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Human embryos derived from first polar body
nuclear transfer exhibit comparatively abnormal
morphokinetics during development
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Objective: Reconstructed oocytes after polar body genome transfer constitute a potential therapeutic option for patients with a history of
embryo fragmentation and advanced maternal age. However, the rescue of genetic material from the first polar body (PB1) through intro-
duction into the donor cytoplasm is not yet ready for clinical application.

Methods: Eighty-five oocytes were obtained following in vitro maturation (IVM) and divided into two groups: PB1 nuclear transfer (PBTNT;
n=>54) and control (n=31). Following enucleation and PB1 genomic transfer, PB1 fusion was assessed. Subsequently, all fused oocytes under-
went intracytoplasmic sperm injection (ICSI) and were cultured in an incubator under a time-lapse monitoring system to evaluate fertiliza-
tion, embryonic morphokinetic parameters, and cleavage patterns.

Results: Following enucleation and fusion, 77.14% of oocytes survived, and 92.59% of polar bodies (PBs) fused. However, the normal fertil-
ization rate was lower in the PBTNT group than in the control group (56.41% vs. 92%, p=0.002). No significant differences were observed in
embryo kinetics between the groups, but a significant difference was detected in embryo developmental arrest after the four-cell stage,
along with abnormal cleavage division in the PBTNT group. This was followed by significant between-group differences in the implantation
potential rate and euploidy status. Most embryos in the PBINT group had at least one abnormal cleavage division (93.3%, p=0.001).
Conclusion: Fresh PBTNT oocytes successfully produced normal zygotes following PB fusion and ICSI in VM oocytes. However, this was ac-
companied by low efficiency in developing into cleavage embryos, along with an increase in abnormal cleavage patterns.
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Introduction

Both chromosomal abnormalities and organelle or mitochondrial
dysfunction contribute to poor-quality oocytes [1]. These low-quality
oocytes can result in embryo fragmentation and delayed embryo
development [2], particularly in patients with advanced maternal
age [3]. Nuclear transfer, a therapeutic technique, has the potential
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to improve oocyte quality by introducing new mitochondrial sources
into the oocytes, thereby enhancing mitochondrial function and ad-
enosine triphosphate production while minimizing the risk of aneu-
ploidy [4]. The reconstructed oocytes contain nuclear DNA material
from the patient and cytoplasm predominantly from the donor oo-
cyte [5]. Nuclear transfer can also be utilized to prevent the transmis-
sion of mitochondrial DNA (mtDNA) mutations, treat infertility in
cases of advanced maternal age or poor responders, and generate
embryonic stem cells [6]. The germinal vesicle , meiotic spindle (MS),
or first polar body (PB1) from matured oocytes, as well as the pronu-
clei (PN) of zygotes, can be used to transfer the female genomes of
oocytes [7].

PB1 primarily consists of bivalent chromosomes, with a minimal
presence of cytoplasm and mitochondria [7]. As a result, cytoplasm
transmission to the host cytoplasm can be effectively minimized
[8]. Moreover, mtDNA heteroplasmy has been detected in genera-
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tions derived from oocytes reconstructed using the PB1 nuclear
transfer (PBTNT) method [9]. In 1998, Wakayama and Yanagimachi
[10] reported normal offspring from mouse oocytes after recon-
struction and PB1NT; however, limited information is available re-
garding the safety and efficacy of these techniques in human em-
bryos [11,12].

Noninvasive time-lapse monitoring (TLM) is employed at high
temporal resolutions to analyze the morphokinetic events underly-
ing developmental processes within 5 to 6 days of embryonic devel-
opment [13,14]. This technique aids in calculating the time intervals
between cell divisions and distinguishing between chromosomally
normal and abnormal embryos by detecting multipolar divisions
and abnormal nuclear structures, such as multinucleation [13,15].
Evaluating embryo development after genome transfer without
blastomere removal can identify chromosomal abnormalities while
maintaining the functional integrity of the embryo. Consequently,
TLM can be utilized to assess the long-term safety and efficacy of hu-
man embryo genome transfer. In this study, PB1NT was used to re-
construct human embryos from oocytes derived from in vitro matu-
ration (IVM), after which their developmental potential and cleavage
patterns were evaluated. To our knowledge, morphokinetic patterns
of embryos derived from reconstructed oocytes have not previously
been addressed in the literature.

