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Abstract

Stem cells are unique cells that have both the capacity for self-renewal

and, depending on their origin, the ability to form at least one, and some-

times many, specialised cell types of all three embryonic germ lineages -

germ cells (endoderm, mesoderm and ectoderm), extra-embryonic tissue

and trophoblast. Since the derivation of the first human embryonic stem

cell (hESC) line in 1998, there has been substantial interest in the poten-

tial of these cells both for regenerative medicine and cell therapy, and as

disease models for monogenic disorders. Aside from the need to improve

derivation efficiency and further the understanding of the basic biology of

these cells, the ability to work with hESC opens up three broad research

areas. The first is the development of clinical grade culture systems with

the aim of producing cell lines suitable for subsequent manipulation for

therapy. The second is the opportunity to use these cells as a tool to

study the earliest determinative events in mammalian development, such

as the origins of patterning in the mammalian embryo. The third is the

use of hESCs carrying clinically relevant genetic mutations as models for

disease research and therapeutic target identification.

The development of several methods of embryo manipulation tailored to

the morphology of the blastocyst is described here, which resulted in the

derivation of seven lines from four different procedures and provided the

tools for subsequent research. Acknowledging that each laboratory in

isolation is unlikely to derive sufficient lines to draw significant conclu-

sions regarding manipulation methodology and culture parameters, an

international collaboration was initiated with the aim of standardising

the reporting of derivation and thus obtaining the maximum information

from the generation of each new hESC line.



To address the need for the development of clinical grade culture systems,

alternative feeder cells were assessed for their suitability in hESC culture

and derivation. Modified human foreskin fibroblasts and human amniotic

epithelial cells (hAECs) were investigated, as both cell types can be fully

qualified and validated. Whilst both were able to support the culture of

existing lines, only the hAECs showed promise in supporting derivation.

In addition, analysis of in-house and commercially available media showed

that neither were physiologically optimal for the growth of inner cell mass

(ICM) cells or putative hESC, as metabolite concentrations were in excess

and subsequent catabolite levels exceeded known toxic levels.

The timing and mechanisms establishing patterning and future polarity

in the mammalian embryo remains a subject of intense debate. Here,

the potential of single blastomeres to generate hESC was used as an as-

sessment of pluripotency. The determination of the most appropriate

day for attempting derivation was performed by assessing blastomere de-

velopment and pluripotent marker expression, and the predicted success

of derivation was considered in the light of division patterns. Putative

stem-like cells were visible in several cultures. Furthermore, isolated blas-

tomeres from two-, four-, and eight-cell embryos were analysed for the

quantitative expression of multiple target genes known to be associated

with lineage formation and the stem cell state. Analysis suggested that

broad changes in gene expression were occurring with development stage.

However, no consistent grouping structure for cells within embryos was

observed, and no convincing pattern was seen when considering the in-

dividual embryo variance scores. Several approaches are discussed to

differentiate between the biological and methodological variability in this

experimental design.

The suitability of hESC as models for genetic disease was studied fol-

lowing the derivation of two lines carrying Huntington disease (HD).

Subsequent differentiation using a stromal co-culture neural induction

protocol resulted in the establishment of a stable, highly proliferative

cell population which was simple to culture and bank. The cells were of



an astroglial phenotype, and therefore highly suited for subsequent stud-

ies regarding HD pathophysiology, as glial cells are severely affected in

HD. During differentiation the CAG repeat size increased from 46 to 70,

showing the salient feature of somatic instability of the huntingtin gene.

Therefore this cell population provides a valuable tool in the study of

disease pathogenesis and transmission.
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Chapter 1

Introduction

1.1 Stem cells and regenerative medicine

Stem cells are unique cells that have both the capacity for self-renewal and, depending

on their origin, the ability to form at least one, and sometimes many, specialised cell

types of all three embryonic germ lineages - germ cells (endoderm, mesoderm and

ectoderm), extra-embryonic tissue and trophoblast. Embryonic stem cells derived

from blastomeres of the cleavage stage embryo or the inner cell mass of preimplan-

tation blastocysts can differentiate into cell types of all three lineages thus showing

totipotent potential. However, until their contribution to all cell types of the hu-

man body is proven, they are, by definition, pluripotent. Embryonic germ cells from

primordial germ cells of post-implantation embryos, and embryonal carcinoma cells

from teratomas are also pluripotent. Additionally, induced pluripotent stem cells

seem to have the same differentiative and proliferative capacity as embryonic stem

cells. Embryonic stem cells in vitro appear to be immortal, proliferating indefinitely

in an undifferentiated state. However embryonic cells in vivo lose this property as

differentiation ensues with development and growth promoting signals change. By

adulthood, the few remaining stem cells are dispersed throughout the body and are

difficult to locate. However these cells seem able to continue to generate identical

daughter cells and/or tissue cells at each division.

These residual pools of stem cells are suggested to be the source of tissue regenera-

tion and repair that occurs in adults. Tissue-specific stem cells are present in multiple

organs and systems of adult animals although they differ greatly in their ability to

self-renew and differentiate. For example, spermatogonial stem cells in the testis

are unipotent and produce only one type of differentiated cell - the spermatozoon.
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1.1 Stem cells and regenerative medicine

In contrast, mesenchymal stem cells are multipotent and can produce adipocytes,

osteoblasts, chondrocytes and myocytes in culture. However, unlike their embryonic

counterparts, tissue-specific stem cells are not immortal, and show decreasing self-

renewing capability with increasing age. This limitation has been associated with

the inability to repair the damage that accumulates with aging, likely to be due to

exhaustion of the stem cell pool or a consequence of inherited or acquired mutations

throughout life that impede normal stem cell function. However, if these stem cells

divide in response to environmental cues, such as following injury or disease mani-

festation, and should the daughter cells differentiate at a rapid rate, then identifying

the number of parent stem cells would be virtually impossible; perhaps therefore

estimations of adult stem cell populations may be lower than actually present.

