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Abstract
Purpose  Providing additional insights on the efficacy of human nuclear transfer (NT). Here, and earlier, NT has been applied 
to minimize transmission risk of mitochondrial DNA (mtDNA) diseases. NT has also been proposed for treating infertility, 
but it is still unclear which infertility indications would benefit. In this work, we therefore additionally assess the applicabil-
ity of NT to overcome failed fertilization.
Methods  Patient 1 carries a homoplasmic mtDNA mutation (m.11778G > A). Seventeen metaphase II (MII) oocytes under-
went pre-implantation genetic testing (PGT), while five MII oocytes were used for spindle transfer (ST), and one in vitro 
matured (IVM) metaphase I oocyte underwent early pronuclear transfer (ePNT). Patients 2–3 experienced multiple failed 
intracytoplasmic sperm injection (ICSI) and ICSI-assisted oocyte activation (AOA) cycles. For these patients, the obtained 
MII oocytes underwent an additional ICSI-AOA cycle, while the IVM oocytes were subjected to ST.
Results  For patient 1, PGT-M confirmed mutation loads close to 100%. All ST-reconstructed oocytes fertilized and cleaved, 
of which one progressed to the blastocyst stage. The reconstructed ePNT-zygote reached the morula stage. These samples 
showed an average mtDNA carry-over rate of 2.9% ± 0.8%, confirming the feasibility of NT to reduce mtDNA transmission. 
For patient 2–3 displaying fertilization failure, ST resulted in, respectively, 4/5 and 6/6 fertilized oocytes, providing evidence, 
for the first time, that NT can enable successful fertilization in this patient population.
Conclusion  Our study showcases the repertoire of disorders for which NT can be beneficial, to overcome either mitochondrial 
disease transmission or failed fertilization after ICSI-AOA.

Keywords  Pronuclear transfer · Spindle transfer · Mitochondrial DNA disease · Female infertility · Fertilization failure

Introduction

Nuclear transfer (NT)  is a novel in  vitro fertilization 
(IVF)–based technique, also known as mitochondrial dona-
tion or mitochondrial replacement therapy [1, 2]. This tech-
nique involves the transfer of the nuclear genome from an 
oocyte or zygote (karyoplast) to an enucleated donor coun-
terpart (cytoplast). The NT technique can be performed at 
various oocyte stages using techniques such as germinal 
vesicle transfer (GVT, isolation of the germinal vesicle, 
which is the oocyte nucleus at the at the prophase I stage), 
maternal spindle transfer (ST, isolation of the spindle, the 
microtubule-based structure enabling chromosome segrega-
tion at the metaphase II stage), and first polar body transfer 
(PB1T, isolation of the first polar body, whose extrusion 
marks the end of meiosis I), or at the zygote stage using a 
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technique known as pronuclear transfer (PNT, isolation of 
the male and female nucleus at the moment of fertilization), 
or second polar body transfer (PB2T, isolation of the second 
polar body, whose extrusion marks the end of meiosis II) (all 
techniques are reviewed in [1]).

Nuclear transfer has mainly been used as a method to 
overcome transmission of mitochondrial DNA (mtDNA) 
mutations. These maternally inherited mutations can cause 
a range of life-threatening mitochondrial disorders, affecting 
nearly 1 in 5000 individuals of the population [3]. MtDNA 
mutations can be present in either a homoplasmic form (all 
mtDNA copies are mutated) or a heteroplasmic form (mix-
ture of wild-type and mutated mtDNA) [1]. The severity of 
mitochondrial disease is associated with the heteroplasmy 
level (proportion of mutant to wild-type mtDNA), referred 
to as the mutation load. Higher mutation loads are fre-
quently associated with more severe clinical symptoms. The 
threshold for disease expression is generally thought to be 
60–80%, but can vary across different tissues and the specific 
mtDNA mutation [4, 5]. Leber’s hereditary optic neuropathy 
(LHON) is one of the most common mitochondrial diseases. 
Clinical manifestations of LHON mainly include progres-
sively central vision loss, which often occurs in young adults 
(~ 10% of the females and ~ 50% of the males) [6]. Strik-
ingly, predicting the risk of mtDNA disease transmission 
towards subsequent generations remains challenging due to 
the mitochondrial genetic bottleneck [7–9]. Possible treat-
ment involves prenatal or preimplantation genetic testing for 
monogenic disorders (PGT-M) to select fetuses or embryos 
with low or no mutation loads, which is an option for some 
affected women [10–12]. Nevertheless, these approaches are 
not suitable for women harboring high mutation loads or a 
homoplasmic mtDNA mutation [13, 14], which highlights 
the need for alternative technologies to prevent mtDNA dis-
ease transmission from mother to offspring.

