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Abstract

To assess whether morphokinetic features at the cleavage stage together with specific gene expression in cumulus cells (CCs)
may be used to predict whether human embryos are able to achieve the expanded blastocyst stage on day 5. Eighty-one embryos
were cultured using the Geri plus® time-lapse system. Twenty-seven embryos progressing to the expanded blastocyst stage (BL
group) were compared with thirty-five embryos showing developmental arrest (AR group) and nineteen reaching the stage of
early or not fully expanded blastocyst (nBL group). The analyzed morphokinetic variables were pronuclear appearance (tPNa),
pronuclear fading (tPNf), and completion of cleavage to two, three, four, and eight cells (12, t3, t4, and t8). CCs were analyzed by
RT-gPCR for bone morphogenetic protein 15 (BMP15), cytochrome ¢ oxidase subunit II (COXII), ATP synthase subunit 6 (M7-
ATP6), connexin 43 (Cx43), and heme oxygenase-1 (HO-1). Embryos of BL group showed a significantly faster kinetic. BMP15,
COXII, and MT-ATP6 mRNA expression was significantly higher in CCs of BL group embryos, whereas Cx43 and HO-1 mRNA
levels were higher in AR group. Kinetic parameters and gene expression were not significantly different between either the BL
and nBL groups or the AR and nBL groups. ROC curves showed that the most predictive cut-offs were t2 < 26.25 for
morphokinetics and COXII > 0.3 for gene expression. Multivariable logistic regression analysis showed that morphokinetic
variables and gene expression were both valuable, independent predictors of embryo development to expanded blastocyst. Our
results suggest the possibility of developing integrated prediction models for early embryo selection at the cleavage stage.
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Introduction good pregnancy rate with very low risk of twin pregnancy [1].
However, extensively applied embryo culture at the blastocyst
In the last decades, elective single blastocyst transfer progres-  stage is time- and work-demanding for the in vitro fertilization

sively became a widespread clinical strategy to reach a fairly ~ (IVF) laboratories, and, furthermore, some data raise the sus-
pect that prolonged culture could increase epigenetic alter-
ations in the embryo [2]. An alternative strategy would be
transferring in utero a single embryo, at cleavage stage, having
5 Loredana Bergandi the highest chance to reach the blastocyst stage, instead of a

loredana.bergandi @unito. it single blastocyst. The problem, however, would be how to
select, among cleaving embryos, those with the best probabil-
ity to progress to the blastocyst stage. Some morphological
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embryo competence and development potential [4]. Indeed,
the use of TLS offers a continuous, dynamic, individualized
assessment of embryo growth: information on the timing of
specific cleavage events could be used to develop algorithms
aimed at improving early embryo selection. The Early
Embryo Viability Assessment (Eeva™) software is an exam-
ple of algorithm that applies embryo growth parameters to
identify on day three the embryos with the highest probability
to become blastocyst [5—7].

An alternative, non-invasive approach to precociously es-
timate embryo competence is inspired by the concept that the
follicular microenvironment can significantly affect the qual-
ity of the oocyte and, as a consequence, of the embryo deriv-
ing from each specific oocyte [8]. Within the study of the
follicular microenvironment biomarkers, attention was initial-
ly given to the follicular fluid (FF) biochemical composition,
whereas the study of specific gene expression in the cumulus
cells (CCs), potentially affecting embryo development, be-
came progressively more popular in the last years [9, 10].

The quality of CCs can be influenced both by some oocyte-
secreted factors and by the intrinsic characteristics of these
cells. Indeed, the oocyte produces several growth factors, such
as growth differentiation factor 9 (GDF9) and bone morpho-
genetic protein 15 (BMP15), which are known to regulate
growth, differentiation, and function of granulosa and theca
cells during follicular development, and plays a fundamental
role in oocyte maturation, ovulation, fertilization, and embry-
onic competence [11-14]. On the other hand, the expression
of some structural proteins in CCs is of paramount importance
for their nurturing function. For example, some connexins,
such as connexin 43 (Cx43), are expressed in human CCs
and were claimed to affect oocyte quality [15]; they also rep-
resent markers of follicle integrity in both humans and animal
models [16]. Moreover, one aspect of CCs still scarcely inves-
tigated is the quality of their metabolism, which is likely to be
involved in embryo development.

We previously demonstrated that a status of enhanced ox-
idative stress in CCs, arising when the reactive oxygen species
(ROS) production overwhelms the intrinsic antioxidant de-
fense, negatively affects oocyte competence [17, 18]; as the
main source of ROS are mitochondria, it is evident that mito-
chondrial respiration must be strictly regulated and well-
coupled to oxidative phosphorylation in order to sustain the
energy requirements of CCs and avoid ROS production.
Therefore, the analysis of genes involved in this function of
CCs could be quite relevant.

In the attempt of finding a multivariable approach taking
into account different issues which may be critical in oocyte
maturation, we designed the present study aiming at (a) iden-
tifying morphokinetic features of cleaving embryos able to
predict their timely development to the blastocyst stage, (b)
assessing the expression of specific genes in CCs and under-
standing if they could affect the chance of embryo growth to
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blastocyst, and (c¢) checking whether morphokinetic variables
and the expression of specific genes in CCs could be indepen-
dent predictors of embryo development.