Regenerative medicine is an emerging and rapidly evolving field of research, tissue

engineering and therapeutics that aims to compensate for this inability of the body to

repair itself beyond a critical level of damage. One definition states that regenerative

medicine aims at ‘repair, replacement or regeneration of cells, tissue or organs to

restore impaired function’ (Daar & Greenwood, 2007). Ultimately, the aim is to

provide treatment for conditions where current therapies are inadequate. Therefore

both tissue-specific and embryonic stem cells, with their differentiative capacity, are

a key source material for regenerative medicine, and understanding their biology is

imperative to fully exploit the potential of this field (Bajada et al., 2008). Therapy

could be via stimulation of the endogenous stem cell pool, or by introduction of

exogenous stem cells to compensate for the effects of aging and/or disease.

1.1.1 Tissue-specific stem cells

The mechanisms of stem cell regulation in the adult are still largely undeciphered.

However it is becoming clear that the specialised actions of stem cells are intimately

linked with neighbouring differentiated cells and the extracellular matrix, which to-

gether form a supportive three-dimensional microenvironment or ‘niche’ (Lovell-

Badge, 2001). The niche is thought to influence or control genes and properties

that define ‘stemness’ of the stem cells - self-renewal or differentiation to committed

cells. Stem cells may be regulated in niches because of their developmental history.

Rather than evolve complex, specialised internal mechanisms and signals to control

phenotype, stem cells might first have appeared when microenvironments developed
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as niches which were able to sequester, preserve and control undifferentiated embry-

onic cells that already had the necessary cellular properties (Spradling et al., 2001).

Niches are proposed to operate in one of two basic ways; lineage niches, which retain

the self-renewing daughter cell but release the differentiating daughter, and popu-

lation niches, which either retain both self-renewing daughter cells or release both

to differentiate. Niches may also modify their regulatory properties in response to

changing conditions to ensure that stem cell activity parallels the need for particular

differentiated cell types. Some pools of adult tissue-specific stem cells can be isolated

and the cells used for therapy, although they are often difficult to locate and access,

and once in culture the cells generally replicate only a finite number of times before

senescence or transformation. Nevertheless, there are established clinical treatments

and experimental evidence for function restoration with many types of tissue-specific

stem cells from various niches, some examples of which are discussed.

Evidence for germline niche-based regulation in mammals comes from studies of

spermatogenesis. In the testis, germ cell development is maintained by germline

stem cells that lie in contact with Sertoli cells and the basement membrane of the

seminiferous tubule. Sertoli cells are the only somatic cell in direct contact with

germ cells, and as such constitute the primary cellular component of the germ cell

niche - providing nutritional and structural support for spermatogenesis. As germ

cells enter meiosis and begin to differentiate into sperm, they lose contact with the

basement membrane and move towards the lumen of the seminiferous tubule, while

maintaining their association with Sertoli cells (Dadoune, 2007). Disruption of this

relationship can lead to sub- or in-fertility in the male. Germline niche restoration by

Sertoli cell transplantation had been shown to rescue stem cells in the defective host

microenvironment to allow spermatogenesis and the production of offspring from

infertile animals (Kanatsu-Shinohara et al., 2005).

Neural stem cells are present in various niches of the postnatal brain, including the

hippocampus and the subventricular zone (Temple, 2001). These neurogenic niches

are formed from endothelial cells, astroglia, ependymal cells, immature progeny of

neural stem cells and mature neurons, and regulate different steps of adult neurogen-

esis in response to physiological and pathological stimulations. Neural stem cells can

differentiate in vitro and in vivo into neurons, astrocytes and oligodendrocytes, and

in vivo migrate to specific sites of damage (Gage, 2000). Grafts of mesencephalic
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tissue containing fetal stem cells can survive for a long period in the human brain

and have been shown to restore dopaminergic innervation to the striatum in patients

with Parkinson’s (Kordower et al., 1995). Similarly, fetal stem cells have been shown

to be effective in the treatment of Huntington disease (HD). HD patients have been

grafted with human fetal neuroblasts into the right striatum then the left one year

later. The impact on neurological, neuropsychological, neurophysiological, and psy-

chiatric tests was assessed in the following year. Motor and cognitive functions were

improved or maintained within the normal range in three of the five patients treated

(Bachoud-Levi et al., 2000). More than 100 HD patients are now involved in such

trials throughout Europe.