The potential of these NT techniques for preventing 
mtDNA disease has been evaluated in mouse [1, 15] and 
non-human primate models [16] by assessing the develop-
mental competence of reconstituted embryos and the level 
of mtDNA carry-over (karyoplast-derived mtDNA). The 
(neuro)developmental effects on subsequent generations 
have also been assessed in both a mouse model [17] and a 
non-human primate model [18]. In human, GVT [19, 20] 
and PBT [21, 22] have been limitedly studied, while PNT 
[23, 24] and ST [25] are the most well explored to date. 
Aside from one report on the successful clinical use of ST in 
oocytes from a female carrier of Leigh syndrome (mtDNA 
mutation m.8993 T > G) 2, additional evidence on the per-
formance of NT to reduce mtDNA mutation transmission in 
human is currently absent.

Besides preventing the transmission of mtDNA muta-
tions, a direct consequence of NT is also the complete 
replacement of the oocyte cytoplasm. Therefore, NT 

additionally provides an opportunity for oocyte rejuvena-
tion or to overcome certain genetically related ooplasmic 
defects [26, 27]. Replacing a low-quality cytoplasm with 
a competent one using NT may thus improve the oocyte 
competence, with the expectation of improving certain IVF 
outcomes, such as failed fertilization after intracytoplasmic 
sperm injection (ICSI). This condition is mainly caused by 
an oocyte activation deficiency, which could be sperm or 
oocyte related. In brief, oocyte activation is triggered after 
the fertilization process, where the sperm-related factor 
phospholipase C zeta (PLCζ) initiates a cascade reaction 
involving oocyte factors, ultimately evoking Ca2+ oscilla-
tions in the ooplasm, which leads to alleviation metaphase 
II arrest and the completion of the second meiotic division. 
Recently, mutations in both sperm (mainly PLCZ1) [28] and 
oocyte factor (reviewed in [29]) genes have been linked to 
failed fertilization.

The application of assisted oocyte activation (AOA) 
during ICSI, which is the artificial induction of a series of 
intracellular calcium rises, is in general very efficient to 
overcome failed fertilization after ICSI [30, 31]. Still, some 
patients do not benefit from this ICSI-AOA treatment [32]. 
It can be envisioned that the potential of AOA is dependent 
on the origin of the defect leading to failed fertilization. For 
instance, in two separate studies, it was shown that AOA 
was unable to overcome failed fertilization in patients with 
defective WEE2, which is an oocyte kinase involved in the 
release from metaphase II (MII) arrest that acts downstream 
of the Ca2+ oscillations [33, 34]. For these patients, poten-
tially harboring defects in genes important for fertilization, 
but acting independently from or downstream of Ca2+ oscil-
lations, we hypothesize that NT to a healthy donor oocyte 
could overcome failed fertilization.

One study has clinically applied PNT to overcome 
embryo developmental arrest in one patient [26], however, 
the application of NT to overcome other forms of female 
infertility such as fertilization failure has not been investi-
gated to date.

In this study, we aimed to provide additional data on the 
efficiency of ST and early PNT (ePNT) to overcome the 
transmission of the pathogenic homoplasmic m.11778G > A 
mtDNA mutation. Additionally, we aimed to expand the 
repertoire of disorders for which NT could be beneficial 
and therefore investigated, for the first time, ST as a novel 
approach to overcome fertilization failure after ICSI-AOA.

Materials and methods

Patient description and clinical characteristics

The present study included a 30-year-old nulligrav-
ida woman (patient 1) with mitochondrial disease who 
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underwent the first ICSI cycle in our clinic. This patient was 
asymptomatic and carried a pathogenic and homoplasmic 
mtDNA mutation (m.11778G > A) in subunit 4 of NADH 
dehydrogenase (MT-ND4), which is known to cause LHON 
[35]. Clinical manifestations of LHON disease involve sub-
acute bilateral loss of vision, sometimes accompanied by 
dystonia and cardiac pre-excitation syndromes [36] (Sup-
plementary Table S1). In addition, we included two cou-
ples (patient 2 and 3) who experienced multiple failed ICSI 
cycles characterized by complete failed fertilization, which 
could be attributed to a female factor. All the patients con-
sented to the application of NT, solely for research purposes. 
A schematic overview of the patients included in this study 
and the associated experiments performed is depicted in 
Supplementary Fig. 1.