Methods

1. Sampling

This study was conducted at the Yazd Institute of Reproductive
Sciences. The protocol received approval from the ethics committee
of Yazd University of Medical Sciences (IRNIMAD.REC.1397.211). All
patients participating in this study were informed about the research
methods, and written consent was obtained. The inclusion criteria
for this study were patients under 35 years old in couples affected by
male factor infertility. A total of 262 immature oocytes were collected
from 201 stimulated cycles.

This study was designed based on the requirement of having at
least two mature oocytes with normal morphology available on the
same day for genome transfer in the PB1NT group. Two oocytes with
normal morphology were then allocated to the control group.

Following IVM, morphological evaluation and MS visualization of
the oocytes were conducted. Oocytes displaying normal morpholo-
gy, characterized by a spherical structure surrounded by a uniform
zona pellucida, clear cytoplasm without inclusions, and an intact PB1
of appropriate size, were selected. These oocytes were then divided
into PBINT and control groups. The sample size was determined
with the aim of having equal numbers of two-pronuclear (2PN) oo-
cytes in each group.
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IVM-derived mature oocytes, divided into two groups, were in-
jected with sperm obtained from donor samples exhibiting normal
parameters. In the PBINT group, intracytoplasmic sperm injection
(ICSI) was performed after genome transfer. Subsequently, the
morphokinetic data of the injected oocytes were assessed using
TLM. The specific exclusion criteria for oocytes are outlined in Fig-
ure 1.

2.IVM

Cumulus-corona denudation was conducted through enzymatic
digestion of the cumulus complex using hyaluronidase (80 IU/mL;
SAGE, CooperSurgical) and mechanical pipetting. Immature oocytes
were obtained after antagonist protocol stimulation and cultured in
25-pL drops of SAGE 1-step medium (Origio; CooperSurgical) supple-
mented with 0.75 IU follicle-stimulating hormone and 0.75 IU lutein-
izing hormone (Ferring GmbH), then covered with mineral oil (Life-
Global). The oocytes were incubated at 37 °C with 6% CO, and 5% O,.
Oocyte maturation was assessed using a stereomicroscope (Olym-
pus) 24 hours after VM. Mature oocytes were identified by the extru-
sion of the first PB into the perivitelline space [16].

3. MS visualization

The mature oocytes were placed in a 5-pL droplet of SynVitro
Flush medium (Origio, CooperSurgical), which was covered by min-
eral oil in a glass-bottomed culture dish (WillCo-Dish; Bellco Glass).
Since MS is sensitive to temperature fluctuations, extreme care was
taken to maintain the oocyte at 37 °C during manipulation. MS visu-
alization was conducted at x 200 magnification using LC Polscope
optics, in conjunction with a computerized image analysis system
(OCTAX PolarAIDE; OCTAX Microscience GmbH).

Immature oocyte (n=262)

In vitro maturation oocyte (n=169 [64.5%])

Abnormal appearance n=23 I

{ Meiotic spindle visualization }

No meiotic spindle n=19

Central meiotic spindle n=2

{ Matured oocyte (n=125) }
[

Destroyed during enocleation n=16

Disappearing meioeic spindle
during peocedure n=24

{ PBINT (n=54) J {Controlgroup(n=31)}

Figure 1. Recruitment flow chart of 169 in vitro maturation oocyte.
PB1NT, first polar body (PB1) nuclear transfer.
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4, Oocyte reconstruction procedure
1) First polar body transfer

IVM oocytes were placed in 25-uL droplets of SynVitro Flush medi-
um supplemented with 5 pg/mL of cytochalasin B (cat #C6762; Sig-
ma-Aldrich) in a glass-bottomed culture dish for 5 to 10 minutes be-
fore MS removal. The MS is typically located beneath the oocyte
membrane and near PB1 (Figure 2A). A laser pulse was used to create
a hole 13 to 15 um in diameter in the zona pellucida adjacent to the
PB1 and MS (OCTAX Laser Shot; MTG), while attempting to preserve
a thin portion of the inner zona pellucida layer. Subsequently, the
PB1 was removed using an enucleation pipette. For each oocyte, the
PB1 was extracted with the enucleation pipette near the 3 o'clock
position (Figure 2B).