Many different epithelial stem cells maintain various mammalian tissues such as

skin, hair follicles, sebaceous glands and sweat glands. Hair follicles contain two

zones of stem-like cells - matrix and bulge stem cells (Spradling et al., 2001). The

dermal papilla appears to be a key component of the follicular niche, and a source

of signals that stimulate the activity of matrix stem cells. Hair follicles do not

develop, persist or function without a dermal papilla. This niche activity has been

exploited commercially. A Phase II clinical trial has been completed by Intercytex

(www.intercytex.com) for ICX-TRC - an autologous hair regeneration therapy. A

suspension of dermal papilla cells is used for the treatment of male pattern baldness

and female diffuse alopecia in this therapy. These follicle stem cells seem also to have

a high differentiative potential. Nestin, a marker for neural stem cells, is expressed

in follicle stem cells and these cells have been shown to differentiate into neurons,

glial cells, keratinocytes and smooth muscle cells in vitro. Hair-follicle stem cells

implanted into the gap region of a severed sciatic nerve in the mouse have been

shown to differentiate largely into Schwann cells and greatly enhance the rate of

nerve regeneration and the restoration of nerve function (Hoffman, 2006). Follicle

stem cells therefore hold promise for therapy as they are abundant, easily accessible

and multipotent.

Populations of epithelial stem cells have been used in other approaches to cell

therapy. Recently, end-stage bronchomalacia was treated successfully by the clinical

transplantation of a tissue-engineered airway. Autologous epithelial and mesenchy-

mal stem cell-derived chondrocytes were seeded onto a decellularised allogeneic donor

tracheal scaffold and matured in a novel bioreactor system. This graft was then used
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to replace the left main bronchus of the recipient, immediately providing a functional

airway (Macchiarini et al., 2008). The graft had a normal appearance and mechan-

ical properties after a few months, and the patient had no anti-donor antibodies and

did not need immunosuppressive drugs.

The first successful ophthalmic stem cell therapy for limbal epithelial stem cell

failure was reported in two patients with severe alkali burns in the eye, with complete

loss of the corneoscleral junction - the limbal stem cell niche (Pellegrini et al., 1997).

Limbal epithelial stem cells are essential for corneal maintenance; deficiencies lead to

in-growth of conjunctival cells, neovascularisation of the corneal stroma and eventual

corneal opacity and visual loss (Limb & Daniels, 2008). Autologous limbal epithelial

stem cells for therapy were obtained from a small limbal biopsy of the unaffected

eye and expanded in culture before being transplanted to the damaged eye. Both

patients experienced improved vision for at least two years. A number of clinics have

further developed this technique using a variety of different cell culture protocols

and carrier systems for transplantation (Limb & Daniels, 2008). However, autolo-

gous limbal biopsy carries the risk of depleting the limbal stem cell population from

the niche in the undamaged eye, and the supply of cadaveric tissue is not reliable.

Therefore alternative cell sources are being investigated. Culturing embryonic stem

cells on collagen IV using medium conditioned by limbal fibroblasts can result in

the formation of terminally differentiated epithelial-like cells of the cornea (Ahmad

et al., 2007).

The physiological process of regeneration where remaining tissues organise them-

selves to replace a lost body part has long been recognised in lower vertebrates such

as the phenomenon of limb regeneration in the newt (Brockes, 1997). The regenera-

tive medicine field aims to translate the tremendous potential of stem cell biology to

achieve regeneration in humans. However, if tissue-specific or embryonic stem cells

are to be used to treat a wide variety of human diseases, then several formidable

challenges will need to be overcome (Bongso et al., 2008; Skottman et al., 2006a).

The substantial risks associated with unregulated therapies have been highlighted

by the recent report describing a donor-derived brain tumor following fetal neural

stem cell transplantation (Amariglio et al., 2009). Clinical grade stem cells will be

required in large quantities to be differentiated in a controlled and defined manner
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to form homogeneous populations of cells that are histocompatible with an individ-

ual, and do not form tumours or differentiate inappropriately upon transplantation.

These cells will then have to be delivered to the appropriate site in the body with

the required combination of temporally and spatially controlled signals to encourage

incorporation by the host. General approaches for cell delivery for therapy have so

far involved the use of direct injection of single cell suspensions into target tissues,

seeding cells into biodegradable scaffolds, using scaffolds as controlled release vehi-

cles, or cell sheet engineering technology (Bianco & Robey, 2001; De Laporte &

Shea, 2007; Yang et al., 2006). Aside from clinical therapy, other important appli-

cations of stem cells include studying early human development, modelling disease,

providing a platform for therapeutic target screening, and as tumorigenic models to

study cancer and cancer stem cells.

1.1.1.1 Cancer stem cells

Increased understanding of the regulation of stem cell self-renewal has highlighted

the similarities between stem cell proliferation and oncogenesis, and has suggested

a stem cell origin for human cancers. Furthermore, evidence is accumulating which

shows that many pathways classically associated with cancer also play key roles in

regulating normal stem cell development (Taipale & Beachy, 2001). For example,

the Wnt and Hedgehog (Hh) signalling pathways are known to direct growth and

patterning during embryonic development, and these pathways are also implicated

in the postembryonic regulation of constantly renewing epithelial stem cells - such

as those of the skin and intestine. Studies showing that a high frequency of certain

human cancers is associated with mutations that constitutively activate the Wnt and

Hh pathways have implicated a pathogenic role for transcriptional responses in these

pathways (Taipale & Beachy, 2001). This suggests that transformed somatic stem

cells are a locus of tumour initiation and that expansion of this population may be

the first step in the formation of at least some types of cancer. There is consider-

able evidence that certain types of leukaemia arise from accumulated mutations in

haematopoietic stem cells (Reya et al., 2001). In constantly renewing cells, there

is a much greater opportunity for mutations to accumulate in individual stem cells

than in most terminally differentiated mature cell types, as suggested by the expo-

nential increase of cancer incidence with age. For example, cancer formation from
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cells that persist throughout life is suggested by an increased incidence in adults of

skin tumours like melanoma after a higher childhood exposure to a mutagenic agent

such as ultraviolet radiation (Taipale & Beachy, 2001).