Source and culture of human oocytes

Following controlled ovarian hyperstimulation, spare 
human oocytes were donated from patients undergoing 
IVF/ICSI cycles to be used as donor oocytes for NT. Dif-
ferent stages of human oocytes, including in vivo matured 
MII oocytes containing aggregates of smooth endoplasmic 
reticulum (SERa), collected 8 h after oocyte pick-up, ger-
minal vesicle (GV)/prophase I oocytes, and metaphase I 
(MI) oocytes, were collected. GV oocytes were incubated 
for 24 h in in vitro maturation (IVM) medium [15], and MI 
oocytes were incubated for either 3 or 24 h in Cook Cleav-
age medium under mineral oil at 37 °C in 6% CO2 and 5% 
O2 (hereafter called standard culture conditions). The IVM 
medium was prepared in-house by supplementing tissue 
culture medium-199 (TCM-199) containing Earle’s salt and 
bicarbonate with 10 ng/ml epidermal growth factor (EGF), 
1 μg/ml estradiol, 10 mIU/ml follicle-stimulating hormone 
(FSH), 0.5 IU/ml hCG, 100 IU/ml penicillin G potassium 
salt, 100 μg/ml streptomycin sulfate salt, 0.3 mM sodium 
pyruvate, and 0.8% human serum albumin. SERa oocytes 
were vitrified following the protocol provided by the manu-
facturer (Irvine Scientific, USA), as previously described 
[37]. Before NT, oocytes were warmed following the manu-
facturer’s instruction (Irvine Scientific, USA) and randomly 
assigned to NT experiments. Following NT, reconstituted 
embryos and control embryos were cultured in Cook Cleav-
age (days 1–3) or Cook Blastocyst (days 3–6) medium under 
mineral oil at standard culture conditions.

Assisted oocyte activation

For patients 2 and 3, at least 6 h after oocyte retrieval, ICSI-
AOA was carried out as previously described [38]. In brief, a 
single sperm was injected into the patient’s oocyte by human 
standard ICSI along with a limited volume of 0.1 mol/L 
CaCl2 (Sigma-Aldrich), which was corresponding to the 

diameter of the oocyte. After incubation in Cook Cleav-
age medium for 30 min, the oocytes were exposed twice to 
10 μmol/L ionomycin (I9657; Sigma-Aldrich) with an inter-
val of 30 min. Finally, the oocytes were rinsed and cultured 
in Cook Cleavage (days 1–3) or Cook Blastocyst (days 3–6) 
medium under mineral oil at standard culture conditions. 
Fertilization outcomes were assessed 16–18 h following 
ICSI, based on the presence of 2 pronuclei (PN).

Maternal spindle transfer

Transfer of the spindle-chromosomal complexes was car-
ried out using oocytes from patients 1, 2, and 3 according to 
the protocol established in our lab [15]. Briefly, human MII 
oocytes from the patient and donated recipient oocytes were 
placed into separate 10 μl manipulation droplets of gamete 
buffer containing 5 μg/ml cytochalasin B, which inhibits the 
polymerization of actin, in a glass-bottom dish. The droplets 
were covered with mineral oil, and the oocytes were then 
maintained at 37 °C for 15 min before spindle isolation. 
The dish was placed on the stage of an inverted microscope 
(Olympus IX71) equipped with a stage warmer, microman-
ipulators, Oosight™ Imaging System, and a laser objective. 
The oocyte was firstly secured by a holding pipette to place 
the spindle in an appropriate position (close to 1–3 o’clock). 
Then, the zona pellucida nearby the spindle was drilled with 
a laser, and a biopsy pipette with an inner diameter of 15 μm 
was inserted through the opening. The spindle was aspirated 
into the pipette with a small amount of cytoplasm. The kar-
yoplast was briefly exposed to the fusogen, hemagglutinat-
ing virus of Japan envelope (HVJ-E) (GenomONE-CF EX, 
Cosmo Bio), and placed into the perivitelline space (PVS) 
of the enucleated recipient oocyte opposite to the first polar 
body (PB1). Finally, the reconstituted oocytes were washed 
with gamete buffer, transferred to Cook Cleavage medium 
and incubated at 37 °C in 5% CO2 for 30 min until fusion 
occurred. The reconstructed oocytes were fertilized via ICSI 
using vitrified-warmed sperm within 2 h after ST. Fertiliza-
tion outcomes were examined 18 h after ICSI, based on the 
presence of two pronuclei (2PN). Embryos were cultured in 
Cook Cleavage (days 1–3) and Cook Blastocyst (days 3–6) 
medium under mineral oil at standard culture conditions. 
Human blastocysts were scored according to the Gardner 
and Schoolcraft grading system [39]. Both blastocyst and 
good-quality blastocyst rates were calculated based on the 
2PN embryos, with a good-quality blastocyst (AA, AB, BA); 
a fair-quality blastocyst (AC, BC, BB, CA); and poor-quality 
blastocyst (CB, CC).