The pipette, with an internal diameter of 15 to 18 um, was filled
with 15% polyvinyl pyrrolidone (PVP) for improved manipulation
and suction. The MS was visualized using a PolScope imaging system
and removed using the enucleation pipette without piercing the
plasma membrane (Figure 2C). A normal PB was considered to have
a round or oval shape with a smooth membrane surface, while frag-
mented PBs were discarded. PBTNT was performed when at least
two mature oocytes were obtained in a single day, and PBs were
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transferred between the two oocytes in a crosswise manner. In this
way, each oocyte served as both a donor and a recipient of the PB in
the experimental group. The PB1 from another oocyte in the PBINT
group was removed (Figure 2D) and placed into inactivated Sendai
virus extract (since inactive strand RNA virus can enhance the fusion
of lipid vesicles and the cell membrane) for approximately 10 sec-
onds (Figure 2E). Subsequently, it was placed in the perivitelline
space of the enucleated oocyte (Figure 2F). The enucleated oocyte
was fused with the PB1 from another oocyte in the PB1NT group.
The reconstructed oocytes were inseminated via ICSI after 1 hour
[17]. Finally, 2PN formation and cleavage divisions of the injected oo-
cyte were monitored in TLM.

5.1Csl

The oocytes were individually transferred into 5-pL droplets of
SynVitro Flush medium in a glass-bottomed culture dish covered
with mineral oil. Fresh ejaculated spermatozoa were prepared and
placed into a central droplet of 10% PVP solution. The prepared fresh
partner sperm samples were placed in a central droplet of 10% PVP
solution (SAGE). The oocytes were injected under an inverted micro-
scope with x 400 magpnification (TE300; Nikon) and a heated stage

Figure 2. Experimental design for serial polar body (PB) transfer between two oocytes, X200 magnification. (A) Matured oocyte with a visible
meiotic spindle (by PolScope, OCTAX PolarAID; OCTAX) from first PB nuclear transfer (PB1NT) group (arrow 1: meiotic spindle; arrow 2: PB). (B)
Piercing the zona with a laser (OCTAX Laser Shot; MTG) and removing the PB1 oocyte. (C) Isolation of the meiotic spindle (arrow). (B) Biopsy
of PB1 from another oocyte in PBINT and using it as a genome donor. (E) Donor PB1 placed in hemagglutinating virus of Japan envelope
vector. (F) Donor PB1 placed in the sub-zona environment.
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at 37 °C. The injected oocytes were washed twice and cultured in
droplets of SAGE 1-step medium for subsequent analysis [18].

6.TLM

The wells of the EmbryoSlide (Vitrolife) were filled with 25 L of
SAGE 1-step medium and covered with 1.5 mL of mineral oil. Inject-
ed oocytes were individually loaded in each well, and the dish was
positioned in the EmbryoScope (Vitrolife). This advanced technology
captured images every 10 minutes at seven focal planes [19]. The re-
corded morphokinetic parameters included the time of the second
polar body extrusion (tSPBE), time of pronuclear appearance, time of
pronuclear fading, and times of the first division to 2—(t2), 3—(t3), 4-
(t4), 5-(t5), 6-(t6), 7-(t7), and 8—(t8). Furthermore, the duration of
events in the second cell cycle (CC2a =t2—tSPBE; CC2b=13—t2) and
the second synchrony (S2 =t4—t3) were also reported. Additionally,
abnormal cleavage patterns, such as direct cleavage (the cleavage of
a single cell into three or four blastomeres) and reverse cleavage (the
reduction in the number of blastomeres due to cell fusion), were ob-
served [14].

Additionally, uneven blastomeres were noted, in which the aver-
age diameter of the larger blastomere was more than 20% greater
than that of the smaller blastomere. Significant fragmentation was
observed, characterized by two daughter blastomeres accompanied
by a large fragment or 10% to 50% scattered fragments following di-
vision. Micronuclei were defined as smaller versions of primary nuclei
containing only one or a few chromosomes [13]. Distorted cytoplas-
mic movement was documented, which involved a series of irregular
cytoplasmic movements occurring during or after cell division and
before the embryo entered a quiescent state. Disordered division
was also recorded, in which the division of one blastomere from the
previous cleavage was delayed until after the other blastomere had
completed the subsequent division.