It has been shown for leukaemias and solid cancers that the cells are pheno-

typically heterogeneous and that only a small proportion of cells are clonogenic in

culture and in vivo, which has profound implications for cancer therapy (Reya et al.,

2001). Although there are drugs available that can shrink metastatic tumours, the

effects are usually transient, and often do not appreciably extend the life of patients

(Lippman, 2000). These therapies may shrink tumours by eliminating mainly cells

with limited proliferative potential. If tumours are initiated by rare cancer stem cells

with indefinite proliferative potential that are less sensitive to these therapies, then

they may remain viable after treatment and re-establish the tumour. By contrast, if

therapies can be targeted against cancer stem cells, then they might be more effec-

tive, rendering the tumours unable to maintain themselves or grow. Elucidating the

signalling pathways that are used by normal stem cells and neoplastic cells should

facilitate both the use of normal stem cells for regenerative medicine, by understand-

ing how to prevent tumorogenicity, and the identification of cancer stem cell targets

for anticancer therapies.

1.1.2 Human embryonic stem cells

Human embryonic stem cells (hESC) are derived from inner cell mass cells of preim-

plantation blastocysts once isolated from the niche of the blastocoel, or from blas-

tomeres of cleavage stage embryos, and have the potential to differentiate into any

cell type of the three germ layers of ectoderm (epidermal tissues and nerves), meso-

derm (muscle, bone, blood), and endoderm (liver, pancreas, gastrointestinal tract,

lungs) (Thomson et al., 1998). HESC might be considered as artefacts of culture, as

they do not seem to exist in an identical form during in vivo embryonic development.

Once derived in vitro, it is unlikely that these cells could develop into a viable fetus as

the spatial and temporal signalling cues essential to normal in vivo development are

lost, and because they may not retain the potential to contribute to extra-embryonic

tissue. If transplanted in vivo, pluripotent hESC cells form a teratoma, not a fetus.

These cells recapitulate many of the early developmental processes seen in vivo and

are therefore a valuable tool for studying early mammalian development. Primitive
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streak formation and neurogenesis are two of the earliest events that occur during

gastrulation, and in vitro, hESC readily differentiate into neuroectodermal lineages

under appropriate culture conditions (Cai & Grabel, 2007). Similarly, the heart is

the first functional organ to develop in vivo, and hESC readily form spontaneously

contracting cardiomyocytes in vitro (Van Laake et al., 2005). In contrast, more

complex cell structures that appear later in embryonic development, such as insulin-

producing islets, have proven challenging to obtain via hESC differentiation. Whilst

some success has been seen in producing cells that secrete insulin, so far the quantity

of hormone produced is low, and insufficient to correct hyperglycemia when the cells

are transplanted into streptozotocin-induced diabetic mice (Santana et al., 2006).

The pluripotent state of hESC is maintained in vitro by a number of essential

transcription factors that also play crucial roles in embryonic development. These

include the homeodomain proteins POU class 5 homeobox 1 (OCT4/POU5F1) and

Nanog homeobox (NANOG), and the SRY-related HMG-box (Sox)-containing pro-

tein SOX2. SOX2 and POU5F1 bind to the NANOG promoter, hence exerting some

level of regulation (Rodda et al., 2005). NANOG, SOX2 and POU5F1 together bind

the promoter region and are assumed to regulate over 350 genes in hESC (Boyer

et al., 2005). POU5F1 is detectable throughout murine and human oogenesis and

preimplantation development (Cauffman et al., 2005b; Hansis et al., 2001; Kimber

et al., 2008; Rosner et al., 1990) and is crucial to the maintenance of pluripotency in

hESC (Bodnar et al., 2004; Nichols et al., 1998; Niwa et al., 2000). Down-regulation

of NANOG leads to significant down-regulation of POU5F1 and loss of hESC cell-

surface antigens (Hyslop et al., 2005). SOX2 transcripts have been detected from

the four-cell stage onwards in human development (Kimber et al., 2008) although in

mice Sox2 transcription begins at the late morula stage (Avilion et al., 2003). Inter-

estingly, a maternal component of Sox2 has been implicated in establishing early cell

fate decisions and patterning in murine development (Avilion et al., 2003). NANOG

transcripts have been detected in the pronucleate human embryo, and then from the

eight-cell stage onwards (Kimber et al., 2008). It appears later in the mouse at the

morula stage (Dietrich & Hiiragi, 2007) and is expressed in both human and mouse

ESC. Retroviral insertion of POU5F1, SOX2, Kruppel-like factor 4 (KLF4 ) and

v-myc myelocytomatosis viral oncogene homolog (C-MYC ) into human dermal fi-

broblasts (Takahashi et al., 2007), or POU5F1, SOX2, NANOG and lin-28 homolog
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1.1 Stem cells and regenerative medicine

(LIN28 ) into human fetal fibroblasts (Yu et al., 2007), results in reprogrammed

induced pluripotent stem (iPS) cells.