Early pronuclear transfer

The ePNT procedure was conducted with an oocyte from 
patient 1, as previously described [24]. In short, ePNT was 
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performed under an inverted light microscope (Olympus, 
IX71) fitted with micromanipulators and a laser objec-
tive. An opening was created in the zona pellucida using 
a laser for insertion of the biopsy pipette during enuclea-
tion and ePNT procedures. The zygotes were exposed to 
Gamete buffer containing cytochalasin B (5 μg/ml), which 
inhibits the polymerization of actin, and nocodazole (10 μg/
ml), which inhibits the polymerization of the microtubule 
cytoskeleton, for 15 min at 37 °C, before micromanipulation 
and throughout ePNT procedures. This increases elasticity 
of the cytoplasm to prevent lysis of oocytes during enuclea-
tion. Approximately 8 h after fertilization, the early 2PN was 
aspirated from a nuclear donor zygote into a biopsy pipette 
with an inner diameter of 22 μm and moved to a droplet con-
taining the fusogen (HVJ-E) (GenomONE-CF EX, Cosmo 
Bio). After a brief exposure to HVJ-E, the karyoplast with 
a small volume of HVJ-E was gently expelled into the PVS 
of an enucleated recipient cytoplast. Karyoplast-cytoplast 
fusion usually occurred within 20–30 min following ePNT. 
The reconstituted zygotes were washed three times in Gam-
ete buffer before being transferred to Cook Cleavage (days 
1–3) and Cook Blastocyst (days 3–6) medium under mineral 
oil at standard culture conditions. Human blastocysts were 
scored according to the Gardner and Schoolcraft grading 
systems, as mentioned above [39].

Collection and culture of mouse oocytes and mouse 
oocyte activation test

B6D2F1 female mice (6–8 weeks of age) were injected 
with 7.5 IU pregnant mare’s serum gonadotrophin (PMSG) 
followed by human chorionic gonadotropin (hCG) 48 h 
later, to induce follicular hyperstimulation. MII oocytes 
were collected from B6D2F1 females 14 h following hCG 
injection and were recovered into HEPES-buffered potas-
sium simplex-optimized medium (KSOM-HEPES) sup-
plemented with 4 mg/ml bovine serum albumin (BSA, 
Calbiochem, Belgium). Denudation of cumulus cells 
was performed through a brief exposure to 200  IU/ml 
hyaluronidase.

The mouse oocyte activation test (MOAT) was per-
formed as previously described [31, 40]. Briefly, this pro-
cedure involves the injection of patient partner’s sperm 
(patients 2 and 3) into mouse MII oocytes to test sperm 
activation potential. Fresh or vitrified-warmed sperm 
were washed and selected for the injection based on the 
swim-up method as earlier described [15]. Mouse oocytes 
were placed in KSOM-HEPES medium with the addition 
of 20% fetal bovine serum (Gibco BRL; Invitrogen, Bel-
gium). Injection of immobilized sperm was conducted at 
15–17 °C using piezo-driven ICSI. Four different groups 
were made for a complete MOAT: (i) ICSI with patient 
sperm (40 oocytes); (ii) ICSI with donated sperm with 

proven fertilization capability (40 oocytes) (positive con-
trol); (iii) sham ICSI with medium (20 oocytes) (negative 
control); and (iv) unmanipulated oocytes (20 oocytes) 
(medium control) to examine spontaneous parthenogenetic 
activation. Subsequently, oocytes were cultured in KSOM 
for 24 h and oocyte activation was assessed based on two-
cell formation rate (ratio of two-cell embryos versus surviv-
ing injected oocytes) [41]. According to the MOAT result, 
the patient’s sperm activation potential can be classified into 
three groups: MOAT 1 (≤ 20% activation, sperm-related 
activation deficiency), MOAT 2 (21–84% activation, dimin-
ished sperm activation capacity), and MOAT 3 (≥ 85% 
activation, normal sperm activation capacity but suspected 
oocyte-related activation deficiency).

Next‑generation sequencing for mtDNA analysis

DNA was extracted from the individual oocytes and NT-
generated embryos and blastocyst from patient 1. Specifi-
cally, individual oocytes, embryos, blastocysts, and isolated 
TE cells were transferred into a separately labeled 200 μl 
microcentrifuge tube (Westburg, Leusden, Netherlands) 
containing 10 μl of PicoPure DNA extraction buffer with 
proteinase K (PicoPure DNA extraction kit, Arcturus, 
Mountain View, CA, USA). All samples were incubated at 
65 °C for 3 h, centrifuged briefly and heated at 95 °C for 
10 min to inactivate proteinase K.

Following PCR amplification of the genomic region 
encompassing the pathogenic m.11778G > A mtDNA 
mutation, PCR amplicons were assigned to separate indices, 
and library preparation and sequencing were performed 
on an Illumina Miseq machine [42]. Next-generation 
sequencing (NGS) data processing was performed using 
CLC bio-genomics workbench software 9.0.1. Firstly, 
FASTQ files with input sequences were trimmed according 
to specified quality and length cut-offs. Subsequently, 
trimmed reads were aligned to GRCh37, including the 
revised Cambridge Reference Sequence (rCRS) for human 
mitochondrial DNA (NC_012920.1), using the CLC bio-
aligner. After alignment, duplicate mapped reads resulting 
from PCR amplification were removed. In order to improve 
read mapping around indels, a local realignment step 
subsequently was performed. Following local realignment, 
sequence variants were determined using the CLC bio-
algorithms for basic variant detection algorithm as well 
as low-frequency variant detection. The detected variants 
were further processed by filtering out reference variants, 
adding annotations with overlap information and amino 
acid changes. Finally, variant coverage was calculated 
by using the samtools depth command [43]. In order to 
account for overlapping read pairs, BamUtil clipOverlap 
was used to clip overlapping read pairs before calculating 
the coverage [44].
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Results

