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Abstract

Background It is possible to replicate the natural process of twinning by means of
artificially spitting early-stage embryos in the laboratory. This method has
resulted in applications relevant to agricultural and sporting animals. Embryo
splitting, or in vitro twinning, has been successfully conducted in various livestock
species. Human embryo splitting has been previously reported. The results were,

however, inconsistent.

Hypothesis The quality of the human embryos generated by twinning in vitro is

comparable to the quality of the embryos created by fertilisation.

Experimental Approach A total of 176 twin embryos created by splitting of 88
human embryos from either early (2 — 5 blastomeres, n = 43) or late (6 — 10
blastomeres, n = 45) cleavage stages were analysed in terms of morphokinetics and
developmental competence. Data was compared to the morphometrics of embryos
created by fertilisation and leading to pregnancy and live birth following single
blastocyst transfer (n = 42). Furthermore, comparative analyses of the expression
patterns of early lineage-specific markers (n=21 pairs) of twin blastocysts and non-
manipulated Day 5 - 6 blastocysts using immunocytochemistry and human
embryonic stem cells (hESCs) derivation was attempted (n = 5 pairs). Finally,
comparative analyses of micor RNA (miRNA) profiles in spent blastocyst medium
(SBM) of human twin embryos created by blastomere biopsy (n = 7 pairs) and SBM
of blastocysts that led to a healthy pregnancy and live birth following embryo

transfer (n = 7) were also conducted.

Results Morphokinetic data indicated that human preimplantation development is
subject to strict temporal control according to a set ‘developmental clock’. The size
of twin embryos generated in the study was directly proportional to the starting
cell number of the embryos used in their genesis. Furthermore, the first
commitment decision in terms of cell fate was delayed, with the inner cell mass
(ICM) becoming distinguishable later in the study group than in the normal control
blastocysts. The ICM, if present at all, was small in size and of low quality.
Furthermore, most cells in the twin embryos concurrently expressed both ICM and
trophectoderm (TE) markers. Finally, the nature of miRNA secretion in SBM
consistently varied between the twin and control embryos.
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Conclusion Taken together the data suggested that human twin embryos created
in vitro by embryo splitting are unsuitable not only for clinical use but also for

research purposes.
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Chapter 1

Introduction

1.1 The importance of embryology

The field of embryology is central to the significant body of research currently
taking place in human development and is at the forefront of scientific and medical
advancements. For instance, this research offers the potential to eradicate genetic
disease, with recent advances indicating that direct genome editing is now possible
in pluripotent and other stem cells and in embryos during early stages of human
development. Furthermore, techniques to eliminate mitochondrial disease are
already being applied to human-assisted reproductive technologies (ARTs) (Amato
et al, 2014). Embryology therefore provides significant scope for achieving major
advances in treatments for human diseases and for increasing our understanding
of the events that occur during the key stages of early development. These studies

answer fundamental questions related to human and non-human animal biology.

Embryology also provides us with information related to the development of safe
ART. The use of ART has been steadily increasing in recent years, and it now
accounts for between 1 and 3% of annual births in the developed world (Santos et
al, 2010). Therefore, it is of substantial importance to explore embryology to
understand the impact of these interventions, especially on subsequent generations.
For instance, the potential negative impact of ovarian stimulation on oogenesis,
embryo quality, endometrial receptivity and perinatal outcomes has been
investigated (Santos et al, 2010), but the underlying mechanisms remain poorly
understood, and further research is required. The EpiHealth Consortium, an EU-
funded research collaboration, is investigating whether in vitro fertilisation (IVF)
conceived offspring experience greater health problems later in life, and this type
of ongoing research is essential to mitigate potential future risk. Furthermore,
enhancing our understanding of early embryonic development is important for
clinical applications involved in fertility issues, including the underlying biological
causes of miscarriage. Human development is also a major focus of preventive

medicine and efforts to improve maternal-foetal health. Extensive epidemiologic



evidence has indicated that the risk of disease in adulthood is associated with
adverse environmental conditions early in development (Heijmans et al, 2009),
with a growing amount of evidence indicating that epigenetic modifications are
associated with a variety of environmental conditions and stressors that mediate
their effects by altering the uterine environment. Thus, very early mammalian
development is a crucial period for establishing epigenetic markers that persist
throughout life (Heijmans et al, 2008) and that are associated with predisposition
to disease. This phenomenon is the subject of rapidly advancing scientific research.
These insights into fundamental biological processes help us to understand the key
mechanisms that are involved in development and explain the increase in the focus

on taking a life-course approach to preventing disease (Gluckman et al., 2007).

Embryology is also central to the study of human embryonic stem cells (hESCs),
which is an area of research that juxtaposes two fundamental but potentially
opposing moral principles: the desire to alleviate suffering and the duty to respect
and value of human life, the latter being a central ethical question in all such areas

of research, thus ensuring the field attracts ongoing public scrutiny.

