiety and stress which is mainly sourced from previous
futile IVF attempts (Chan, Lau, Tam, & Ng, 2016). On the other hand, performing a
“DuoStim” protocol entails dual administration of stimulation regime, as well as dual ovarian
penetration and anesthesia for oocyte retrieval procedure. Obviously, the duration and dosage
of gonadotropins during “DuoStim” are higher than the conventional one (Wu, Zhao, Sun, &
Liu, 2017). However, there is a lack of studies to examine if stimulation protocols may
jeopardize hormonal profile of women for long-term. Furthermore, a recent meta-analysis
revealed a and increased possibilities of adverse perinatal outcomes, concerning preterm birth
and low birth weight when controlled ovarian stimulation is employed instead of natural IVF
cycles (Kamath, Kirubakaran, Mascarenhas, & Sunkara, 2018). On top of that, a second
administration of gonadotropins augments the cost of IVF treatment.

On the antipode, little is known about the developmental competence of oocytes and
embryos resulting from LuPOR during natural IVF cycle. A retrospective study that was
conducted by Sfakianoudis and his colleagues concluded that LuPOR approach during natural
IVF cycles may represent a highly-promising and patient-friendly approach during the clinical
management of extreme poor responders, accompanied with remarkable embryological
results (Sfakianoudis et al., 2019). Another benefit stemming from the employment of the
aforementioned moderate approach is the improved prognosis for the successive IVF cycle, as

oocyte retrieval during luteal phase prevents the formation of a cystic follicle that is caused by
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the existence of both increased progesterone and E, concentrations (Herman et al., 1990). The
current study makes an effort to uniquely bring new insight regarding the “Second follicular
wave” phenomenon through the employment of natural IVF cycles, as well as buttress the

alternative LuPOR approach as an option for the efficient management of poor responders.

5) CELL-FREE DNA IN FOLLICULAR FLUID AS A POTENTIAL
BIOMARKER OF IVF OUTCOMES

The Holy Grail in the ART world is to ascertain the IVF outcome and hence increase
success rates (Wade, MacLachlan, & Kovacs, 2015). Following literature search, several
prognostic and diagnostic tools have been proposed, such as time-lapse imaging (Chen, Wei,
Hu, Yuan, & Liu, 2017) or other computational applications for embryo selection
(Simopoulou et al., 2018), in an effort to accurately predict IVF prognosis and thus navigate
infertility management. Among these, great emphasis is given on defining potential non-
invasive biomarkers contained in follicular fluid (ff), as the latter depicts the ambient
microenvironment that “accommodates” the oocyte and easy access to research material is
ensured. During folliculogenesis, antral follicles consist of an “antrum”, which is
characterized as a cavity filled with ff. Follicular fluid is rich in hormones, enzymes,
anticoagulants and electolytes and contributes to communication between granulosa cells and
the enclosed oocyte (Hennet & Combelles, 2012). Consequently, ff plays a vital role for
follicular maturation, oocyte growth as well as oocyte developmental competence (Basuino &
Silveira, 2016).

It is notable that ff seems to denote a great source of biomarkers that can be employed
as additional tool for both oocyte and embryo outcome (Ledee et al., 2011). Molecular and
metabolomics analyses of ff have proposed a wide pallet of potential ff components that are
originated from blood plasma or even secreted from granulosa and theca cells (Castiglione
Morelli et al., 2019; Revelli et al., 2009; Scalici et al., 2016). These components involve
hormones-such as gonadotropins, estogens, androgens, progesterone, prolactin, corticoids
(Revelli et al., 2009)- growth hormones and factors of transforming growth factor-beta (TGF-
B)-such as inhibin, activin, AMH (Revelli et al., 2009)- other growth factors-such as, insulin-
like growth factor (IGF), epidermal growth factor (EGF), basic fibroblast growth factor
(BFGF) (Vural, Vural, Doger, Cakiroglu, & Cekmen, 2016; Zhou et al., 2003)- interleukins
and chemokines- such as interleukin 15 (Spanou et al., 2018), granulocyte colony-stimulating

factor (GCSF) (Ledee et al., 2013)- reactive oxygen species (ROS), anti-apoptotic factors-

~ 22 ~



such as tumor necrosis factor (TNF), Fas-ligand- protein, peptides and amino-acids-such as
leptin, alanine- sugars, such as hyaluronan, lactate, glucose- prostanoids, such as
prostaglandin F2alpha (Baka & Malamitsi-Puchner, 2006; Field, Dasgupta, Cummings, &
Orsi, 2014; Revelli et al., 2009), and finally extracellular microRNA (miRNA), as it was
recently examined (Scalici et al., 2016).