The expression of these transcription factors and the signals for self-renewal or

differentiation are regulated, at least in part, by several extrinsic influences. These

signals can originate from the feeder cells, fetal calf serum or be given by exoge-

nous supplementation. The factors involved include basic fibroblast growth factor

(bFGF), insulin-like growth factor and the heparin sulphate proteoglycans (Bendall

et al., 2007; Koivisto et al., 2004; Levenstein et al., 2008), activin A (Beattie et al.,

2005), Notch (Chiba, 2006; Zhang et al., 2007) and the Wnt proteins (Villa-Diaz

et al., 2008). In addition studies have now shown that epigenetic mechanisms are

vitally important to the pluripotent nature of hESC and that these mechanisms reg-

ulate differentiation (Surani, 2001). There are at least two critical periods during

development when epigenetic reprogramming occurs; one during gametogenesis and

another during the preimplantation embryonic stage (Reik et al., 2001). The epi-

genetic signature of hESC appears to be unique and has been linked strongly to the

global permissivity of gene expression and pluripotency in these cells (Atkinson &

Armstrong, 2008).

Despite the potential of hESC for therapy, to date there have been no approved

clinical trials for embryonic stem cell treatment in the UK and only one in the USA.

The challenges to the use of hESC in therapy are similar to those for tissue-specific

stem cells as discussed above, and include controlled differentiation, cell efficacy,

immunogenicity, tumourigenicity, cell delivery systems and safety (Civin & Rao,

2006; De Sousa et al., 2006; Gruen & Grabel, 2006; Unger et al., 2008). There are

clinics that offer embryonic and fetal stem cell treatment but these are based on un-

published protocols, offer no credible outcome data and lack appropriate regulation.

Examples include the Embryonic Tissues Centre in the Ukraine (www.emcell.com)

and Medra Incorporated in the Dominican Republic (www.medra.com). The Geron

Corporation (www.geron.com) is the first company to begin fully approved, regu-

lated clinical trials using hESC. The Food and Drug Administration (FDA) granted

clearance of their Investigational New Drug (IND) application in January 2009, for a

Phase I clinical trial of hESC-derived oligodendrocytes (GRNOPC1) in patients with

acute spinal cord injury. Geron’s second hESC product, GRNCM1, is a population
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of cardiomyocytes which is intended for the treatment of patients with myocardial

disease. These cells are currently in the large animal test phases.

1.2 The emergence of in vitro fertilisation

The success of clinical human in vitro fertilisation (IVF) sits on solid foundations of

many years of animal research. The earliest reports of attempted in vitro fertilisation

date to the 1930’s, although most investigators then considered fertilisation to mean

the penetration of the sperm into the cytoplasm of the oocyte, which in reality is only

the beginning of the process. One of the earliest reports was in 1930 (Pincus, 1930).

Tubal rabbit oocytes were obtained from does previously mated to vasectomised

bucks and incubated with sperm obtained from the vas deferens of a donor buck.

In two cases a spermatozoon was observed with its head partially in the zona and

at right angles to the axis of the egg. The tail movements were described as being

fairly vigorous, and the sperm head slowly entered the egg cytoplasm, the tail being

left in the zona pellucida. Pincus admitted however that as the sperm head entered

the cytoplasm it was practically impossible to observe it further due to the opacity

of the egg cytoplasm. Furthermore, there was no significant difference in his other

experiments between the proportion of cleaving oocytes/embryos that were collected

after mating with vasectomised versus untreated controls, shedding some doubt on

the validity of the results. In a later report pieces of oviduct were used to culture

rabbit oocytes with sperm, 14 of 21 were ‘fertilised’, nine of which were polyspermic

and five of which were penetrated by a single spermatozoon, although the second

polar body was not observed in the timeframe of culture (Moricard, 1950). A year

later it was reported that rabbit spermatozoa needed to reside for several hours

in the female reproductive tract to acquire the ability to fertilise oocytes in vivo

(Chang, 1951). This discovery that sperm must undergo a physiological change

before they can fertilise was of critical importance for the subsequent success of

in vitro fertilisation. The term capacitation was coined by Austin in a series of

experiments examining the number of embryos present in excised rat fallopian tubes

following normal copulation. By collecting the tubes at between 1 and 6 hours after

copulation, it was demonstrated that less than 1% of the oocytes were fertilised in

up to two hours, increasing to 98% after 6 hours (Austin, 1952). It is now known
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that capacitation is a series of biochemical transformations which are regulated by

the activation of intracellular signalling pathways that control the phosphorylation

status of sperm proteins. The first event is cholesterol efflux leading to the elevation

of intracellular calcium and bicarbonate leading to the production of cyclic-AMP,

which activates protein kinase A to indirectly phosphorylate certain proteins on

tyrosine (Urner & Sakkas, 2003). During capacitation, there is also an increase in

the membrane-bound phospholipase C (PLC), the zeta isoform of which is implicated

in the induction of calcium oscillations during oocyte activation (Swann et al., 2004).

The evidence in early reports of successful in vitro fertilisation was based on

histological examination of oocytes, the validity of which was questioned because of

the ambiguity of cytological criteria (Chang, 1968). The first unequivocal evidence

of in vitro fertilisation was the report that mammalian oocytes fertilised in vitro

could develop normally following embryo transfer. Unfertilised rabbit oocytes were

incubated with in vivo capacitated spermatozoa in autologous serum supplemented

medium. Normal fertilisation and development was observed in around one fifth of

oocytes with just under half of the embryos transferred to the uterus developing into

live offspring (Chang, 1959). In vitro capacitation was first reported with hamster

spermatozoa (Yanagimachi & Chang, 1963). Whilst the fertilisation rate was lower

with epididymal sperm than in vivo capacitated sperm, the ability to induce capac-

itation in vitro opened up the possibility of human IVF with sperm collected from

the male reproductive tract. In vitro fertilisation of mouse oocytes without oviduct

co-culture was first achieved with uterine sperm (Whittingham, 1968). The result-

ing embryos were transferred to recipient females and some developed into normal

fetuses until sacrifice on day 17 of development.