These extensive and varied research approaches advance our understanding of
human diseases, including their origins and mechanisms, and aid in the
development of potential preventive measures and treatments. However, the
limited availability of human embryos for scientific and medical research is an
ongoing challenge in the field of embryology. Conventional sources of embryos for
research purposes include non-viable embryos that would otherwise be discarded
following IVF and viable embryos that are left over following IVF and are deemed

unnecessary.

Currently, approximately two-thirds of all elective single embryo transfers (eSET)
carried out in women seeking fertility treatment are performed via blastocyst
transfer, and this proportion does not appear to be declining (Human Fertilisation

and Embryology Authority, 2013).

The single embryo transfer policy was first introduced to reduce the likelihood of
multiple births in IVF-conceived pregnancies, since this represents the biggest
single risk for both mothers and babies. Previous research indicated that

transferring two embryos was more likely to result in a live birth than transferring



a single embryo, but the risk of obstetric complications, such as pre-term birth, is
increased in these cases (Thurin et al, 2004). Observational studies have
demonstrated that eSET and elective double embryo transfer (eDET) result in the
same pregnancy rates since younger patients with a better prognosis receive SET,
while older women with a poorer prognosis receive DET (Bergh, 2005; Gerris,
2005). Thus, the Human Fertilisation and Embryology Authority’s (HFEA), the
body responsible for the independent regulation of the licensing and monitoring of
fertility clinics and human embryo-based research, introduced a policy for clinics to
transfer single embryos to women under the age of 40 (Human Fertilisation and

Embryology Authority, 2015), an intervention that has proven successful.

This shift in the paradigm of fertility treatments has also resulted in the majority
of embryos donated by couples being at the blastocyst stage of development. The
shift towards blastocyst transfer has arisen as a result of a policy that was
recommended and implemented by the HFEA’s Multiple Birth Policy in 2009
(Human Fertilisation and Embryology Authority, 2013) (see paragraph 2.2).

The HFEA reported that the proportion of blastocyst transfers increased from a
pre-policy rate of 12.8% in 2008 to rates as high as 46.8% in 2012 (Human
Fertilisation and Embryology Authority, 2013) (Table 1 in paragraph 2.6).

The latest figures from the HFEA show that these types of IVF made up 54% of
such procedures in April 2014, with the rate of frozen embryo transfer at the
blastocyst stage of development being almost 80% (Figure 1.1). As a result of this
policy, a dramatic reduction was achieved in multiple birth pregnancies, as shown

in Figure 1.2.

As previously mentioned, the availability of human embryos is a fundamental
requirement for the extensive research that is currently taking place in the field of
human development. This includes studies involving the latest and much-
publicised clustered regularly interspaced short-palindromic repeat (CRISPR) gene
editing technique, for instance, and its multiple potential applications. The cas9-
endonuclease based method for sequence-specific genome modification is guided by
DNA-RNA base pairing to engineer point mutations, deletions and insertions into
animal genomes, including humans (Hendriks et al, 2015). This technique allows a

high degree of specificity and has therefore generated significant interest from the



research community in terms of its future potential for removing or replacing
disease-causing genes in pre-implantation embryos. It is currently being used as a
method to further explore the mechanisms that are involved in early development
(Callaway, 2016). Thus, it is critical to the advancement of our scientific
understanding of this area that human embryos are available for research
involving this technique. Since the policy to transfer embryos at the blastocyst
stage of development was introduced, there has been a reduction in the number of
cleavage-stage embryos that are available for research purposes. Therefore,
splitting embryos at the cleavage stage offers the potential to increase the number
of viable embryos, and it may therefore be a suitable means of addressing the
current shortage in the availability of embryos that are appropriate for these lines
of research. This type of approach could alleviate the reliance on obtaining donor
embryos via conventional means. This type of study is, therefore, important
because it is aimed at investigating potential solutions to the predicted increase in
the shortage of human embryos as a result of changes in fertility interventions
over time and to pre-empt future potential issues in this vital area of research.
This study has the potential to increase the supply of human embryos, and it will

therefore provide vital contributions to this field.
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Figure 1.1: The percentage of embryos that were transferred at the blastocyst stage between 2008—
2014. The figure shows that there is a trend towards blastocyst transfer over the last five years. The
blue line represents overall blastocyst transfer, the purple line represents frozen embryos that were
transferred at the blastocyst stage, and the orange line represents freshly transferred embryos. This
graph was reproduced from Improving outcomes for fertility patients: multiple births 2015, HFEA
(Human Fertilisation and Embryology Authority, 2015).
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Figure 1.2: A graph showing the pregnancy rate (per embryo transfer) and the multiple pregnancy
rate (per pregnancy) for fresh and frozen transfers that were performed between 2008 and mid-2014.
The graph shows that the pregnancy rate has been maintained since 2008 and that it has, in fact,
begun to increase, despite the wider use of single embryo transfer. In 2008, the overall multiple
pregnancy rate was 27%, and it had fallen to 16% in the first half of 2014. This graph was reproduced
from Improving outcomes for fertility patients: multiple births 2015, HFEA (Human Fertilisation and
Embryology Authority, 2015).