The last decade, the novel biomarker of cell-free DNA (¢cfDNA) has introduced in
various fields of medicine, especially in cardiology (Dinakaran et al., 2014), in oncology with
the intent to examine cancer progression (Jahr et al., 2001; Pinzani, Salvianti, Pazzagli, &
Orlando, 2010; S. Traver et al., 2014; Volckmar et al., 2018), as well as in obstetrics and
gynecology, for early screening for genetic abnormalities, diagnosis of preeclapsia or
determination of fetal sex through fetal cfDNA in the circulation (Barrett et al., 2017; Silver
et al., 2017; S. Traver et al., 2014). In fact, the levels of cfDNA in blood plasma- known as
“liquid biopsy” (Gravina, Sedivy, & Vijg, 2016; Ivanov, Baranova, Butler, Spellman, &
Mileyko, 2015)- of patients diagnosed with a type of cancer, such as ovarian, were higher
compared to healthy controls. Similarly, detected fetal cfDNA concentration in maternal
plasma was raised in cases of abnormal placentation, or common aneuploidies, mainly in
trisomy 13, 18, and 21 (S. Traver et al., 2014).

Mandel and Metais were the first to discover the existence of cfDNA in blood
plasma, reporting that it is released by all cell types (Mandel, 1948). Cell-free DNA
represents double-stranded fragments of DNA that can be detected in either blood circulation
of other biological fluids, such as ff, of patients or healthy individuals (Dimopoulou et al.,
2014a; Guan et al., 2017; Scalici et al., 2014). In fact, cfDNA may vary in terms of the
triptych of length, integrity and concentration (Ivanov et al., 2015). It can be derived from
apoptotic or necrotic processes, resulting in short or long fragments, namely of about 160-180
base pairs (bp) that are cleaved by endogenous caspase-activated DNAase during apoptotic
cell death (Aucamp, Bronkhorst, Badenhorst, & Pretorius, 2018a; Nagata, 2000), whereas of
almost 10000 bp that are cleaved during necrosis, which is characterized by the combination
of cell disintegration, organelle swelling and random chromatin digestion. Furthermore,
cfDNA is reported to be released either passively from damaged, dead or dying cells or
actively, only from living cells. In Figure 7, a detailed schematic description of the various
sources of cfDNA in human body is presented (Aucamp et al., 2018a). It is assumed that
cfDNA may harbor the peril of mutagenesis, as it appears to be randomly integrated into
healthy cells (Gravina et al., 2016). The aforementioned arise the need for mapping cfDNA

fragments, emerging the era of “fragmentomics” (Ivanov et al., 2015).
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Figure 7: A schematic description of putative origins of cell-free DNA in the human

body; NET: neutrophil extracellular trap (Aucamp et al., 2018a).
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Focusing in the field of ART, the employment of cfDNA levels in ff as a potential
non-invasive prognostic biomarker is not fully examined. Dimopoulou and her colleagues
were the forerunners in introducing the evaluation of cfDNA in ff from women who undergo
ovarian stimulation during their IVF/ICSI treatment (Dimopoulou et al., 2014b). The results
revealed a positive correlation between ff cfDNA levels and FSH value, along with an
association between increased ff cfDNA levels and small number of oocytes, which may be
attributed to ovarian stimulation protocol that activates the apoptotic pathway. Thereafter, the
study conducted by Scalici and her colleagues, examined 100 ff samples that were
individually aspired from women with normal response or ovarian insufficiency. They
concluded that high ff cfDNA concentrations are related to small follicular size, reduced E,
levels and finally poor embryo quality, coupled with slow division rate and increased

fragmentation rate (Scalici et al., 2014). Finally, Traver and her colleagues performed a
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prospective study including 117 pooled ff samples from women presented with ovarian
reserve disorders and those with normal response. They observed an association between
raised ff cfDNA levels and women with poor reserve status, with long duration of stimulation
protocols in line with the high doses of gonadotropins used, with small number of retrieved
oocytes, and finally with poor cleavage embryo outcomes regarding their number and quality.
Following ROC curve analysis, they clarified a significantly and independently association
between ff cfDNA levels and clinical pregnancy outcomes, accompanied with 88% specificity
and 60% sensitivity (Sabine Traver et al., 2015a). All the aforementioned studies support that
ff cfDNA levels may depict a highly promising non-invasive biomarker for IVF prognosis,
especially in conjunction with embryonic morphological criteria.

So far, available data demonstrated that cfDNA in human ff was mainly originated
from apoptotic events instead of necrotic ones (Scalici et al., 2014; Sabine Traver et al.,
2015a). The evaluation of cfDNA integrity was performed via real-time Polymerase Chain
Reaction (RT-PCR) with the aid of Arthrobacter luteus (ALU) sequences that are short
interspersed elements (SINEs) of 300 nucleotides characterized by their abundance in the
human genome countering almost 1.4 million copy numbers (Hussein, Mohamed, & Ahmed,
2019). In the present study, we employed ALU-specific primers, namely ALU115 and
ALU?247, with the first to amplify both short fragments stemming from apoptosis, along with
long fragments stemming from necrosis, whereas the second set of primers to amplify only
long DNA fragments. Thenceforth, the ratio of Q47,/Q;;5s was estimated, with the value Q,4; to
corresponds to cfDNA concentration resulting from ALU247 primer, while the value Q5 to
that from ALU115 primer (Umetani, 2006). However, the existing studies appear with
diversity with respect to their design, namely the wide population selected, or the collected ff
samples to be either pooled or individual (Dimopoulou et al., 2014b; Scalici et al., 2014;
Sabine Traver et al., 2015b). Finally, throughout current literature, no study examines cfDNA
levels in ff during natural IVF cycles, in order to delineate the exact origin of cfDNA without

the impact of ovarian stimulation protocols, rendering this project highly novel.
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II. SPECIFIC CHAPTER