Materials and methods
Patients

The study considered 81 embryos obtained from 15 women
(mean age: years, range 33—40) with normal body mass index
(BMI 18-25), serum day 3 FSH < 12 [U/l, serum AMH > 1.2
ng/ml, and antral follicle count (AFC) > 8, who underwent
intracytoplasmic sperm injection (ICSI) at our IVF Unit
(Turin, Italy), to treat male-related infertility. Exclusion
criteria were the following: presence of polycystic ovary syn-
drome or endometriosis and history of severe ovarian hyper-
stimulation syndrome. The patients’ clinical characteristics
and the outcome of controlled ovarian stimulation (COS) were
recorded, including the total dose of exogenous FSH, the peak
estradiol (E2) level, the number of retrieved oocytes, the ovar-
ian sensitivity index (OSI = retrieved oocytes x 1000/total
gonadotropin dose) [19], the fertilization rate, and the clinical
(ultrasound visualization of the gestational sac) pregnancy rate
(CPR) per embryo transfer (ET).

The study was carried out in accordance with the
Declaration of Helsinki and was authorized as a prospective
observational study by the local Ethical Committee. A signed,
written informed consent was obtained from all patients.

Controlled ovarian stimulation, oocyte retrieval, and
cumulus cells collection

The gonadotropin-releasing hormone (GnRH)-agonist “long”
protocol with recombinant FSH (Gonal-F®, Merck,
Germany) at individually tailored daily dose (100-300 TU
s.c.) was used to carry out controlled ovarian stimulation
(COS). Circulating E2 dosage assessment and transvaginal
US examination were performed every second day from stim-
ulation day 7 in order to monitor follicular growth. The dose
of FSH was adjusted accordingly. A single s.c. injection of
10,000 IU hCG (Gonasi HP, IBSA, Switzerland) was admin-
istered to trigger ovulation, when at least two follicles reached
18 mm mean diameter, with appropriate E2 levels.
US-guided oocyte retrieval (OPU) was performed 35-37 h
after hCG trigger under local anesthesia (paracervical block).
Follicular fluid was aspirated and immediately observed under
a stereomicroscope. Cumulus-oocyte complexes (COCs) were
washed in buffered medium (Flushing medium, Cook Ltd.,
Ireland); 2 h after OPU, oocytes and CCs were separated from
each individual COC by gently pipetting in 40-ul HEPES-
buffered medium containing 80 IU/ml hyaluronidase
(Synvitro Hyadase, Origio Medicult, Denmark) [20]. CCs
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samples were separated from the corresponding mature oo-
cytes and stored in liquid nitrogen until gene expression
analysis.

Preparation of semen samples, ICSI, and fertilization
check

Sperm concentration, motility, and morphology were assessed
according to the World Health Organization guidelines (WHO
laboratory manual 5th ed., 2010). Semen samples were pre-
pared using density gradient centrifugation in order to select
normally motile morphologically normal spermatozoa. ICSI
was performed with all available mature oocytes within 2 h
after CCs removal. Normal fertilization was confirmed when
the presence of two pronuclei (2PN) and the extrusion of the
second polar body were observed 1618 h after injection.

Time-lapse embryo culture

Embryos were cultured using the Geri plus® TLS (Genea
Biomed, Germany) with integrated embryo monitoring sys-
tem in microwells (one zygote/microwell). The dish format
allowed following each embryo individually even if all em-
bryos shared a common 80-ul drop of medium. Embryos were
cultured in pre-equilibrated Cleavage medium (Cook, Ireland)
overlaid with mineral oil up to day 3; at this stage, a change of
medium was performed and a new one (Blastocyst medium,
Cook, Ireland) was added and kept until the blastocyst stage.
Bright field images captured by the Geri plus® system were
acquired every 5 min from the time of fertilization until the
time of embryo transfer (ET), cryopreservation, or discharge.

Embryo morphological evaluation was firstly performed
on day 2 using the Integrated Morphology Cleavage Score
(IMCS) [21]; embryo selection for ET was performed on
day 5 considering both conventional morphology [22] and
morphokinetic parameters [4]. All the videos collected by
TLS were analyzed, and the following morphokinetic param-
eters (times) were considered: pronuclear appearance (tPNa);
pronuclear fading (tPNf); completion of cleavage to two,
three, four, and eight cells (t2, t3, t4, and t8 respectively);
and time intervals tPNf-tPNa, t2-tPNf, t3-t2, t4-t3, t4-t2, and
t8-t4. Time intervals from t8 (completed cleavage to eight
cells) to expanded blastocyst (t cavitation, t blastocyst, t hatch-
ing) were annotated, but not considered in our analysis as our
aim was to identify early predictive biomarkers of embryo
development.

Embryos that progressed to the expanded blastocyst stage
on day 5 (score 3 according to [22]) were included in the
blastocyst group (BL group; n = 27); embryos that progressed
to the early or not fully expanded blastocyst stage on day 5
(score 1 or 2) were included in the not-expanded blastocyst
group (nBL group; n = 19), whereas those undergoing devel-
opmental arrest, reaching as maximum the morula stage on

day 5 and remaining at the same stage until day 6 were in-
cluded in the arrested group (AR group; n = 35). Blastocyst
assessment was performed at the same time interval (116 =2 h
after injection) for all embryos. Thirteen expanded blastocysts
were transferred in utero (one per patient) using the soft cath-
eter Sydney Guardia (Cook, Australia) under transvaginal US
guidance, applying the method previously published by our
group [23].