ST and ePNT can minimize transmission 
of a homoplasmic pathogenic mtDNA mutation

A female carrier of LHON syndrome, harboring a 
homoplasmic pathogenic mtDNA mutation m.11778G > A, 
underwent ovarian stimulation, after which a total of 
twenty-six cumulus-oocyte complexes were retrieved: 
twenty-two MII oocytes, one MI oocyte, two GV 
oocytes, and one degenerated oocyte. The majority 
of the MII oocytes (n = 17) were fertilized via routine 
ICSI, and obtained blastocysts were subjected to PGT-
M. Using mtDNA-sequencing analysis on trophectoderm 
(TE) biopsy samples, we confirmed a close to 100% 
(homoplasmic) mutation load in all embryos analyzed 
(Supplementary Table  S2). Five randomly selected 
in vivo matured MII oocytes were donated for research, 
in addition to the GV and MI oocytes, to perform NT. 
While both GV oocytes failed to mature after 24 h in vitro 
culture, the MI oocyte successfully matured. The donated 
in vivo matured MII oocytes and in vitro matured oocyte 
were subjected to ST and ePNT, respectively. Enucleated 
healthy vitrified-warmed in vivo matured SERa oocytes 
and an enucleated healthy fresh IVM oocyte obtained from 
other women served as donor cytoplasts during ST and 
ePNT procedures, respectively. The ST was successful 
in all five in vivo matured oocytes from the patient, and 

after ICSI, 100% (5/5) of ST-oocytes were normally 
fertilized, 100% (5/5) cleaved, and 20% (1/5) progressed 
to the blastocyst stage (scored at day 5 as 4AA: expanding 
blastocyst, top score inner cell mass and trophectoderm), 
while the successfully reconstructed ePNT-zygote derived 
from the IVM MI oocyte from the patient, reached the 
compacted morula stage (Table 1). Data from targeted 
NGS revealed that the mtDNA carry-over in two TE 
biopsy samples from the ST-blastocyst and in the ePNT-
morula was 3.2%, 2.9%, and 3.1%, respectively (Table 2), 
while all the patient’s enucleated oocytes/zygotes 
(Supplementary Table  S3), unmanipulated oocytes/
zygotes (Supplementary Table S3), arrested embryos and 
blastocysts (Supplementary Table S4) from the PGT-M 
cycle showed mutation loads close to 100%. The negative 
control donated oocytes showed, as expected, a negligible 
m.11778G > A mutation load (Supplementary Table S5), 
which is below the sensitivity of NGS for the detection of 
mtDNA heteroplasmy, as we have previously determined 
in a mouse model [15]. Analyzing the same samples with 
a digital droplet PCR (ddPCR) approach, we confirmed 
m.11778G > A mutation loads of 0.00% in all three 
negative control samples [45]. The level of mtDNA carry-
over in the remaining arrested ST-embryos (n = 4) was 
2.9% ± 1.1% (mean ± SD) (Table 2). Overall, our findings 
confirm that NT can significantly reduce the transmission 
of pathogenic mtDNA mutations in human, with ST and 
ePNT showing comparable carry-over rates.

Table 1   Preimplantation development of ST and ePNT embryos

ST spindle transfer, ePNT early pronuclear transfer

Group No. of reconstructed 
embryos

Survival after 
recovery

Fertilization 
by ICSI

Two-cell Eight-cell Compact morula Blastocyst Good-
quality 
blastocyst

ST 5# 5/5
(100%)

5/5
(100%)

5/5
(100%)

4/5
(80%)

1/5
(20%)

1/5
(20%)

1/5
(20%)

ePNT 1# 1/1
(100%)

– 1/1
(100%)

1/1
(100%)

1/1
(100%)

0/1
(0%)

0/1
(0%)

Table 2   Levels of mtDNA 
carry-over in individual 
embryos following NT

mtDNA mitochondrial DNA, PGT-M preimplantation genetic testing for monogenic disorders, ST spindle 
transfer, ePNT early pronuclear transfer, TE trophectoderm

Oocyte/embryo ID (n = 7) MtDNA carry-over Coverage (reads)

PGT-M from the ST-generated blastocyst TE cells-1 3.2% 8126
PGT-M from the ST-generated blastocyst TE cells-2 2.9% 8126
Arrested embryo (sixteen-cells) after ST 1.8% 8131
Arrested embryo (eight-cell) after ST 2.2% 8130
Arrested embryo (five-cell) after ST 3.2% 8045
Arrested embryo (eight-cell) after ST 4.2% 8102
Morula arrest after ePNT 3.1% 8020
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ST can overcome fertilization failure after ICSI‑AOA 
in two infertile couples