A.AIM OF THE STUDY

The aim of the present study is to investigate the physiology of the second follicular
wave and concur on its clinical importance regarding poor responders in IVF. This was
achieved through the comparison of ff cfDNA levels resulting from FoPOR and LuPOR in a
single menstrual cycle, and their respective association with the number and maturation status
of corresponding oocytes, as well as the number of subsequent 2PN zygotes following
insemination. The study uniquely brings to literature new insight concerning the second
follicular wave phenomenon, employing natural cycles and cfDNA as an apoptotic biomarker
for the first time. Data from this research project will contribute towards buttressing the
validity of the practice of LuPOR, so as to enable the optimal practice of employing oocytes
and embryos originating from luteal phase follicular wave, in the context natural cycles. It
also focuses on delineating the optimal and efficient management regarding the time-sensitive
category of patients presenting with poor ovarian response, highlighting the highly promising
option of the LuPOR approach. The practice of LuPOR appears as a promising route towards
a higher oocyte yield in a shorter time period than available conventional approaches. The
current study sets out to test this theory employing observational morphological along with

molecular approaches.

B. MATERIALS AND METHODS

The current prospective study was conducted during the period from September 2018
to May 2019 and it represents a collaboration between the Department of Physiology of
Medical School in Athens and the Centre of Human Reproduction “Genesis Athens Clinic”.
Patients enrolled signed written consent forms prior to their recruitment to this study. The
study protocol (133-26/03/2018) was approved by the Hospital Ethics Board in accordance to

the Helsinki declaration.
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1) STUDY POPULATION: INCLUSION AND EXCLUSION CRITERIA

The study population included 47 infertile women seeking IVF treatment. The
patients were characterized as poor responders according to the Bologna criteria (A. P.
Ferraretti et al., 2011). Moreover, a second follicular wave was observed during the luteal
phase of their menstrual cycle and thus they underwent double oocyte retrieval during the
same menstrual cycle. The patients’ baseline hormonal levels of FSH, LH, and prolactin were
evaluated on day 3 of the menstrual cycle of each patient, while the concentrations of
progesterone on day 21 of the menstrual cycle, and E, levels prior to oocyte pick-up
procedure. Further data included concerns ALU115 and ALU247 concentrations regarding
FoPOR and LuPOR, oocyte maturation referring to GV, MI, MII, and abnormal, as well as to
fertilization status referring to 1PN, 2PN, 3PN, lysed, and degenerated.

A typical male factor investigation included history evaluation, physical examination,
and semen analysis. Semen analysis was performed according to World Health Organization
(WHO) criteria, regarding volume, concentration, motility, and morphology. The reported
male infertility was mainly on the grounds of oligozoospermia that is characterized,
accompanied with the semen concentration <15x10%ml (World Health Organization, 2010).
For the evaluation of cfDNA levels, 47 ff samples from LuPOR were collected and served as
the study group, whereas 47 collected ff samples from FoPOR of the same menstrual cycle of
each patient served as the control group. Only natural cycles were included, in an effort to
exclude any detrimental effects on the oocytes’ microenvironment that could be stemming
from stimulation ovarian protocols. Furthermore, only Intracytoplasmic Sperm Injection
(ICSD) cycles on the grounds of mild male infertility were included, in order to ensure access
to data regarding the oocyte maturation status. On the other hand, women diagnosed with
polycystic ovary syndrome, inflammatory diseases such as endometriosis or even chronic
endometritis, infectious diseases involving sexually transmitted diseases, and cancer diseases
were excluded from the current study. Another exclusion criterion was lack of oocyte

detection following the oocyte retrieval procedure during either FOPOR or LuPOR.

2) OUTCOMES: PRIMARY AND SECONDARY

~27 ~



The primary outcomes of the present study are the number and the maturation status
of oocytes resulting from LuPOR in comparison to those from FoPOR of the same menstrual
cycle for each patient. The secondary outcomes are the number of fertilized zygotes and DNA
integrity. The latter can be evaluated employing the ratio of Q,47/Q,;s, in order to conclude on
the origin of cfDNA. The value Q,4; corresponds to cfDNA concentration resulting from
employing the ALU 247 primer, while the value Qs corresponds to cfDNA concentration
resulting from employing ALU 115 primer. If the value of the aforementioned ratio is equal
to 1, it corresponds to the understanding that cfDNA is mainly originated from necrosis
process, whereas if the value of respective ratio is equal to 0, then it is deduced that cfDNA is

mainly originated from the apoptotic process.

3) NATURAL CYCLE PROTOCOL, OOCYTE RETRIEVAL AND
FERTILIZATION

At the first appointment, baseline levels of FSH, LH and E, were assessed by
chemiluminescent microparticle immunoassay on a Roche Cobas E-411 Immunoassay
analyzer (Roche Diagnostics GmbH, Mannheim, Germany). Clinicians monitored follicular
growth employing transvaginal ultrasonography on the 8" day of menstrual cycle, in
combination to daily evaluations of serum LH and E, levels. When the dominant follicle was
detected with a diameter of >18mm and serum E, levels over 100 pg/ml, an intramuscular
injection of 5000 IU of hCG or recombinant hCG was administered, in order to trigger
ovulation. Following 36 hours from hCG injection, follicular aspiration was performed using
ultrasonically guided vaginal probe, under mild anesthesia.