RNA extraction, cDNA synthesis, and RT-qPCR

CCs corresponding to each embryo were analyzed by RT-
qPCR. Cells-to-CT™ 1-Step PowerSYBR® Green Kit
(Ambion; Life Technologies, Italy) was used to extract total
RNA following the manufacturer’s instruction. Twenty micro-
liters of RNA were used for retrotranscription using
SensiFAST™ ¢DNA Synthesis Kit (Bioline, Meridian
Bioscience, UK) at 42 °C for 15 min and 85 °C for 5 min.
cDNAs were stored at— 80 °C until PCR analysis. PCR primers
were designed using NCBI/Primer-BLAST and synthesized by
Sigma-Merck (UK): bone morphogenetic protein 15 (BMP-
15), 5'-GGCTCCTAGGGCATTCACTG-3', 5'-CCTC
GGTTTGGTCTGAGAGG-3' [24]; connexin 43 (Cx43), 5'-
TACCAAACAGCAGCGGAGTT-3', 5'-TGGG
CACCACTCTTTTGCTT-3' [25]; subunit II of cytochrome C
oxidase (COX or respiratory complex 1V) (COXII), 5-
CGACTACGGCGGACTAATCT-3", 5'-TCGA
TTGTCAACGTCAAGGA-3' [26]; a mitochondrial gene cod-
ing for the ATP synthase subunit 6 (MT-ATP6), 5'
CCAATAGCCCTGGCCGTAC-3', 5" CGCTTCCA
ATTAGGTGCATGA-3’ [26]; heme oxygenase 1 (HO-1)
[17], 5'-AGGAGGAGATTGAGCGCCAC-3', 5'-TCTG
GTCCTTGGTGTCATGG-3'; beta-2-microglobulin (B2M),
5'-AGCAAGGACTGGTCTTTCTATCTC-3', 5'-ATGT
CTCGATCCCACTTAACTA-3' [26]; S14 ribosomal protein
gene (S74), 5'-AGGTGCAAGGAGCTGGGTAT-3', 5-TCCA
GGGGTCTTGGTCCTATT-3' [27]. B2M and S14 were used
as endogenous controls as they were previously confirmed to be
stable (M value 0of 0.176 and 0.183, respectively) in human CCs
using the CFX Manager Software analysis [27].

SensiFAST™ SYBR® No-ROX Kit (Bioline, Aurogene
Srl, Italy) was used to perform RT-qPCR following manufac-
turer’s protocol: 1 cycle at 95 °C for 2 min, 40 cycles at 95 °C
for 5s, 1 cycle at 60 °C for 30 s and 1 cycle at 95 °C for 1 min.
Gene expression analysis was performed by CFX Manager
Software (BioRad, CA, USA). Each reaction was performed
in triplicate. Melt curve analysis confirmed the specificity of
PCRs.

Statistical analysis

Continuous variables are shown as mean + standard deviation
(SD), whereas categorical variables as absolute and relative
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frequencies. At univariate analysis, the analysis of variance
(ANOVA) with Bonferroni correction for multiple compari-
sons or the non-parametric Kruskal-Wallis rank test, as appro-
priate, were carried out to compare the BL, the nBL, and the
AR groups for all the recorded times and time intervals. The
correlation between embryo morphokinetic parameters and
CCs gene expression was assessed using the Spearman rank
correlation coefficient.

Multivariable analysis models were then fitted to evaluate
the independent effect of morphokinetic parameters and gene
expression on blastocyst development: blastocyst develop-
ment at day 5 (arrested embryos — AR group vs. expanded
blastocyst — BL group) was set as the dependent variable of
logistic regression models, in which different time-lapse pa-
rameters and gene expressions in CCs were taken as indepen-
dent variables.

Significance level was set at o = 0.05. All analyses were
performed using STATA 14 (StataCorp. 2015. Stata
Statistical Software: Release 14. College Station, TX:
StataCorp LP).

GraphPad Prism V7 was used to generate the receiver op-
erating characteristic (ROC) curves in order to assess the per-
formance of different morphokinetic and gene expression var-
iables in identifying embryos with blastocyst development
potential. The area under the ROC curve (AUC) was deter-
mined to provide a numerical summary of the indicator’s per-
formance. Cut-off points were identified for specificity and
sensitivity when the Youden’s Index (sensitivity + specificity
— 1) was maximal, considering BL and AR as test and control
groups, respectively.

Results
Patients

Table 1 summarizes the clinical characteristics of the patients
and the outcome of their IVF cycles. The age and biomarkers
were as expected of good prognosis patients; indeed, the re-
trieved oocytes mean number was 9.3 £ 2.3, and the clinical
PR/ET was 61.5%, in line with the predicted outcome after
transfer in utero of a single expanded blastocyst in such
patients.