The first recruited patient involved a 26-year-old woman who 
experienced two failed cycles due to fertilization failure fol-
lowing ICSI. Specifically, in the first cycle, a total of thirteen 
in vivo matured MII oocytes were retrieved and subjected 
to routine ICSI, of which none showed 2 distinct pronuclei. 
Prior to the second cycle, we performed the MOAT to evalu-
ate the sperm activation potential of the patient’s partner, 
by injecting the partner’s sperm into mouse oocytes. The 
MOAT results revealed that more than 85% of the mouse 
oocytes were activated, similar to a positive control sperm 
sample with normal activation capacity. Accordingly, this 
patient was classified in the MOAT 3 group, with a sus-
pected oocyte-related problem, and was advised to undergo 
ICSI-AOA treatment, as AOA enables overcoming fertiliza-
tion failure in most of the cases, even when an oocyte-related 
factor is involved [30]. For this procedure, a total of seven-
teen cumulus-oocyte complexes were retrieved after ovarian 
stimulation: twelve MII oocytes and five MI oocytes. When 
subjecting all MII oocytes to ICSI-AOA, only one out of the 
twelve MII oocytes was fertilized, but displayed vague 2PN 
formation and no further division. We further injected the 
partner’s sperm into fresh IVM and 0PN oocytes obtained 
from other patients and found that most oocytes (83%, 5/6) 
were activated and cleaved after injection without the appli-
cation of AOA, indicating that a sperm deficiency of the 
patient’s partner could be excluded. Finally, we performed 
ST by transferring spindle-chromosome complexes from 
the patient’s IVM oocytes retrieved at MI stage (n = 5) into 
vitrified-warmed SERa oocytes donated by other women. 
Following ICSI in the absence of AOA, two out of the four 
ST-reconstituted oocytes were normally fertilized with 2PN 
and 2PB formation, the third oocyte showed 1PN formation 
and the fourth cleaved immediately. Subsequently, three out 
of four embryos cleaved to the four-cell stage, but did not 
progress further to blastocysts (Table 3).

The second case involved a 37-year-old nulligravida 
woman who had six failed ICSI cycles characterized by 
fertilization failure in almost all her oocytes. In the last 
three ICSI cycles, AOA was performed but only one 
oocyte showed normal fertilization (1/32). After MOAT, 
this patient was categorized in the MOAT 3 group, point-
ing to a suspected oocyte-related problem, as more than 
88% of the mouse oocytes showed activation following 
injection of her partner’s sperm. Moreover, the vitrified-
warmed sperm of the patient’s partner was injected into 
fresh IVM oocytes donated by other women. We found 
that most oocytes (2/3) were successfully fertilized and 
activated, indicative of normal activation potential of 
the partner’s sperm. In the patient’s final ICSI-AOA 
cycle, a total of twenty cumulus-oocyte complexes were 
retrieved: nine MII oocytes and eleven MI oocytes. ICSI-
AOA was applied in all MII oocytes, while ST was car-
ried out by transferring spindle-chromosome complexes 
from the patient’s IVM oocytes retrieved at MI stage 
(n = 6) into vitrified-warmed SERa oocytes donated by 
other women. After ICSI in the absence of AOA, 33% 
(2/6) of the ST-reconstructed oocytes were normally 
fertilized with 2PN, 33% (2/6) with 1PN, and 33% (2/6) 
with 3PN (Table 3). One out of two 2PN zygotes devel-
oped into a cavitating blastocyst showing poor quality, 
and the remaining 2PN, 1PN, and 3PN zygotes arrested 
before the ten-cell stage (Table 3). Taken together, these 
results indicate that ST may have the potential to over-
come fertilization failure after ICSI associated with 
oocyte-related activation deficiencies.

Table 3   Preimplantation development following ST in both infertility patients (patients 2 and 3)

Patient No. of 
reconstructed 
oocytes

Survival after recovery Survival after ICSI Fertilization outcomes Development outcomes

Patient 2 5# 5/5 (100%) 4/5 (80%) 2/4 (50%) 2PN
1/4 (25%) 1PN
1/4 (25%) divided

2PN: both arrested at four-cell stage (day 3)
1PN: not divided
Divided one: arrested at four-cell stage (day 3)

Patient 3 6# 6/6 (100%) 6/6 (100%) 2/6 (33%): 2PN
2/6 (33%): 1PN
2/6 (33%): 3PN

2PN: 1# three-cell arrested (day 3)
1# cavitating blastocyst but poor-quality (day 

6)
1PN: 2# two-cell arrested (day 3)
3PN: 1# four-cell arrested (day 3); 1# ten-cell 

arrested (day 4)
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Discussion

The present study provides additional proof 
that both ST and ePNT have the capacity 
to efficiently prevent the transmission of mtDNA 
disorders in human

In the context of prevention of mtDNA transmission, ST 
has been the method of choice [2]. However, interestingly, 
Hyslop et al. (2016) further optimized the PNT procedure 
using human in  vivo matured MII oocytes, mainly 
including a modification in the timing, with PNT being 
performed shortly after meiosis II completion (around 8-h 
post-intracytoplasmic sperm injection (ICSI), early PNT) 
rather than before the first mitosis (around 16-h post-
ICSI, late PNT). This adapted methodology, called ePNT, 
was shown to be highly beneficial in terms of blastocyst 
formation, with a concomitant minimal carry-over in 
generated blastocysts [24].