Using an emCell work chamber that provides long term stable environment for
handling gametes, the collected follicular fluid following retrieval was placed into a collection
petri dish, in order to detect oocyte(s). The collected oocyte(s) was/were conserved in Fert
Media (ORIGIO Sequential Media) for 2 hours incubation time. Thereafter, 38 hours post
hCG the oocyte(s) was/were stripped from cumulus-oocyte complexes, using 80 IU/ml
hyaluronidase (FertiPro) and mechanically denudated. Oocyte maturation status was recorded.
As mature (Metaphase II: MII) oocyte is considered that with the appearance the first polar
body, those presenting at GV or Metaphase I (MI) stage are considered immature and finally
those with irregular morphology-as regards to oocyte shape, size, ooplasm characteristic,
structure of perivitelline space, zona pellucida or polar body morphology-were defined as

abnormal (Lazzaroni-Tealdi et al., 2015). Mature oocytes were placed into dishes with Step-1
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culture media (ORIGIO Continuous Culture Media) for 1-hour post denudation. ICSI dishes
have been prepared with two drops of Quinn’s Advantage Medium with HEPES (SAGE) with
5% Human Serum Albumin (HSA) under mineral oil. The mature oocytes is/are being
inseminated employing ICSI procedure 39 hours post hCG insemination. Following ICSI
procedure, oocyte(s) was/were cultured in culture dishes containing Step-1 culture media
(ORIGIO Continuous Culture Media) with 5% HSA under mineral oil into incubator at 37°C,
with 5% O,, 6% CO,, 89% N,, and 95% humid atmosphere.

Fertilization check was performed 16 to 18 hours post insemination. Hence, normally
fertilized zygotes were identified by two pronuclei and the extrusion of the second polar body.
The aforementioned zygotes were cryopreserved according to standard laboratory protocols
until the collection of an ideal number of embryos. Employing slow freezing technique, in
this developmental stage where the two pronuclei are visible, day-1 embryos are been
cryopreserved using the FreezeKit Cleave (Vitrolife).

Several previous clinical observations-such as elevated serum E, during luteal phase-
regarding this category of patients showed that they presented new follicle recruitment. These
patients were recommended to be monitored for follicular growth via transvaginal
ultrasonography, 7 days post FOPOR. Similarly, when the dominant follicle was detected with
a diameter of >18mm, an intramuscular injection of 5000 IU of hCG or subcutaneous
injection of 250 pg of hCG was administered, in order to trigger ovulation. Following 36
hours from hCG injection, LuPOR performed using ultrasonically guided vaginal probe, with
or without the need for sedation or anesthesia. Identical laboratory protocols were performed
as described above, resulting to another round of cryopreserved embryos during the same

menstrual cycle.

4) FOLLICULAR FLUID SAMPLE PREPARATION AND cfDNA
EXTRACTION

Following oocyte pick-up, the remaining ff was placed into round-bottom falcon
tubes and centrifuged at 1000g for 15 minutes, in order to remove any histologic remnant
from the oocyte retrieval procedure. Supernatants of ff samples were immediately transferred
to the laboratory of Physiology, using a cool box containing crushed ice. Bloodstained and
cloudy ff samples were excluded. The samples were filtered using a 0.45 um filter to
eliminate cell debris, and supernatants were immediately stored at -80°C. The preparation of

filtered ff samples was based on the protocol of Umetani and colleagues (Umetani, 2006).
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According to this protocol, 50 pl of each ff sample was mixed with 50 pl of a solution buffer,
containing 25 ml/l Tween 20, 50 mmol/l Tris and 1 mmol/l EDTA and then digested with 8 ul
of proteinase K (PK) (Macherey-Nagel, Germany) at 70°C for 20 min followed by heat-
inactivation and insolubilisation at 95°C for 5 min. Digestion was performed in Veriti 96-well
Thermal Cycler (Applied Biosystems). A final centrifugation was conducted at 10.000g for 5

min and collected supernatants were then stored at -20°C until cfDNA quantification.

5) QUANTIFICATION OF c¢fDNA USING RT-PCR METHOD

The concentration of cfDNA was quantified by RT-PCR for human ALU repeats
(Custom DNA Oligos, Eurofins, Genomics, Austria), using two primer sets that generate a
115-bp amplicon (ALU115 primers) and a 247-bp amplicon (ALU247 primers), respectively
(Umetani, 2006). The primer set for ALU115 amplifies both shorter (stemming from
apoptosis) and longer DNA fragments (stemming from necrosis), whereas the primer set for
ALU247 amplifies only longer DNA fragments. The sequences of each primer set are the
following (Umetani, 2006):

ALU11S5 primer:
Forward: 5’-CCTGAGGTCAGGAGTTCGAG-3’,
Reverse: 5’-CCCGAGTAGCTGGGATTACA-3’.

ALU247 primer:
Forward: 5’-GTGGCTCACGCCTGTAATC-3’
Reverse: 5’-CAGGCTGGAGTGCAGTGG-3".