Morphokinetic analysis

Overall, 81 embryos were obtained, and during in vitro culture
in the TLS GERI plus®, 27 embryos progressed to the ex-
panded blastocyst stage (BL group), 35 embryos arrested their
development on day 5 and remaining at the same stage until
day 6 (AR group), whereas 19 embryos reached an interme-
diate state of development (early blastocyst or not fully ex-
panded blastocyst) on day 5 (nBL group). Interestingly
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Table 1  Patients’ clinical characteristics and IVF outcome

Age (years) 358+£2.9
BMI (kg/m?) 233+32
Basal (day 3) FSH (IU/) 75+2.8
AMH (ng/ml) 34+2

AFC (n) 16 +8.6

Total exogenous FSH (IU) 22542 +734.8
Peak E2 (pg/ml) 1823.3 +486.8
Endometrial thickness (mm) 11+£1.6
Retrieved oocytes (n) 93+23

OSI (n) 45+1.7
Maturation rate (%) 90 + 14.3
Fertilization rate (%) 81.7+16.2
Cleavage rate (%) 974+6.3
Blastocyst rate (%) 61.3+284
Implantation rate % (n) 61.5 (8/13)
Clinical PR/ET % (n) 61.5 (8/13)
Live birth rate/ET % (n) 61.5 (8/13)

Data are shown as mean + standard deviation, with the only exception of
the last variables which are expressed as a percentage

BMIbody mass index, AFC antral follicle count, F'SH follicle-stimulating
hormone, E2 estradiol, OSI ovarian sensitivity index = number of re-
trieved oocytes x 1000/total FSH dose

enough, the morphological score IMCS [21] on day 2 was
comparable in the three groups (9 £ 4.6 vs. 7.3 £ 1.4 vs. 8.8
+ 4.3 for BL, nBL, and AR groups, respectively; p > 0.05).

Comparing the three groups, we found that times tPNa,
tPNf, t2, t3, t4, and t2-tPNf showed significant differences
(Table 2): embryos of the BL group showed a significantly
quicker early kinetic than embryos in the AR group (p < 0.05)
(Fig. 1). We also observed a shorter (although not significant-
ly) t8 time in the BL group.

The interval t2-tPNf, corresponding to the first cleavage,
was significantly shorter in the BL group (p = 0.035), and the
delay of embryos in AR group vs. those in BL group started as
soon as pronuclei appeared (tPNa), progressively increasing
until t8 as shown by longer Atime value (Table 2 and Fig. 1).
No significant differences were observed comparing BL vs.
nBL group, or nBL vs. AR group (data not shown).

Gene expression in CCs

CCs corresponding to the 81 embryos assessed by TLS GERI
plus® were analyzed by RT-qPCR in order to assess the ex-
pression of genes BMP15, Cx43, COXII, MT-ATP6, and HO-
1. We observed that BMP15, COXII, and MT-ATP6 mRNA
expression was significantly lower (p < 0.05 or p < 0.01) in
CCs corresponding to embryos of the AR group than in those
corresponding to embryos of the BL group (Fig. 2). On the
contrary, Cx43 and HO-1 mRNA expression was significantly
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Table 2  Morphokinetic parameters recorded by TLS GERI plus®

BL group nBL group AR group p value* A (AR group - A (nBL group - A (AR group - n
n=27 (n=19) (n=35) BL group) time BL group) time BL group) time

tPNa (h) 6.6£1.5 7.0+14 7515 0.0496" 0.9 0.4 0.5

tPNf (h) 209+£22 222+24 24035 0.0006 3.1 1.3 1.8

2 (h) 23719 247+£24 26.5+3.6 0.0028 2.8 1.0 1.8

t3 (h) 33.1+£40 349+34 36.9+6.0 0.0031 3.8 1.8 2.0

t4 (h) 36.0+4.8 37.6£3.8 41287 0.0007 52 1.6 3.6

t8 (h) 57.4%7.7 62.8+15.2 65.0 +12.7 0.0984 7.6 5.4 22

tPNf-tPNa (h) 146+24 153£1.8 16.3£3.5 0.1485 1.7 0.7 1.0

t2-tPNf (h) 25+04 25+04 28+0.7 0.0368 0.3 0 0.3

t3-t2 (h) 94+3.6 102 +£3.1 104 £4.6 0.1310 1.0 0.8 0.2

t4-t2 (h) 12.8+3.8 129+34 142+£79 0.3479 14 0.1 1.3

t8-t4 (h) 219+7.6 283+17.5 264 +10.2 0.3557 4.5 6.4 -1.9

Times and time intervals are shown for embryos reaching the expanded blastocyst stage (BL group), the not-expanded blastocyst group (nBL group) and
those whose development arrested (AR group). Values are expressed as mean =+ standard deviation. In the ATime column, the difference between
embryos in groups AR vs. BL, nBL vs. BL and AR vs. nBL were calculated for each parameter. The p-value column shows the significance of the overall

comparison among the three groups, performed with analysis of variance (*) or Kruskal-Wallis rank test, as appropriate

Italic p values indicate significant differences

higher in CCs corresponding to embryos of the AR group (p <
0.001) (Fig. 2). Instead, no significantly different gene expres-
sion was observed comparing nBL vs. BL group or nBL vs.
AR group (Fig. 2). The observed difference between AR and
BL groups was confirmed also by the analysis of gene expres-
sion intra-patient variability: within each patient-specific co-
hort of zygotes, most CC samples of the BL group clustered
above the median for BMP15, COXII, and MT-ATP6, and
below the median for Cx43 and HO-1 mRNA expression
(Fig. 3). The opposite trend was observed for the AR group.