Our study compared ST and ePNT on a limited number 
of samples of a female patient carrying the homoplasmic 
m.11778G > A mutation, which is one of the three com-
mon LHON-causing mtDNA point mutations [6]. Unlike 
the majority of mtDNA disease-causing mutations, which 
are heteroplasmic, LHON mutations are often present in 
a homoplasmic form [46, 47]. Another distinct feature of 
LHON is that it displays incomplete penetrance, which is 
reflected by the fact that amongst all the matrilineal mem-
bers of an LHON pedigree containing mutant mtDNA, 
only a portion of individuals develop optic neuropathy 
[48]. PGT-M was routinely carried out in this patient, and 
as expected, we found that no embryos were suitable for 
embryo transfer due to high mutation loads (~ 100%). In an 
effort to reduce transmission of the m.11778G > A muta-
tion, we performed ST and ePNT.

The findings revealed that both ST and ePNT were 
capable of reducing the average level of mtDNA carry-
over to 2.9% ± 0.8% (mean ± SD), which was consistent 
with previous studies in human showing < 2.2% and < 2% 
of carry-over in preimplantation embryos generated from 
ST and PNT, respectively [23–25, 49]. In addition to ST 
and PNT, other types of NT techniques, including PB1T 
and PB2T, are currently being developed for overcom-
ing mitochondrial diseases [17, 21]. Consistently, recent 
mouse and human studies have revealed that both PB1T 
and PB2T were compatible with onward embryo devel-
opment in vitro and led to an even lower carry-over rate 
of < 1% on average in the generated blastocysts [15, 50]. 
Even if mtDNA carry-over rates can indeed be further 
decreased by approaches such as PBT, it remains unclear 
whether, during the development of resultant offspring, 
the karyoplast-derived mutant mtDNA could still prefer-
entially accumulate in various tissues, leading to a drift 

towards the mutant haplotype [1, 24]. Therefore, addi-
tional studies in, for instance, non-human primate models 
[18] and long-term follow-up of children born following 
NT are definitely a necessity.

In the UK, the NT technology is only recommended to 
women of childbearing age who have pathogenic mtDNA 
mutations and whose children are at risk of serious mito-
chondrial disease. Recently, using Bayesian methods, Pickett 
et al. (2019) proposed an algorithm based on a given mater-
nal heteroplasmy (e.g. the mutation load in somatic cells) to 
predict the proportion of future children with safe hetero-
plasmy levels < 18%. This approach can forecast whether or 
not PGT-M is suitable as a first-line treatment, and which 
women would benefit from the germline NT treatment [51]. 
It has been estimated that, yearly, 152 births in the UK and 
778 births in the USA can benefit from the NT technique to 
overcome mtDNA disorders [52].

In the second part of our study, we have shown, as a 
proof-of-concept, that ST might be able to overcome fer-
tilization failure after ICSI in the case of an oocyte-related 
fertilization failure. Total fertilization failure following 
ICSI occurs in 3–5% of all ICSI cycles [53]. It may happen 
repeatedly even in cases with normal sperm parameters and 
optimal ovarian response, and a number of cases have been 
attributed to certain genetic factors. For example, mutations 
in the male gene responsible for oocyte activation (PLCZ1) 
[54] and mutations in different female genes (reviewed in 
[29]) have recently been reported in patients suffering from 
recurrent failed fertilization after ICSI.