For each 96-well PCR plate, a 100x reaction mixture was prepared by adding 800 pl
nano-filtration (NF) H,O, 1000 ul SYBR Green I Master Mix (Kapa Biosystems), 50 pl of
0.25uM forward and 50 pl of 0.25uM reverse primers (either ALU115 or ALU247). In each
well, 1 ul of each PK-digested ff sample was added to 9 ul of reaction mixture (final volume:
10ul). Thereafter, a film carefully covered the whole loaded PCR plate. The PCR plate was
placed onto the PCR instrument (Bio-Rad iCycler Thermal Cycler IQ5 Multicolor Real-Time
PCR Detection System). Real-time PCR amplification was performed with precycling heat
activation of DNA polymerase at 95°C for 3 min, followed 35 cycles of denaturation at 95°C

for 3 seconds, annealing at 63°C for 30 seconds, and extension at 55°C-95°C for 15 seconds
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and 20°C for hold. A negative control (without template) and 2 intercontrol samples were
added in each qPCR plate. All measures were performed in duplicate. Follicular fluid cfDNA
concentrations were calculated based on a standard curve prepared with successive dilutions
(10 ng to 0.01 pg) of gently prepared genomic DNA, obtained from peripheral blood of
healthy volunteer (Figure 8). The detection limit of the method was 0.01pg.

Figure 8: Standard curve chart
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Principal of RT-PCR method

The method of PCR depicts a cutting-edge option that is widely applied in biological
sciences, especially in the field of molecular biology. This technique provides the opportunity
of amplification a small amount of DNA template or target sequence, resulting in amplicons
of a specific segment of DNA. With the successful isolation of thermal stable DNA
polymerase from the bacterium Thermus aquaticus, the technique was remarkably improved
and automated. Regarding RT-PCR technique, it seems that enables the monitoring of
reaction as it occurs in real time, as well as it allows the precise measurement of the amount
of amplicons at each cycle, resulting in accurate quantification of the initial sample.

Furthermore, it eliminates post-PCR manipulations, as both amplification and detection occur
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in a single tube. Several parameters in RT-PCR of paramount importance are DNA
polymerase, oligonucleotides (dNTPs) selection, design of the appropriate primers for the
target sequence and undoubtedly a decent experimental technique. Following thermal cycling
procedure, including about 35-40 cycles, PCR product is detected and quantified. Regarding
RT-PCR, the product can easily be measures at the end of each cycle using fluorescent dyes
that yield increasing fluorescent signal in direct proportion to the number of PCR product
molecules (amplicons) generated. The latter dye often binds to the minor groove of any
double-stranded DNA. Excitation of DNA-bound SYBR Green dye produces a robust
fluorescent signal, in contrast to the unbound dye. In the early PCR cycles, a horizontal
baseline is observed. If the target was present in the sample, sufficient accumulated PCR
product will be produced at some point so that amplification signal becomes visible. The
change in fluorescence over the course of the reaction is measured by an instrument that
combines thermal cycling with fluorescent dye scanning capability, resulting in an
amplification chart that represents the accumulation of product over the duration of the entire
PCR reaction. There are three major steps that constitute PCR technique, namely
“denudation”, “annealing”, and “extension”. During ‘“denudation”, incubation in high
temperatures, reaching up to 95°C in case of Taq DNA polymerase, leads to “melt” double-
stranded DNA into two single strands and loosen secondary structure in single-stranded DNA.
Denudation time can be increased if GC bases content of DNA template is high. Concerning
“annealing”, complementary sequences are hybridized, employing appropriate temperature
that is based on the calculated melting temperature (Tm) of the primers. The option of 5°C
below the Tm of the primer is mostly preferred. During the final step called “extension”,
DNA polymerase accomplishes the extension of primer sequences, appearing with the rate of
100 bases per second under the optimal temperature of 70°C-72°C. If an amplicon is small,
this step is often combined with an additional “annealing” step using the temperature of 60°C

(Lorenz, 2012; Waters & Shapter, 2014).

Figure 9: Real-time PCR amplification chart
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6) ELECTROPHORESIS METHOD

Following RT-PCR for quantification of ff cfDNA, electrophoresis method was
performed, with the aim to observe the final PCR product resulting from almost 35 thermal
cycles. The first step was the preparation of a 2% agarose gel electrophoresis. For this
purpose, we dissolved 0.6 gr of agarose powder in 30 ml TAE buffer, with the latter to be a
solution containing Tris base, acetic acid and EDTA (Ethylenediaminetetraacetic acid). When
the agarose powder was well-dispersed in the buffer, it was heated in a microwave, with
caution to avoid boiling. Thereafter, almost 1 pl of ethidium bromide was added into the
melted agarose prior to cooling stage, which binds to major grooves of double-stranded DNA.
The aforementioned mixture was poured into a suitable cast, and a comb was placed with the
intent to form wells for cfDNA samples’ loading. When the agarose gel was solidified, the
comb was removed, leaving 8 available wells. The first well was loaded with 2 pl DNA
ladder (Fast Gene DNA ladder 50bp) for the evaluation of molecular weight, while the rest
wells were loaded with 9 pl ff cfDNA samples diluted with 1 pl loading dye, in order to
monitor the electrophoresis’ progress. Thenceforth, the set-up of electrophoresis device was
performed. The prepared gel was placed onto the box of the respective electrophoresis
apparatus, being ultimately submerged in the buffer throughout the procedure. The electrodes
of the device were correctly connected with a power source of 100 Volt, running for 20
minutes. At the end of the running, the gel was carefully placed onto the glass surface of
illuminator of ultraviolent light. Hence, the visualization of the produced bands of separated
cfDNA fragments post-electrophoresis was enabled, being connected to camera and giving

the opportunity to capture images.
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Principal of electrophoresis method