7. Implantation potential and euploidy status
A predictive evaluation of implantation potential and euploidy
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status in embryos was conducted using algorithms developed by
Basile et al. [20] for those that reached the five-cell stage. Embryo
categorization in terms of implantation potential was based on three
time points—t3, CC2, and t—from the Basile algorithm. In this algo-
rithm, embryos were categorized from A to D, with the highest im-
plantation potential rate observed in grade A embryos (32%) [20].
Embryo categorization in terms of euploidy status was determined
based on two aneuploidy markers: t5—t2 and CC3. In this algorithm,
embryos were also categorized from A to D, with grade A embryos
having the greatest chance of being chromosomally normal [21].

8. Statistical analysis

Statistical analysis was performed using SPSS version 20 (IBM
Corp.). The Kolmogorov-Smirnov test was used to assess normal dis-
tribution. Results were reported as mean + standard deviation for all
variables. t-tests and Mann-Whitney U tests were employed to deter-
mine the p-value differences between groups for variables with nor-
mal and non-normal distributions, respectively. Categorical variables
were compared using the chi-square and Fisher exact tests. p-values
of <0.05 were considered to indicate statistical significance.

Results

1. Fusion and fertilization rate following PBINT

A total of 262 immature oocytes were collected after denudation
(Figure 1). Following maturation and evaluation, 125 metaphase Il
(M) oocytes were included in the study. Of these, 77.14% (n=54) of
the IVM-derived oocytes survived after enucleation and were used
for genome transfer. A fusion rate of 92.59% (50 oocytes) was detect-
ed, determined by the absence of PB in the perivitelline space. After
ICSI, 39 (72.2%) reconstructed oocytes were fertilized, but only 22 of
them formed 2PN zygotes (56.41%). The remaining oocytes exhibit-
ed abnormal fertilization patterns (mono-pronuclear [1PN] or
three-pronuclear [3PN]). In the control group, 25 of 31 oocytes were
fertilized (80.6%), and 23 of the 25 fertilized oocytes were normal,

Table 1. Differences in fertilization rates between the PBINT and control groups

Group fer-tricl)itzjt:?r;c()‘;))a’ p-value PN No. (%) p-value  Unfertilized (%) Degenerate (%) Parthenogenetic activation (%)
Control 25/31(80.6) 0.38 2PN 23/31(74.2)° 0.003” 4(12.9) 2(645) -

1PN 2/31(65)°

3PN -
PBINT 39/54(70.2) 2PN 22/54(40.7)° 0.023° 7(13.0) 5(9.3) 3(5.6)

1PN 15/54(27.8)°
3PN 2/54(37)

PB1NT, first polar body (PB1) nuclear transfer; PN, pronuclei.

“otal fertilization=2PN+1PN+3PN; ” vs.; 9p<0.05 (based on the chi-square and Fisher exact test).
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displaying 2PN (92%). No significant difference was observed be-
tween the two groups in total fertilization rate (p=0.38). However,
significant differences were detected in 2PN and 1PN formation rates
between the two groups (p=0.003 and p=0.023, respectively). De-
tails of the data after ICSI are provided in Table 1. Total fertilization re-
fers to the sum of 1PN, 2PN, and 3PN. Normal fertilization and abnor-
mal fertilization are reflected by 2PN and 1PN+3PN, respectively.

2. Developmental potential after PBINT

To assess developmental competency, all normal zygotes were
cultured for 5 days under TLM. Although three blastocysts formed in
the control group, none of the embryos in the PB1NT group reached
the blastocyst stage. Consequently, the comparative evaluation of
embryonic developmental potential was based on the time points
obtained by the end of the third cleavage division. As shown in Table
2, the kinetic data analysis revealed no significant differences in any
resulting time point between the two groups (p > 0.05) (Table 2). Ad-
ditionally, fewer embryos successfully completed their cleavage divi-
sions on the third day in the PBINT group (n=1) than in the control
group (n=6), as shown in Figure 3A. Regardless of time point, the
images indicated that 93.33% of embryos exhibited at least one ab-
normal behavior during the cleavage stage in the PBTNT group. This
rate was significantly higher than that in the control group. Notable
differences were observed between the two groups in terms of mi-
cronucleation, distorted cytoplasmic movement, and reverse cleav-
age rates (Figure 3B).