At the same time as work progressed on obtaining sperm capable of fertilising,

attention was also focused on sourcing the mature oocytes needed for IVF. Whilst

superovulation regimes or the excision and flushing of oviducts following mating

were successful approaches in animal studies, sourcing mature human oocytes was

more of a challenge. After careful consideration of culture conditions, the successful

in vitro maturation of mouse, pig, cow, sheep, rhesus monkey and human oocytes

provided another means to obtain mature embryos (Edwards, 1965). Collecting

oocytes from human ovarian tissue samples, it was demonstrated that from germinal

vesicle breakdown to first polar body extrusion required a maximum of 40-48 hours
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in culture. However, whilst penetration of spermatozoa into the perivitelline space

was observed, fertilisation did not occur in these oocytes.

In 1968 Robert Edwards met Patrick Steptoe at a London gathering of the Royal

Society of Medicine. After further work on culture parameters and medium com-

position (particularly pH) the first in vitro fertilisation of in vitro matured human

oocytes with ejaculated spermatozoa was reported (Edwards et al., 1969). From 56

inseminated human oocytes, 34 matured in vitro and pronuclei were seen in seven.

After fixation, the midpiece and tail of the fertilising spermatozoon was observed in

three zygotes. The imminent publication of the results in Nature was announced on

Valentine’s day, a fact which may have exacerbated the immediate furore of inter-

national media activity. A view of the social and legal considerations raised by IVF

treatment was published soon after (Edwards & Sharpe, 1971).

Their combined efforts then transferred to the clinical management of IVF cy-

cles, and fertilising in vivo matured oocytes collected by laparoscopy from infertile

women - a technique pioneered by Steptoe. Supporting in vitro cleavage of embryos

to the 16-cell stage (Edwards et al., 1970) and then development to the fully ex-

panded blastocyst stage (Steptoe et al., 1971) was achieved rapidly. Over about 6

years Robert Edwards and Patrick Steptoe aspirated and inseminated oocytes from

more than 100 women, but with a single exception, none initiated a pregnancy. The

exception was a tubal pregnancy that had to be terminated at 13 weeks gestation

(Steptoe & Edwards, 1976). They were finally successful when they collected oocytes

from a natural unstimulated cycle. In 1978 the August edition of The Lancet pub-

lished a letter that heralded great change in the field of infertility; the first birth

following IVF (Steptoe & Edwards, 1978). After the birth of Louise Brown, live

births with IVF occurred in Australia in 1980, in the USA in 1981 (the first using

human menopausal gonadotrophin stimulation) and in Sweden and France in 1982

(Cohen et al., 2005). These breakthroughs were followed by the first births following

intracytoplasmic sperm injection (ICSI) (Palermo et al., 1992) and the development

of clinical preimplantation genetic diagnosis (PGD) (Handyside et al., 1990). The

proof of principle for PGD had been reported in 1967 when the sex of rabbit blas-

tocysts was determined by the fluorescent scoring of sex chromatin (Edwards &

Gardner, 1967). PGD enables embryos to be tested for a specific genetic defect prior

to implantation, designed as an alternative to prenatal diagnosis for fertile couples
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carrying a genetic disorder (Braude et al., 2002). Whilst the first UK IVF baby was

from a natural cycle, the advent of successful super-ovulation stimulation regimes re-

sulted in more embryos being created than used for immediate transfer to the patient.

Those embryos could be used for research, donated to other couples, cryopreserved or

discarded. As IVF became more widely available, the need for the cryopreservation

of human embryos became apparent. Techniques were developed with the aims of

avoiding the replacement of embryos in the event of hyperstimulation, and reducing

the transfer of large numbers of embryos with the associated inherent risk of multiple

birth. The first pregnancy from a cryopreserved day 3 embryo was reported in 1983,

where 5 from 8 cells survived thaw and the embryo was transferred (Trounson &

Mohr, 1983). Although the pregnancy ended in a miscarriage, frozen embryo trans-

fers are now routine practice, and cryopreservation has had a huge impact on the

cumulative pregnancy success from one oocyte retrieval.

In the 25 years following the first IVF birth, around 68,000 IVF babies were born

in the UK, with an estimated 1 million worldwide (Pearson, 2003). The numbers

continue to rise rapidly as diagnosis, treatment and follow-up care continue to be

investigated and improved. As well as enabling the study of the earliest stages of

human development for the first time, it is this great success story that laid the

foundations for the field of hESC research. For any stem cell derivation group, the

backing of a committed, driven and successful IVF clinic is paramount in order to

obtain good quality, progressive embryos for research.

1.3 The emergence of human embryonic stem cell

research

Pluripotent cell lines were first isolated not directly from embryos, but from terato-

carcinomas. Teratocarcinomas are tumours that arise when embryos are transplanted

to an extra-uterine site in a histocompatible host. In situ differentiation of these tu-

mours results in teratomas. The stem cell lines that are isolated from teratomas are

termed embryonal carcinoma cell (ECC) lines. The first report describing these cells

showed that a single ECC injected intraperitoneally in turn gave rise to a terato-

carcinoma containing a wide variety of differentiated tissues (Kleinsmith & Pierce,

1964). These cell lines have been used extensively as an in vitro model system for
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studying the developing embryo as there are similarities both biochemically and in

ultrastructure (Martin & Evans, 1975). In addition they are relatively easy to obtain

in large numbers and to culture in vitro. The limitations to using ECC cells as a

model of human development include a more limited differentiation capability when

compared to ‘true’ ESC and a universal aneuploid karyotype.