1.2 Embryo splitting

1.2.1 Method of embryo splitting

Using a range of different techniques, embryo splitting or in vitro twinning has
been performed in vitro in several animal species. Early in the twentieth century,
experiments in fish showed that lowering the incubation temperature or reducing
the oxygen concentration decreased the rate of development and thereby increased
the incidence of monozygotic (MZ) twins (Stockard, 1921). Similarly, a large
number of more recent studies have demonstrated that delayed fertilisation in
rabbits and hypoxia in cultured mouse embryos also led to MZ twinning (Hall,
2003; Aston et al, 2008). It has been suggested that, in these cases, twining may
have been induced by disruptions in communication between blastomeres at
various stages of development. The theoretical bases for these studies have allowed
the continuous progression of techniques used to split embryos, and the latest
Improvements in microscopy and micromanipulation technologies allow the
mechanical induction of MZ twinning to be achieved via blastomere biopsy or

blastocyst bisection.
1.2.1.1 Blastomere biopsy

This technique involves removing one or more blastomeres from different cleavage
stage embryos and inserting them into a previously prepared empty zona pellucida
(ZP) for further development, as shown in Figures 1.3. To achieve this, the donor
embryo is first treated with acidified Tyrode’s solution, which produces an opening
or hole in the ZP. Blastomeres are then removed via a biopsy pipette or aspirating
pipette that is inserted through the ZP hole. The free blastomere is subsequently
transferred to a ZP that was previously emptied by removing its cellular content.
However, the major limitation of this technique is that the extracted blastomeres
display reduced developmental capacity, which results in arrested embryos. In
horses, embryo splitting using the blastomere biopsy technique has resulted in
successful live births, with healthy monozygotic foals that developed to term (Allen
and Pashen, 1984) from 2- and 8-cell stage embryos. The success rate of these
procedures has been favourable, as has the developmental efficiency of producing

twin blastocysts from 2- and 4-cell stage split murine embryos (Illmensee et al,



2005). However, blastomere separation in non-human primates such as rhesus
monkeys has not resulted in twin births or comparable success rates (Mitalipov et
al, 2002), and the theoretical basis for this difference is not yet known. The results
of studies on assisted embryo hatching have suggested that differences in the sizes
of the artificial opening in the ZP may cause various developmental abnormalities,

such as premature hatching or artificial twinning (Petersen et al, 2005).

An alternative method for making an opening in the ZP is the use of lasers. Laser-
assisted biopsies result in reduced handling of the embryo and faster biopsies,
which increase the likelihood of the embryos achieving their developmental
capacity (Han et al, 2003). Interestingly, laser-assisted biopsy is the technique
that is used to perform pre-implantation genetic diagnoses (PGD), with recent
studies demonstrating that using biopsies at the cleavage stage to perform PGD
significantly reduced the reproductive capacity of human embryos, whereas

blastocyst biopsy did not (Scott et al, 2013).



Figure 1.3: The process of twinning using a cleavage stage embryo. The images show the sequential
process that is performed during the biopsy of 3 blastomeres from a 6-cell donor embryo (Twin A) and
their placement into an empty ZP (Twin B) that was previously prepared. Images were reproduced
from (Illmensee et al, 2011).

1.2.1.2 Blastocyst bisection

Blastocyst bisection is another procedure that has not previously been reported in
human embryos. Using this technique, a surgical microblade is attached to a
micromanipulator and used to bisect the blastocyst into two embryos, with an even
distribution of inner cell mass (ICM) and trophectoderm (TE) between the
resultant demi-embryos, as shown in Figure 1.4. The MZ twin embryos are then
immediately cultured in vitro using a culture medium that encourages further
development. Although this procedure has not been attempted in humans,
blastocyst bisection has been attempted and shown to be effective in a number of
mammalian species, including cattle (Ozil et al, 1982; Ozil, 1983; Seike et al,
1989b), mice (Nagashima et al, 1984; Wang et al, 1990), rabbit (Yang and Foote,
1987), sheep (Széll et al, 1994) and pigs (Nagashima et al, 1989; Reichelt and



Niemann, 1994). Commercial exploration and investment in embryo splitting
technologies is based on the aforementioned increased likelihood of pregnancy and
the efficiency of producing offspring because of the increase in the number of viable
embryos transplanted. Hence, success in this sphere has so far resulted from this
specific methodology, which involves splitting morulae or blastocysts to produce
monozygotic offspring. In non-human animal models, the embryos that are used to
perform these procedures are obtained either by flushing the uterus of the mated
animal following natural conception or by applying assisted reproductive

technology via IVF (Ozil et al, 1982; Ozil, 1983; Voelkel et al,, 1985).

s 90 ym ’
Figure 1.4: The bisection of an embryo at the blastocyst stage. (A) The blastocyst is immobilized using
a holding pipette that is held at a position that is diametrically opposite to the ICM. (B) A surgical
microblade is used to dissect the ICM into two halves. (C) Bisection is completed and the bisect