The method of electrophoresis is widely used in the field of molecular biology. It
efficiently enables the separation of macromolecules, namely proteins, or nucleic acids,
employing a gel that usually contains agarose. Concerning the separation of DNA employing
agarose gel electrophoresis, it is based on electric events. Particularly, DNA is known to be
negatively charged due to phosphate chain. Thus, during the procedure, DNA fragments
migrate towards the positive pole, being separated according to their size, with the shorter
ones to move further through agarose’s pores (Koontz, 2013). Agarose is known to be
produced by the seaweed of Gelidium and Gracilaria species, containing L- and D-galactose
subunits that form pores during polymerization. Notably, the migration is affected by several
parameters, giving emphasis on the size of respective DNA, the concentration of agarose of

the prepared gel, and the voltage supplied (Lee, Costumbrado, Hsu, & Kim, 2012).

C.STATISTICAL ANALYSIS

Statistical analysis was performed employing R statistical programming language
through the RStudio interpreter (Boston, MA, USA). Spearman’s correlation coefficient was
employed to evaluate possible associations. Normality of the distribution was examined via
Shapiro-Wilk’s test. The distribution of most parameters was not normal and thus Wilcoxon
rank-sum test (Mann-Whitney U) test was preferred to examine potential differences between

groups. In cases of distributions of both groups were normal, Student’s t-test was preferred.

D.RESULTS

Real-time PCR method
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A total of 47 women classified as poor responders according to the Bologna criteria
participated in the present study. All patients underwent 2 natural cycle oocyte retrievals —
one in the follicular phase and one in the luteal phase — during the same menstrual cycle. The
mean age of our patients was 42.91 + 3.77 years old. The serum hormonal levels of FSH, LH,
prolactin, progesterone and AMH, along with their range are depicted in Table 1. Antral
follicle count via ultrasound, number of oocytes retrieved, maturity status and number of
pronuclei are presented in Table 2.

The mean levels of ALU115 present as statistically significantly lower during FoPOR
when compared to LuPOR (0.79 £ 0.72 ng/ul vs 1.46 + 1.59 ng/ul, p-value=0.02) (Figure 10).
No statistically significant difference was observed between the two groups neither regarding
the concentration of ALU247 (0.07 £ 0.14 ng/pl vs 0.22 + 0.47 ng/pl) nor the Q,47/Qy;s ratio
(0.15£0.14 vs 0.55 + 0.87 ng/ul). In both procedures the cfDNA integrity on average was
measured to be <0.5 ng/ul, which corresponds to mainly apoptotic events.

In the FoOPOR group, the results revealed a statistically significant positive correlation
of serum E, levels and ALU115 concentration (p-value=0.04). ALU247 was not associated
with any of the examined parameters. The cfDNA integrity was negatively correlated with
serum E, levels (p-value=0.03). This negative correlation was observed in the LuPOR group
as well (p-value=0.03). No other statistically significant difference was observed between

ALU115, ALU247 and cfDNA integrity for any of the examined parameters.

Table 1: Patients’ age and hormonal characteristics

Mean + SD Range

Age (years) 4291 +3.77 32-48
FSH (mIU/ml) 11.22 +2.81 4.56 - 15.6
LH (mIU/ml) 8.58 + 4.54 25-22.1
Prolactin (ng/ml) 16.67 +7.90 4.7-40
Progesterone (ng/ml) 15.83 +£5.01 11.1-30.2
E, (pg/ml) 197.51 + 87.94 38520
AMH (ng/ml) 0.55+0.41 0.01-1.9

FSH: follicle-stimulating hormone; LH luteinizing hormone; E,: estradiol; AMH: anti-
miillerian hormone; FoPOR: follicular phase oocyte retrieval; LuPOR: luteal phase oocyte
retrieval
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Figure 10: Comparison of the mean levels of ALU115 during FOPOR and LuPOR
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Table 2: Oocytes’ characteristics and molecular results during FoOPOR and LuPOR

approaches during natural IVF cycles

FoPOR LuPOR
Mean + SD Range Mean * SD Range
U/S follicle count 1.77 +0.90 1-4 1.77 £ 0.90 1-5
Number of oocytes retrieved 1.09 +0.28 1-2 1.29 +0.58 1-4
. MII 0.77 =055 0-2 1.08 +0.61 0-3
Maturation 7 /7 0.02 +0.14 0-1 0.08 + 0.28 0-1
Statusto.f Ooflytes GV 0.15 £ 0.36 0-1 0.06 =024 0-1
retrieve Abnormal 0.11 %031 0-1 0.04 £0.20 0-1
L 2PN 0.49 = 0.58 0-2 0.68 = 0.62 0-2
Fert’;,'Zl‘l"tlo.n IPN 0.13 =0.33 0-1 0.11 037 0-2
Stf;;smfn:tvi:::g 3PN 0.06 + 0.24 0-1 0.09 +0.28 0-1
Lysed 0.04 £ 0.20 0-1 0.13 %033 0-1
Molecular  |ALUTIS (ng/ub) | 0.79.0.72 [ 0.078-2.475 | 146159 | 0.11-65
o ilts ALU 247(ng/ul) | 0.15+0.14 | 0.0353-0.53 | 0.55+0.88 | 0.007 - 2.83
¢fDNA integrity | 024+0.12 | 0.04-951 | 023+0.19 | 0.03-0.71