CERMB

3. Implantation potential and euploidy status

Based on Basile’s revised embryo categorization algorithm, direct
cleavage, uneven blastomere, and multinucleation at day 2 were
considered exclusion criteria, and embryos with these features were
omitted. Ultimately, eight and nine embryos (in the PB1NT and con-

Table 2. Comparison of the kinetic data of cleavage embryos
between two groups

Timing parameters ~ Controlgroup (n) ~ PBINTgroup(n)  p-value
tSPBE? 3.22+095(21) 2.82+120(22) 042
tPNA? 861+2.89(23) 8.12+3.58(22) 075
tPNF 2241+285(21)  2241+365(22) 1.00
2" 23.85+433(18)  25.77+3.58(15) 0.18
ccr? 2043+4.13(18)  2245+3.88(12) 0.10
37 33.85+5.08(18)  29.78+7.48(16) 0.07
47 3854+7.84(14)  37.25+10.05(9) 073
CC2a” 9.57+6.36(15) 9.91+8.30(10) 0.90
b 1239+744(13)  13.59+821(8) 0.73
t5” 4237+1492(15)  3731+19.80(8) 049
t6” 5173+875(13)  40.59+13.58 (3) 0.09
t7” 5409+897(11)  49.96+21.74(2) 0.84
tg” 58.58+10.97 (6) 69.4(1) 0.31

Values are presented as meanzstandard deviation.

PB1NT, first polar body (PB1) nuclear transfer; tSPBE, time of the second
PB extrusion; tPNA, time of pronuclei appearance; tPNF, time of pronuclei
fading; t2, time of 2-cell stage; CC1, t2—tPNf; t3, time of 3-cell stage; t4, time
of 4-cell stage; CC2a, t3-12; CC2b, t4-t2; t5, time of 5-cell stage; t6, time of
6-cell stage; t7, time of 7-cell stage; t8, time of 8-cell stage.

Ip-value calculated with the t-test; "Calculated with Mann-Whitney U test.
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Figure 3. (A) Comparison of embryonic developmental potential between control and first polar body nuclear transfer (PB1NT) groups.
(B) The proportion and distribution of abnormal behavior during early embryonic development by time-lapse imaging. PN, pronuclei; DC,
direct cleavage; RC, reverse cleavage; DD, distorted cleavage; BF, big fragmentation; DCM, distorted cytoplasmic movement. a’p<0.0001 .The

p-values were calculated using the chi-square test or Fisher exact test.
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trol groups, respectively) were compared in terms of implantation
potential and euploidy status based on the Basile algorithm (Table 3).
In the control group, 44.44% of the embryos were categorized as “A”
regarding implantation potential rate, compared to 12.5% in the PB-
1NT group. Furthermore, more than half of the embryos were cate-
gorized as “D”in the PB1NT group. According to the Basile algorithm,
90% of these embryos may have abnormal chromosomal statuses.
In contrast, in the control group, a higher proportion of embryos
were classified as “A” with respect to euploid conditions (Table 3).

Discussion

Genome transfer techniques, such as germinal vesicle, spindle
transfer, PB, and PN approaches, are considered suitable options for
reconstructing oocyte cytoplasm containing few or dysfunctional
mitochondria. These methods are particularly useful in cases involv-
ing poor-quality oocytes, inherited mitochondrial diseases, and
age-related cytoplasmic deficiencies in advanced maternal age
[9,11,22]. As a counterpart to the spindle chromosomal complex,
PB1 contains the same copy number variation and homologous
chromosomal content as the oocyte nucleus, with intact microtu-
bules [9]. However, a limited number of studies have examined the
efficacy of this technique in human oocytes.

Regarding oocyte survival rates after enucleation and normal fer-
tilization rates through micromanipulation and PB1NT, our findings
are consistent with previous studies involving reconstruction of hu-
man oocytes using PB1NT [11,12]. Similarly, Ma et al. [12] reported
lower blastocyst formation rates in PBTNT, which aligns with our ob-
servations that PB1NT embryos did not reach the blastocyst stage in
the present study. While Ma et al. [12] obtained MIl oocytes from
healthy volunteers aged 25 to 31 years, we utilized rescue IVM of im-
mature oocytes. Previous research has confirmed that the number of
transcripts in the gene expression profile is significantly reduced in in
vivo Ml oocytes [23], which may contribute to the decreased devel-
opmental potential of these oocytes [24,25].