The first report describing ESC obtained directly from embryos was in 1966,

when Cole, Edwards and Paul described long-lived and stable cells obtained from ei-

ther whole or dissected rabbit blastocysts (Cole et al., 1966). Multiple medium and

feeder layer combinations were tested and four embryo manipulations were used; dis-

aggregated cleavage stage cells, cultures of whole blastocysts, explanted embryonic

discs and disaggregated embryonic discs. Division was observed during the culture

of cleavage stage cells but the clusters only gave rise to trophoblast-like outgrowths

on further incubation. The embryonic disc cells required a surface layer of collagen

to attach in culture, whereas when whole blastocysts were plated, the trophoblast

cells migrated over the glass surface and the epiblast cells grew over the top. These

epiblast cells generated colonies that displayed outgrowths containing blood islands,

muscle, connective tissue, neurons, macrophages and other undefined tissues. The

majority of the colonies degenerated 20-30 days after culture, some were maintained

for over 40 days, and others were successfully passaged, although mostly trophoblas-

tic cells reattached. Cell lines derived from the embryonic discs were fibroblast- or

epithelial-like cells, and were successfully cultured for over 200 generations and re-

mained euploid. One epithelial cell line expressed high alkaline phosphotase activity.

The culture of whole mouse blastocysts for up to two months revealed that mul-

tiple differentiated cells could be obtained from this species also (Sherman, 1975).

The trophectoderm (TE) cells gave rise to a monolayer of trophoblasts, with cells

resembling both ectoplacental cone cells and primary giant cells observed. The inner

cell mass (ICM) cells developed into spherical, fluid-filled vesicles or egg cylinder-like

structures which contained a variety of different cell types after two to four weeks of

culture. Four cultures of blastocyst cells were continuously maintained in vitro for

more than one year, although possibly of trophoblast origin. However the large ma-

jority of metaphases after this period showed a hypotetraploid chromosome content

and none of the cell lines generated teratomas upon in vivo injection.
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Development of the immunosurgery procedure for isolating the ICM of mouse

blastocysts reduced the preparation of these structures to a simple and routine labo-

ratory technique, enabling large numbers to be isolated for experimentation (Solter

& Knowles, 1975). The first in vitro studies using this method showed that isolated

ICMs could undergo an early differentiative step with the production of endoderm-

like cells (Solter & Knowles, 1975). The ICMs were grown in modified Eagle’s

medium in plastic dishes without feeder or substrate support. Around half did not

attach but formed embryoid bodies, the others attached and formed multicellular out-

growths. Subsequently it was demonstrated that some or all of these endoderm-like

cells possessed plasminogen activator activity, as do midgestation parietal endoderm

cells in vivo (Strickland et al., 1976).

Further studies demonstrated that isolated mouse ICMs undergo a number of

developmental steps morphologically similar to those which take place in intact blas-

tocysts in vitro (Wiley et al., 1978). Isolated ICMs were cultured in suspension for

a variable number of days, before being fixed, sectioned and examined histologically.

After two or three days of culture, the ICMs consisted of an outer layer of endo-

derm and an inner layer of ectoderm that had cavitated centrally. By six days of

culture, a large proportion of ICMs had expanded into yolk-sac-like structures that

subsequently produced capillaries containing blood cells (mesoderm). These results

showed that all three germ layers could be obtained from isolated ICMs cultured

in vitro without the continued presence of the TE. The use of a fibroblast feeder

layer as a supportive co-culture system was described at around the same time, and

was successfully used for the continuous growth of isolated ICMs for up to four

weeks, producing a variety of differentiated cell types including keratin, nerve, beat-

ing muscle, fibroblasts and cartilage (Hogan & Tilly, 1977). The continued growth

of undifferentiated cells was also attempted. Medium conditioned by both murine

and non-murine feeder cells was shown to facilitate the spreading of ICM cells along

a culture dish surface. The active factor in the medium enabling such migration was

isolated but not identified (Atienza-Samols & Sherman, 1978).

Immortal mouse (m)ESC were established in culture after hormonal manipulation

of mice to produce late stage blastocysts (Evans & Kaufman, 1981). Induction

of diapause by ovariectomy at day 2.5 of pregnancy enables blastocysts to hatch

but prevents implantation. A gradual increase in cell number occurs and primary
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endoderm may be formed but no further development takes place. This procedure

was used to produce sufficiently large numbers of ICM cells from each blastocyst.

Whole blastocysts were plated in groups in tissue culture dishes, and ICM outgrowths

were passaged onto inactivated immortalised mouse feeder (STO; single-minded gene,

6-thioguanine resistant, ouabain resistant) cells in medium supplemented with serum.

Subsequent colonies were passaged every 2-3 days, had normal karyotype and formed

teratomas upon injection into syngeneic mice.

In the same year, pluripotent mESC cell lines were also established following

immunosurgical isolation of murine ICMs and culture on STO feeders in medium

conditioned by a teratocarcinoma cell line (Martin, 1981). Diapause was not initi-

ated, instead normal blastocysts were flushed from the uterus before implantation.