FoPOR: follicular phase oocyte retrieval; LuPOR: luteal phase oocyte retrieval; U/S:

~ 36 ~

ultrasoun; PN: pronuleus/i; MI: metaphase I; MII: metaphase I1




A lower number of oocytes was retrieved during FOPOR when compared to LuPOR
(1.29 £ 0.58 vs 1.09 + 0.28, p-value=0.02) (Figure 11). Number of MII oocytes collected in
FoPOR also decreased when compared to LuPOR (0.77 + 0.55 vs 1.08 + 0.61, p-value=0.02)
(Figure 12). No statistically significant difference was observed regarding the number of 2PN

zygotes, or any other of the parameters examined.

Figure 11: Comparison of the mean number of oocytes retrieved during FoOPOR and LuPOR
approaches
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Figure 12: Comparison of the mean number of mature MII oocytes during FoOPOR and

LuPOR approaches
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FoPOR: follicular phase oocyte retrieval; LuPOR: luteal phase oocyte retrieval; *:
statistically significant

Electrophoresis method

Following the electrophoresis method, all the bands that corresponded to the
examined samples were in the same point with the bands that corresponded to standard
samples. At the left side of Figure 13, the overall results of electrophoresis are presented,
focusing at each ALU115 and ALU247 primers at the right side. Indeed, the wells with
numbers 2, and 3 refer to intra-control samples, while the wells with numbers 3, 4, 5, 6, and 7
refer to examined samples, being randomly selected from each group. The aforementioned
ascertain the validity of the results of RT-PCR method, ending up with RT-PCR products
presented with a length above the 150 bps and below the 500 bps, as it was expected after 35

thermal cycles.

Figure 13: Bands of cfDNA RT-PCR product following electrophoresis
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Z. DISCUSSION

The present prospective study focuses on examining the second follicular wave
phenomenon employing a combination of morphological observations of oocytes and zygotes,
and molecular approaches, during natural IVF cycles for poor responders. The underlying
reason was the need to concur on the clinical validity of LuPOR practice, being thereafter
adopted as an alternative option for poor responders’ management.

Except for the evaluation of specific morphological parameters regarding oocyte
maturation and subsequent fertilization, the molecular analysis of cfDNA in ff was achieved
through measuring ALU specific repeats, with ALU115 to amplify both short cfDNA
fragments stemming from apoptosis, and long fragments stemming from necrosis, whereas
ALU?247 to amplify only long cfDNA fragments.

Following the comparison of FoPOR and LuPOR approaches, our results
demonstrated no statistically significant difference regarding the mean levels of ALU247 and
the Q,47/Qy;5 ratio, which indicates the absence of necrotic events during either the follicular
or luteal phases. This may reassure the safety of both practices on the respective phases of the
menstrual cycle with regards to the peril of sudden cell death ultimately triggered by necrosis
(Aucamp, Bronkhorst, Badenhorst, & Pretorius, 2018b). However interestingly, the mean
levels of ALU115 during FoOPOR were statistically significant lower, in contrast to the
LuPOR approach (0.79 = 0.72 vs 1.46 £1.59 ng/ul, p-value=0.02). This may represent an
apoptotic origin of cfDNA during the luteal phase, which buttresses the school of thought that
several physiological apoptotic events may occur. Indeed, the luteal phase is known to be
characterized by the formation of corpus luteum in the absence of pregnancy, with its
subsequent degradation to be achieved through apoptosis (Vaskivuo & Tapanainen, 2003).
Concurrently, emphasizing on the patients demonstrating a second follicular recruitment
during luteal phase, the atresia of the cohort of antral follicles following the selection of the
dominant one may contribute to the reported increased levels of ALU115 on behalf of
LuPOR.