The present research revealed no significant differences between

Clin Exp Reprod Med 2023;50(3):177-184

the two groups regarding cleavage time intervals; however, the PB-
1NT group exhibited more abnormal kinetic patterns of cleavage
and poorer embryonic development. In the PBINT group, 59.09% of
embryos were arrested before the four-cell stage. An evaluation of
the implantation potential of embryos using the Basile algorithm re-
vealed that only 12.5% of the obtained embryos in the PBINT group
reached the five-cell stage and were categorized as A, In contrast,
66.66% of embryos in the control group were scored as top quality
(grade A" or B). The remaining embryos (87.5%) in the PBINT group
were categorized as D [20].

At least one abnormal cleavage pattern and nuclear structure was
observed in 14 out of 15 embryos in the PBINT group. Basile et al.
[21] introduced two discrete time points to distinguish chromosom-
ally normal embryos from abnormal ones. This hierarchical classifica-
tion of embryos was based on t5—t2 >20.5 hours per CC3: 11-18
hours [21]. In the present study, these two time points were found to
be outside the optimal range in 62.5% of the embryos in the PBINT
group, which were categorized as grade D. Basile et al. [21] reported
abnormal chromosomal conditions in approximately 90% of these
embryos. The differences in implantation potential and euploidy
may account for the variations in embryonic development observed
between the two groups.

A direct relationship exists between chromosomal defects and
embryo morphology, specifically in terms of scattered fragmentation
and multinucleation [24]. Micronucleation [26] and chromosomal
sequestration through cellular fragments [13] are involved in aneu-
ploidy and poor embryonic development, which is associated with
natural negative selection against aneuploidy [27,28]. The single em-
bryo classified as A" in terms of potential implantation in the PBINT
group was categorized as D in terms of euploidy.

Research indicates that the coinheritance of maternal nuclear and
mtDNA is essential for functional interactions between nuclear and
mitochondrial gene products [29,30]. The introduction of low levels
of heteroplasmy to human oocytes during nuclear transfer leads to
genomic drift of mitochondria [31], which compromises mitochon-
drial function and results in abnormal chromosomal development

Table 3. Comparative evaluation of embryo implantation potential and euploidy status between the two groups

Embryo grading Implantation potential Euploidy status
PBINT (n=8) Control (n=9) PBINT (n=8) Control (n=9)

A 1R (1257 4 (") (4444 2(25.0 5(55.55

8 - 1(1.11) 1(125) 1(11.11)

. ) - - 1(11.11)

D 7(87.5) 4(44.44) 5(625) 2(2222)

Values are presented as number (%).
PB1NT, first polar body (PB1) nuclear transfer.
%ys.”p=0.001 (based on the Fisher exact test).
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and embryo arrest. Notably, despite oocyte manipulation, no syn-
chronization was observed between cytoplasmic and nuclear devel-
opment in the PB1NT group compared to the control group [6].

Challenges of the PBTNT technique include the potential for oo-
cyte degeneration during the extrusion of the MS, as the genome is
aspirated while enveloped by a small fraction of cytoplasm. Addi-
tionally, fusion is performed using either the hemagglutinating virus
of Japan envelope vector or an electrical pulse, which can cause pre-
mature exit from meiosis [32]. The yet-unknown effect of the vector
on the oocyte can be partially explained through clinical trials [33].
However, incomplete discharge of the MS may occur, potentially in-
creasing the likelihood of 3PN formation. In the present study, we re-
lied on the appearance of PB to select those with an intact genome.
Similarly, Ma et al. [12] reported a higher 1PN formation in the PBINT
group. Given that none of the 1PN-derived reconstructed oocytes
failed PB2 extrusion, this indicates that the non-responsive donor
genome in the host cytoplasm contributed to 1PN formation [12],
and it is likely that the transplanted PB is not viable. Unfortunately,
no method exists for assessing PB viability, and the use of certain
stains, such as Hoechst dye, should not be applied in clinical treat-
ment. Furthermore, the safety of using cytochalasin requires further
investigation.

Although the reconstructed oocytes in this study underwent suc-
cessful fertilization and embryo formation, we observed lower devel-
opmental potential in cleavage embryos derived from these recon-
structed oocytes compared to the control group, accompanied by
abnormal cleavage patterns.
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