80 =3 BL group
33 nBL group
@ AR group

0- T
& & & e & 2
o

Fig. 1 Morphokinetic of embryos reaching the expanded blastocyst stage
(BL group), the not-expanded blastocyst stage (nBL group) and of those
whose development arrested (AR group). Times legend is the following:
pronuclear appearance (tPNa), pronuclear fading (tPNf), completion of
cleavage to two, three, four, and eight cells (t2, t3, t4, and t8 respectively).
Values are expressed as mean + standard deviation. *p < 0.05, **p <0.01,
*#*%p < 0.001 AR group vs. BL group

Correlation between gene expression in CCs and
morphokinetic parameters

Overall, we observed a negative relationship between mRNA
levels of the analyzed genes and the evaluated morphokinetic
parameters. As shown in Table 3, embryos developing slower
had a lower expression of BMP15, COXII, and MT-ATP6 in
the corresponding CCs. In fact, we found a statistically signif-
icant negative correlation between BMPI15 mRNA levels in
CCS and the times t3 (tho =—0.34, p < 0.05), t4 (tho=—0.39,
p<0.05),t8 (tho =—0.40, p < 0.05), time intervals tPNf-tPNa
(tho = — 0.33, p < 0.05) and t8-t4 (tho = — 0.32, p < 0.05)
(Table 3).

Logistic regression models

At multivariable analysis, performed only on the AR and BL
groups, the expression of the two CCs genes BMPI5 and
COXII was independently and significantly associated with a
higher probability of development to expanded blastocyst on
day 5 (p < 0.05) (Table 4). On the contrary, HO-1/ mRNA
level in CCs corresponded to a higher risk of embryo devel-
opmental arrest, although not statistically significant (not
shown).

Predictive cut-off values of embryo development on
day 5

ROC curve analysis was applied to identify optimal cut-off

values of both morphokinetic parameters and CCs gene
expression predictive of development to expanded
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Fig. 2 Gene expression of BMP15, Cx43, COXIl, MT-ATP6, and HO-1
in the CCs of the three analyzed groups. For each gene, the box-plots of d MT-ATP6 o BL
274ICT datq (on the left) and the relative mRNA expression (on the right) 15 o mBL
analyzed by RT-qPCR in individual cumulus cells corresponding to + AR
embryos reaching the expanded blastocyst stage (BL group, n = 27), :
not expanded blastocyst stage (nBL group, n = 19), or those whose 5 ’ ° ° o
development arrested (AR group, n = 35) are shown. Measurements of 3 g ° g o 8
bone morphogenetic protein 15 (BMP15), cytochrome ¢ oxidase subunit Sl o B @ - -
11 (COXII), ATP synthase subunit 6 (MT-ATP6), connexin 43 (Cx43), and " 8 g o . g B |median:
heme oxygenase-1 (HO-1) were performed in triplicate. *p < 0.05, **p < i‘ """""" 2";8 """ *Efi’gg‘lg. 020
001’ *x*p < 0001 AR group Vs. BL group ’ 0 1 2 3 4 5 : 72 8 9 10 11 12 13 14 15
PATIENT #
blastocyst on day 5. According to maximization of the
Youden Index, the parameters showing an optimal cut-off e . HO-1 * BL
.. BL
value were t2 for morphokinetic assessment (cut-off at t2 , o
< 26.25 having sensitivity = 96 % and specificity = 47 %, 3 N i . & s
. A A
AUC =0.75;95 % CI, 0.62-0.87; p = 0.001) (Fig. 4a), and E” N N " 4. ‘4
. 2 N
COXII for mRNA expression (cut-off at COXII > 0.3 hav- 212 . s oa = ooa A g 4 medn
. e e . . . : =] o o A
ing sensitivity = 92 %, specificity = 75%, AUC = 0.86; 95 T T - 88 12
. a o 5] o [} o
CI, 0.72-0.99; p = 0.001) (Fig. 4b). 8 e ETT Y
’ 0 1 2 3 4 5 6 4 8 9 10 5 12 13 14 15
PATIENT #

Discussion

The identification of markers able to accurately predict em-
bryo development to the expanded blastocyst stage by study-
ing the early stages of embryo growth (within 72 h from fer-
tilization) is of high practical interest for IVF Labs. In fact, it

@ Springer

Fig. 3 Intra-patient variability analysis for the expression of BMP1I5,
Cx43, COXII, MT-ATP6, and HO-1. For all analyzed genes, the 27447
data of each cumulus cell (CC) sample are grouped by patient and are
represented according to embryo development (expanded blastocyst =
gray circles, not-expanded blastocyst = white squares, arrested
development = black triangles). The median general expression value
has been reported for each gene as a dashed black line
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Table 3  Correlation between the expression of specific genes in the CC and embryo morphokinetic parameters