Focusing on FoPOR’s data, the results revealed a statistically significant positive
correlation of serum E, levels and ALU115 levels (p-value=0.04), along with a statistically
significant negative correlation of serum E, levels and the Q,47/Q;;5 ratio (p-value=0.03).
However, no correlation was observed regarding the ALU247 concentrations and other
examined parameters. This may be attributed to the atresia process occurring during the
follicular phase. Particularly, the cohort of small antral and preantral follicles that are
presented with inferior developmental potential compared to the dominant follicular apoptosis

initiates in the internal layers of granulosa cells, being hormonally triggered by FSH
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(Matsuda, Inoue, Manabe, & Ohkura, 2012). Concerning the privileged follicle, its
development involves the proliferation of granulosa cells, which goes hand in hand with an
extent of degeneration via apoptosis. In turn, granulosa cells of the dominant follicle secrete
estrogens that inhibit FSH production through a negative feedback, along with expressing
estrogen receptors (Matsuda et al., 2012; Plant, 2015). When referring to LuPOR’s data, only
a statistically significant negative correlation of serum E, levels with the Q,47/Q5 ratio was
observed (p-value=0.03). This is in accordance with the explanations mentioned above
concerning FOPOR’s data. Remarkably, a potential mechanism has been proposed by studies
performed in animal models that revealed the impact of tumor necrosis factor alpha (TNFa)-
which is known for its contributing role in the necrosis process- on ovarian stereoidogenesis
via the inhibition of E, production (Sakumoto, Shibaya, & Okuda, 2003).

In clinical practice, when assessing the oocytes’ parameters of FoOPOR and LuPOR
approaches, it was observed that a statistically significant lower number of oocytes was
retrieved (1.29 = 0.58 vs 1.09 £ 0.28, p-value=0.02), in conjunction with less MII oocytes
(0.77 £ 0.55 vs 1.08 + 0.61, p-value=0.02) originating from the FoPOR approach. This may
render a biological paradox. Following literature search, various prospective and retrospective
studies recorded a higher number of oocytes retrieved, along with MII oocytes following
LuPOR (Kuang et al., 2014; Liu et al., 2017; Vaiarelli et al., 2018; Q. Zhang et al., 2017).
However, it should be noted that the above studies performed a double ovarian stimulation
during the follicular and luteal phase prior to FOPOR and LuPOR respectively and thus these
differences may be attributed mainly to stimulation protocols. On the other hand, our results
further reported no statistically significant difference regarding the number of 2PN zygotes
post-insemination, which ascertain both phases as equally efficient.

Limitations of our study involve the small size of the included population, as well as
the lack of several data regarding the all-inclusive patients’ history, namely body max index,
exercise activity or smoking, which may be considered as distant relative being identified as
possible sources of cfDNA (Aucamp et al., 2018b). Furthermore, studies should be focused
on examining the half-life of cfDNA in the biological fluid of ff, which may further provide
crucial information imperative for the improvement of technical aspects of the protocol
employed for the manipulation of the corresponding samples.

This study brings for first time in the literature ffcfDNA originating data with respect
to the employment of LuPOR approach in the service of natural IVF cycles. Our protocol
examined natural IVF cycles in poor responders employing a combination of biomarkers of
ALU115 and ALU247 representing markers related to apoptotic or necrotic processes. To
conclude, the results of the present study ascertain that both follicular and luteal phases of the
menstrual cycle present as of equal dynamic on the grounds of physiology. Particularly,

through ff cfDNA evaluation, no difference was revealed concerning necrotic events
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including both FoPOR and LuPOR practices, which renders the aforementioned as equally
promising approaches to be adopted for the management of poor responders. Our results
buttress the validity, safety and efficiency of the LuPOR approach, shedding light to certain
questions posed. Conduction of additional, well designed and executed, Randomized
Controlled Trials (RCTs) to strengthen this evidence, are essential. The phenomenon of the
double follicular wave explored through the practice of LuPOR has taken the IVF world by
storm. Nonetheless, little is still known regarding optimal practice while practitioners
acknowledge the absence of a widely accepted consensus. This very fact adds another level of
complexity to the triplex of definition, diagnosis, and management of this distinct group of
time-sensitive and management-demanding patients of poor ovarian reserve. One of the focal
points of this work concentrated on reporting back to the IVF practitioner regarding clinical
practice and decision-making when considering the employment of LuPOR. The time-
sensitive nature of poor responders is usually accompanied with advanced age and
compromised quality and quantity of oocytes (Gonda et al., 2018). Could the second follicular
recruitment be characterized as the ovarian “swansong”, especially in cases of extreme poor
responders, towards the path to gradually be faced with anticipated oocyte depletion? This
question still stands. Undoubtedly, ascertaining a positive IVF outcome for this challenging
cohort of patients renders a current challenge. Further studies should be performed employing
a wider pallet of biomarkers, namely cytokines, in an attempt to investigate more in depth and

concur on an efficient treatment for poor responders.
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APPENDIX*

Hereby, we provide supplementary figures with PCR amplification charts for both
ALU115 and ALU 247 primers, as depicted in PCR quantification detailed reports, which
were obtained at the end of RT-PCR procedure. It should be noted, that among the curves that
correspond to cfDNA levels from FoPOR and LuPOR ff samples obtained from poor
responders on behalf of the present study, there are additional curves that correspond to

cfDNA levels from ff samples obtained by normal responders on behalf of another study.
ALU 115 PRIMERS

Supplementary Figure 1: Test PCR plate for ALU115 primers
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Supplementary Figure 2: First PCR plate for ALU115 primers
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Supplementary Figure 5: Fourth PCR plate for ALU115 primers
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Supplementary Figure 6: First PCR plate for ALU247 primers
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Supplementary Figure 7: Second PCR plate for ALU247 primers
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Supplementary Figure 8: Third PCR plate for ALU247 primers
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Supplementary Figure 9: Fourth PCR plate for ALU247 primers
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