In the current study, we included two female patients 
experiencing very low fertilization rates after ICSI. Using 
MOAT assessment, we classified both patients into MOAT 
group 3 (normal sperm activation capacity), hence sus-
pected oocyte-related fertilization deficiencies. We have 
considered to apply mouse or human oocyte calcium analy-
sis (MOCA or HOCA) to exclude a sperm-related factor of 
fertilization failure, but since injection in control oocytes, 
donated by other infertile women, showed normal fertiliza-
tion capacity of the patient’s sperm, an oocyte-related cause 
of failed fertilization is very likely. Even more, given the 
lack of any pronucleus formation after AOA, this rather 
points to a fertilization problem which acts downstream of 
the calcium-releasing machinery. Also, the AOA treatment, 
aiming to artificially trigger Ca2+ rises by Ca2+ ionophores, 
failed to induce oocyte activation and fertilization. It has 
been reported that AOA during ICSI is efficient to over-
come fertilization failure in most of the treated couples [30, 
38, 40], but especially when an oocyte factor is responsible 
for fertilization failure, AOA sometimes fails, suggesting 
defects downstream or independent from the calcium sign-
aling pathway [30, 31]. For instance, ICSI-AOA failed to 
restore fertilization in female patients with gene mutations 
in WEE2 (Wee1-like protein kinase 2) [55, 56], which is 
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an oocyte kinase involved in the release from MII arrest 
that acts downstream after the Ca2+ oscillations. Interest-
ingly though, injection of WEE2 wild-type complementary 
RNA (cRNA) molecules could restore fertilization poten-
tial. The treatment potential of cRNA is however limited to 
patients with confirmed molecular defects, and it remains 
to be determined whether the approach would be applica-
ble to overcome molecular defects in other genes as well. 
NT on the other hand would be a more general approach 
applicable for all patients with abnormal cytoplasmic con-
tent, either due to defective proteins, or other anomalies. 
For instance, earlier work has shown that low mitochondrial 
DNA content, which could be due to cytoplasmic maturation 
or mitochondrial biogenesis defects, impacts fertilization 
[57]. Therefore, we investigated ST as an experimental treat-
ment approach for both recruited patients, only for research 
purposes. Specifically, the spindle-chromosome complexes 
were removed from the patient’s IVM oocyte and transferred 
into a vitrified-warmed enucleated SERa oocyte. Following 
ICSI, the results showed that most ST-reconstructed oocytes 
were activated, and some achieved normal fertilization, indi-
cating that refreshing the whole oocyte cytoplasm by this 
technology has the potential to overcome certain fertilization 
failure after ICSI originating from cytoplasm deficiencies. 
The cytoplasm deficiencies may include downstream cal-
cium signaling defects, accounting for the oocyte activation 
deficiency. Consequently, instead of oocyte donation, NT 
may offer a reproductive strategy for certain infertile couples 
to achieve genetically related children.

In this study, the majority of the ST-reconstructed oocytes 
and the ePNT-reconstructed zygote failed to reach the blas-
tocyst stage. This might be primarily attributed to the lower 
developmental potential of in vitro matured and vitrified-
warmed SERa oocytes used in our experiments, which were 
aged after collection (at least 8 h after oocyte pick-up). In 
addition, previously, reduced blastulation rates have been 
shown in SERa oocytes [24]. Therefore, to address whether 
ST to overcome fertilization failure has a positive influence 
on both fertilization potential, as well as embryonic develop-
ment, future studies using increased numbers of human fresh 
in vivo matured MII oocytes from voluntary donors will be 
essential to obtain pre-clinical data for NT techniques.

To date, the number of published human studies on the 
use of NT treatment to treat infertility patients is limited to 
one case report. This involved a 30-year-old patient, who 
experienced two failed IVF cycles due to recurrent embryo 
arrest at the two-cell stage. This patient underwent PNT 
treatment and obtained a triplet pregnancy, however, without 
successful live-birth [26]. More recently, using a reproduc-
tive ageing (B6D2F1 mice) and an embryo arrest (NZB/
OlaHsd mice) model, Tang et al. (2020) revealed that both 
ST and PNT could significantly increase blastocyst forma-
tion rates in such cases by replacing reproductive aged or 

embryo-arrest cytoplasts with competent ones [58]. These 
findings are in line with those of Costa-Borges et al. (2020), 
who reported that ST could rescue embryo developmental 
arrest caused by cytoplasm defects and lead to healthy off-
spring by transferring spindles from embryo-arrest mouse 
oocytes into non-arrest mouse cytoplasts [59]. Accordingly, 
as a means of “cytoplasmic rescue,” the NT techniques 
may have the potential to rejuvenate dysfunctional oocytes 
resulting from cytoplasmic deficiencies. Nevertheless, as 
the molecular mechanism of these effects remains unclear, 
the use of PNT or ST for treating female infertility should 
be approached with caution. Therefore, whole-exome and 
whole-genome sequencing approaches to identify genetic 
abnormalities in known (for instance WEE2, PATL2, TLE6) 
and novel genes would further support this line of research.

Conclusion

Overall, this is the first evidence in human to show that NT 
is able to overcome fertilization failure after ICSI due to 
suspected inferior oocyte quality. Although more data are 
required to elucidate the efficiency and safety of NT, our 
study indicates the potential of NT techniques in avoiding 
mtDNA disease transmission as well as overcoming failed 
fertilization after ICSI. The scarce availability of human 
oocytes, particularly fresh in vivo matured MII oocytes 
donated for research purposes, is a limiting factor to obtain 
more pre-clinical evidence of this new NT technology. In 
addition, assessment of embryonic developmental poten-
tial, aneuploidy, and molecular analysis of reconstructed 
embryos following NT is still required to verify subtle and 
yet undetected safety concerns.
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