tPNa tPNf 2 t3 t4 t8 tPNf- ©2-tPNf 312 t4-12 t8-t4

tPNa

BMPIS5 —0.0625 —02921 —02960 —0.3352 —03885 —03950 —03258 —0.2946 —0.2510 —0.1960 —0.3160
p value 0.7014 0.0674 0.0637 0.0345%* 0.0132*  0.0117*  0.0402* 0.0650 0.1183 0.2255 0.0470%*
Cx43 0.0760 —-02700 —0.1610 —0.1255 —0.1067 0.0644 -0.3578  0.4260 —0.0359 0.0142 0.1520
p value 0.6412 0.0920 0.3209 0.4405 0.5121 0.6928 0.0234 0.0061 0.8258 0.9305 0.3490
Ccoxit 0.0029 —0.1443  —02216 —0.3407 —0.1485 —0.1339 —-02702 —-0.3664 —0.0938 0.1354 —0.1443
p value 0.9857 0.3745 0.1694 0.0315* 0.3604 0.4102 0.0918 0.0200*%  0.5647 0.4048 0.3743
MT-ATP6 —0.2800 —0.4024 —04657 —0.5390 —-03334 -0.0377 —-0.3594  —-0.3995 -—0.1903 0.1465 0.1193
p value 0.0801 0.0100 **  0.0025**  0.0003*** 0.0355* 0.8172 0.0227 * 0.0107 *  0.2396 0.3672 0.4634
HO-1 0.1261 -0.0981 —0.0029 —0.0213 0.0013 0.0443 -02178  0.1242 0.0533 0.0156 0.0599
p value 0.4380 0.5469 0.9860 0.8964 0.9938 0.7860 0.1770 0.4452 0.7441 0.9239 0.7136

Spearman rank coefficients and p-values for correlations of mRNA of bone morphogenetic protein 15 (BMPI5), cytochrome ¢ oxidase subunit 11
(COXII), ATP synthase subunit 6 (MT-ATP6), connexin 43 (Cx43) and heme oxygenase-1 (HO-1) with timelapse parameters (pronuclear appearance
(tPNa), pronuclear fading (tPNf), completion of cleavage to two, three, four and eight cells (t2, t3, t4, and t8 respectively), time intervals tPNf-tPNa, t2-
tPNT, t3-12, t4-t3, t4-t2 and t8-t4) are shown: *p < 0.05, **p < 0.01 and ***p <0.001

could allow substituting the selective transfer of a single blas-
tocyst with that of a single day 3 embryo having an optimal
potential to become a fully developed, expanded blastocyst on
day 5. In practical terms, this would reduce the risk of

Table 4 Multivariable logistic regression analysis

OR C195% p
tPNa 1.86 097;3.6 0.063
BMPIS 0.18 0.04; 0.88 0.034
tPNf 1.25 0.90; 1.71 0.175
BMPI5 022 0.05; 1.01 0.052
3 1.04 0.86; 1.25 0.696
BMPI5 0.19 0.04; 0.96 0.045
t4 1.12 0.94; 133 0.202
BMPI5 0.17 0.03; 0.96 0.046
dPN 1.1 0.72; 1.65 0.685
CoXiI 0.03 0.003; 0.30 0.003
v 13 0.82;2.02 0.282
coxu 0.03 0.002; 0.3 0.004
3 1.05 0.85;1.30 0.632
coxu 0.03 0.003; 0.32 0.004
t4 138 0.88;2.13 0.157
coxu 0.02 0.001; 0.32 0.005
t8 1.40 0.99; 1.90 0.053
COXII 0.01 0.003; 0.41 0014

Independent effect of bone morphogenetic protein 15 (BMP15) and cy-
tochrome ¢ oxidase subunit II (COXII) genes expression in cumulus cells
and morphokinetic parameters with respect to the probability of embryo
development on day 5 (arrested group vs. blastocyst group). Odds ratio
(OR), 95% Confidence Interval (CI 95%) and p-value are shown for each
model

epigenetic alterations due to a more prolonged embryo perma-
nence in artificial environment [2].

Unfortunately, none of the “classical” morphological
scores of the cleaving embryo has proven to be fully reliable
in identifying embryos with the best development capability
[3]. The rather recent advent of TLS technology provided the
possibility to obtain a noticeable bulk of data about the kinetic
of human embryo growth in culture, allowing the evaluation
of embryo features previously unknown after conventional
morphology analysis. Despite this, TLS benefits on embryo
selection and IVF outcome, claimed by some authors [28], are
disputable according to others [29-33] and, even most impor-
tant, are partially due to the unperturbed culture conditions
rather than to the application of morphokinetic data.
Artificial intelligence approach based on deep neural networks
has recently been applied to TLS, and would hopefully be
useful to develop novel embryo selection algorithms [34]; to
date, however, the results of this approach are still unavailable
in the clinical practice.

The possibility to use TLS to select the best embryo at the
cleavage stage, without waiting day 5, is still hypothetical.
Some authors claim that TLS technology may dissect specific
events occurring during and soon after fertilization and may
identify early putative markers of embryo quality [35].
Recently, our group showed that Eeva™, an algorithm based
on the analysis of early embryo growth, is able to improve
embryo selection accuracy of standard morphology by effec-
tively predicting which embryo at day 3 will develop into a
viable blastocyst on day 5 [36]. Today, however, a panel of
specific early morphokinetic features predictive of a favorable
embryo development to the blastocyst stage is still lacking.
This study was aimed at tackling the issue, providing also a
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Fig.4 ROC curves for the predictive potential of TLS time of completion
of cleavage to two cells (t2) (a) and cytochrome ¢ oxidase subunit 11
(COXII) gene expression (b) with respect to the probability of embryo
development to expanded blastocyst on day 5. Cut-off values are at t2 <

link between embryo morphokinetics and specific molecular
markers of gene activation in the corresponding CCs.

Using a last generation TLS, we observed that embryos
able to achieve the expanded blastocyst stage on day 5 were
characterized by a significantly faster cellular kinetic already
during the first 3 days of development; interestingly, these
embryos showed a quicker cleavage rate and then proceeded
progressively increasing the time gap (ATime) relative to the
embryos who arrested their development; in fact, the gap be-
tween embryos reaching the expanded blastocyst stage and
those undergoing developmental arrest was maximal on day
3 (ATime t8 = 7.6 h). Embryos showing an optimal develop-
ment on day 5 had a day 2 morphological score comparable to
that of the embryos arresting their growth, but very preco-
ciously showed shorter and anticipated cleavage times, and
kept being faster until day 3, when their DNA started to get
its full activation.

The correlation between morphokinetic markers, embryo
development, blastocyst formation rates, and ploidy has al-
ready reported [37]. Our observations confirm previous stud-
ies reporting that a timely blastocyst development on day 5
can be predicted quite early looking at the duration of the first
cytokinesis, as well as at the time interval between the end of
the first cleavage and the initiation of the second, the time
interval between the second and third cleavage [38], the dura-
tion of the second [39] and third cleavage divisions [40], and
the absence of direct cleavage from one to three cells [41].
Also, Cruz et al., analyzing the morphokinetic data of 834
embryos, found that blastocyst formation rate and blastocyst
quality were related to the cleavage kinetic of early embryo
[42]. Likewise, Dal Canto et al. showed that embryos that
cleave earlier from the 2-cells to 8-cells stage have the highest
potential to become blastocyst, expand, and implant [43].
Hashimoto et al. reported that the time intervals between the
3-cells and the 4-cells stage and between the 5-cells and the 8-
cells stage were shorter for embryos with high-scored blasto-
cysts compared to low-scored [40]. In addition, Minasi et al.,
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26.25 (sensitivity = 96% and specificity = 47%, AUC = 0.75; 95% CI,
0.62-0.87; p=0.001) and at COXII > 0.3 (sensitivity = 92%, specificity =
75%, AUC = 0.86; 95 CI, 0.72-0.99; p = 0.001)

analyzing 928 blastocysts morphokinetic parameters, found
that euploid embryos needed shorter intervals to expand to
blastocyst and hatch compared to aneuploid embryos [44],
while Campbell et al. described that aneuploid embryos
showed a delayed initiation of compaction and blastulation,
as well as a longer time to reach the full blastocyst stage [45].

Looking at the clinical implications of embryo kinetics, it
was reported that the transfer of fresh, slow-growing blasto-
cysts resulted in lower implantation and clinical pregnancy
rate compared to the transfer of fully expanded day 5 blasto-
cysts [46, 47], probably due both to a reduced embryo com-
petence and to a loss of embryonic-endometrial synchrony
[48]. Moreover, the transfer of a fresh early blastocyst on
day 5 was found to obtain success rates comparable to the
transfer of a thawed expanded blastocyst cryopreserved on
day 6 from the same cohort [49], suggesting that embryo
kinetic is more important than the embryo developmental
stage itself in determining IVF outcome. In fact, in cases
where only early or not fully expanded blastocyst are available
on day 5, extending culture until cryopreservation on day 6,
and subsequent transfer after thawing may result in successful
pregnancy. Taken together, these observations lead us to con-
sider for our analysis the fully expanded blastocyst as the ideal
developmental stage that most likely relates to higher embryo
implantation. However, the transfer of slower-growing em-
bryos may represent a feasible option in the absence of ex-
panded blastocyst on day 5 or a favorable strategy to increase
the cumulative pregnancy rates after frozen-thawed embryo
transfer cycles. Using our combined approach, embryos that
will develop into early blastocysts cannot be distinguished
from those that will arrest, probably due to the limited sample
size; however, we observed that embryos achieving the stage
of early or not fully expanded blastocyst showed a
morphokinetic behavior similar to embryos that reached full
expansion on day 5 of development and a quicker, although
not significant, kinetics compared to embryos undergoing de-
velopmental arrest.
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Gene expression in CCs was already proposed as a non-
invasive assay useful to predict embryo development and
pregnancy [8]. An increased expression of a specific set of
genes in CCs was previously related to a higher likelihood
of oocyte fertilization, embryo quality, and clinical pregnancy
[20, 50-52].

In this study, assessing the gene expression related to
oocyte-secreted factors in CCs, we showed that BMP-15
was significantly more expressed, and Cx43 significantly less
expressed, in the CCs corresponding to embryos developing
to expanded blastocyst on day 5 than in those corresponding
to embryos with arrested development. The significant rela-
tionship between BMP-15 expression in CCs and optimal em-
bryo development was confirmed by the good correlation be-
tween BMP15 and embryo growth speed, as well as by the
multivariable logistic regression analysis. Indeed, BMP-15 is
an oocyte quality-related gene, playing a fundamental role in
normal follicular growth, ovulation, and fertilization: in-
creased BMP-15 levels in FF [53] and in CCs [11] were asso-
ciated with embryos having good competence for implanta-
tion and pregnancy. BMP-15 is also involved in functional
changes of GAP junctions and the downregulation of Cx43
expression in granulosa cells [24]. Indeed, previous clinical
data showed that CCs reducing Cx43 expression at the time of
oocyte collection provided a good embryo competence [54].
In agreement with previous studies, our observations suggest
that reduced levels of Cx43 expression in CCs, coupled with
high BMP-15 mRNA levels, can be considered a marker of
embryo competence.

As some proteins are good bi-directional indicators in the
communication between the oocyte and the somatic cells sur-
rounding it, we carried out a preliminary analysis aimed at
evaluating the metabolic competence of CCs. Interestingly,
previous studies on bovine cumulus-oocyte complexes dem-
onstrated that a metabolic consequence of recombinant human
BMP15 addition is the modulation of the oocyte oxidative
phosphorylation, acting via CCs [55].

Up to now, no study ever investigated the metabolic conse-
quences of high BMP15 levels in the human cumulus-oocyte
complex, notwithstanding that, as member of the transforming
growth factor 3 (TGF-{3) superfamily, also BMP15 could exert
a metabolic effect similar to TGF-[3, which is a key modulator
of the respiratory chain [56]. Our approach found interesting
novel data related to CCs metabolism. In fact, in the CCs cor-
responding to embryos with arrested development, we detected
a significantly decreased expression of both COXII and MT-
ATP6, markers of mitochondrial transcription activity contrib-
uting to the modulation of respiratory chain and ATP synthesis.
Indeed, COXII mRNA levels were significantly higher in the
CCs corresponding to embryos that reached the expanded blas-
tocyst stage and even the logistic regression analysis confirmed
a significant, direct correlation between embryo progression to
blastocyst and COXII gene expression. As mitochondrial-

encoded proteins are required for the formation of active respi-
ratory complexes, this observation unveils the importance of
mitochondria in supporting human embryo growth. A down-
regulation of COXII in CCs, in fact, is associated to reduced
ATP levels, decreased mitochondrial membrane potential, and
enhanced production of ROS [57]. Likewise, a diminished M7-
ATPG6 gene expression may result in reduced ATP synthesis rate
[58]. The observed decrease of COXII and MT-ATP6 gene
expression in CCs in association with embryo developmental
arrest suggests that an impaired mitochondrial function in CCs
could negatively affect the development potential of embryos
since the earliest stages of growth.

Moreover, it was previously reported that the gene expres-
sion of HO-I was significantly higher in lower quality,
arrested embryos, consistently with a dysfunctional state of
mitochondria [59]. We previously reported that the presence
of an oxidative stress status inducing a significantly higher
HO-1 expression in CCs may impair oocyte competence
[17], suggesting that an excessive ROS production can trigger
oocyte damage. The present study further supports the role of
ROS, as it shows that a higher expression of HO-1 in CCs is
also associated with a higher likelihood of inadequate embryo
development.

Notwithstanding the small sample size, the data of gene
expression relative to the embryos that achieve the stage of
early or not fully expanded blastocyst show a trend similar to
what is observed for the expanded blastocyst on day 5 group,
suggesting that also these embryos can implant.

A relevant finding of the current study is the evidence that
the expression of genes encoding for some oocyte-secreted
factors or reflecting mitochondrial status in CCs are signifi-
cantly related to the morphokinetic parameters of the corre-
sponding embryo. This finding strongly supports the concept
that the follicular microenvironment affects not only oocyte
maturation, but also the early embryo growth: in fact, embryo
development in the first 3 days is almost exclusively due to the
expression of oocyte DNA and to metabolic resources of oo-
cyte cytoplasm [58]. Actually, Hammond et al. reported that
the expression of CCs specific genes was significantly asso-
ciated with the achievement of the blastocyst stage on day 5,
but differently from our findings, none of these genes was
found to significantly correlate with TLS-acquired parameters
[39]. On the other side, Scarica et al. observed that a slower
embryo growth was associated with developmental arrest and
that the assessment of calcium/calmodulin-dependent protein
kinase 1D (CAMK D), prostaglandin-endoperoxide synthase
2 (PTGS2) and hyaluronic acid synthase 2 (HAS2) gene ex-
pression in CCs could boost the predictive power of TLS
when the two approaches were combined [60].

Despite the limited number of patients considered in this
study, gene expression of both BMPI5 and COXII resulted
strongly associated with a higher probability of blastocyst de-
velopment on day 5 at multivariable analysis, independently
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from embryo morphokinetic. This suggests that although early
embryo development in the first 3 days relies mostly on re-
sources belonging to the oocyte, the follicular environment
where the oocyte develops may partially influence embryo
competence to become a blastocyst.

In conclusion, our study shows that embryo morphokinetics,
in particular in the first 3 days of in vitro growth, as well as the
expression of BMP15 and COXII genes in the corresponding
CCs, is able to predict whether an embryo will timely reach the
expanded blastocyst stage or will prematurely undergo devel-
opmental arrest. ROC curves identified the cut-off values of t2
< 26.25 for kinetics and COXII > 0.3 for gene expression as
optimal thresholds to predict a timely blastocyst development;
this observation warrants further testing in order to check its
potential for embryo selection and implantation prediction in
the routine clinical practice. Our data suggest the possibility of
developing integrated prediction models and algorithms for
early embryo selection at the cleavage stage including both
morphokinetic and molecular parameters, even if time-lapse
technology is not routinely used in all IVF laboratories for
embryo monitoring as support in embryo selection.
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