The cell lines derived in this way had all the essential features of teratocarcinoma

stem cells. Subclonal cultures derived from single ESC differentiated in vitro into

a wide variety of cell types and formed teratomas when injected in vivo. The term

embryonic stem cell was first coined in this paper to distinguish cells derived directly

from embryos from embryonal carcinoma cells derived from teratocarcinomas.

Therefore mESC lines were successfully derived by two different methods by two

different teams in the same year. In one, the use of conditioned medium provided

proliferative signals to encourage normal isolated ICM cells to divide. In the other the

embryos were manipulated in vivo to increase ICM cell number, and plated whole.

Both used a feeder layer of STO fibroblasts to encourage undifferentiated growth.

The ability to derive pluripotent mESC lines directly from an embryo circumvented

the need for ‘converting’ an embryo to a tumour in vivo.

It was subsequently shown that the differentiation of mESC in vitro could be

reversibly inhibited by leukaemia inhibitory factor (LIF) (Smith & Hooper, 1987).

Furthermore LIF could substitute for the essential function of feeders and enabled

the feeder-free derivation and propagation of germ-line competent mESC under sim-

pler, more defined conditions (Nichols et al., 1990). As mESC could contribute

to functional germ cells in chimeras, this provided a powerful approach for intro-

ducing specific genetic changes into the mouse germ line through such manipulation

(Bradley et al., 1984). Long-term culture of mouse primordial germ cells (PGCs) was

also achieved by culture with bFGF, LIF and steel factor on STO feeders (Matsui

et al., 1991; Resnick et al., 1992). These pluripotent embryonic germ cells (EGC)
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resembled both mESC and mECC, expressing both Ssea1 and alkaline phosphatase

activity and germ-line transmission in experimentally produced chimeras.

Several early experiments highlighted the potential of ESC. The generation of the

first chimeric mouse by injection of embryonic cells into the blastocoel showed that

these cells could be incorporated into the host embryo and contribute to a number

of tissues (Gardner, 1968). Donor murine cells carrying a colour marker and the

T6 chromosome translocation were isolated following disaggregation of blastocysts

and then injected into the blastocoel of albino mouse blastocysts of the same age.

Mosaicism was confirmed by pigmentation of the iris, skin and coat in the offspring,

and by pigmentation of the iris and presence of the T6 translocation in sacrificed

fetuses. The therapeutic potential of ESC was demonstrated when the cells from

entire mouse embryos at 6 or 7 days of development were shown to repopulate the

haemopoietic system of lethally X-irradiated recipients (Hollands, 1987). Saline

injected control mice died at approximately 12 days post-irradiation whereas 80%

of grafted X-irradiated recipients survived and donor markers were found in each of

them.

The first report of long term in vitro culture of human embryos described a

trophoblast outgrowth from a whole blastocyst plated directly onto a culture dish

in modified Earle’s medium (Fishel et al., 1984). These outgrowths survived for

over 4 days before being fixed for analysis. Human chorionic gonadotrophin was

detected in the drops used to culture the blastocyst. Further studies with whole hu-

man blastocyst culture generated cells with typical stem cell morphology, that were

alkaline phosphatase positive, karyotypically normal and which could be maintained

for 2 passages (Bongso et al., 1994b). Using experience with embryo co-culture in

IVF (Bongso et al., 1989a,b, 1994a), pronuclear embryos were grown to the blasto-

cyst stage and allowed to hatch on non-inactivated human fallopian tubal epithelial

monolayers. Once cavitating blastocysts were formed the medium was changed from

Medicult to Chang’s medium supplemented with human LIF. When the blastocysts

attached the ICM clumps were manually separated, partially disaggregated with

trypsin and then plated directly onto tissue culture plastic. 19 from 21 embryos were

able to produce ICM clumps that could be maintained through at least 2 subcultures

without differentiation.
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Pluripotent cell lines were derived from several non-rodent species around this

time, including from the pig (Evans et al., 1990), cow (Anderson et al., 1992;

Evans et al., 1990), sheep (Piedrahita et al., 1990) and also from the golden ham-

ster (Doetschman et al., 1988), although in general the developmental potential of

the cell lines was poorly characterised. A pluripotent ESC line was then isolated

from a rhesus monkey after immunosurgical isolation of the ICM and plating on

mouse embryonic fibroblasts (MEFs) (Thomson et al., 1995). The line expressed

all the markers in common with human ECC (POU5F1, SSEA3, SSEA4, TRA1-

60, TRA1-80), had a normal karyotype, generated teratomas upon injection into

severe combined immunodeficient mice and at the time of reporting had been main-

tained in undifferentiated culture for over 12 months. LIF was not required for the

derivation or undifferentiated growth of these primate ESC. As feeder-free human

pluripotent cells differentiated despite the addition of LIF to the medium (Bongso

et al., 1994b), together these results suggested that the signalling required for main-

tenance of pluripotency was likely to be species-specific. Recent evidence suggests

however that the embryonic stage at which cells are isolated may determine the

subsequent characteristics of the cell population. Post-implantation epiblast-derived

stem cells have been generated from mouse epiblast and shown to share patterns

of gene expression and signalling responses with hESC, whilst being distinct from

mESC (Brons et al., 2007; Tesar et al., 2007). These epiblast stem cells are therefore

a valuable model system for determining whether the differences between mESC and

hESC are due to species differences or diverse temporal origins.

Pluripotent stem cell lines were derived from human gonadal ridges and mesen-

teries containing PGCs in 1998 (Shamblott et al., 1998). PGCs were cultured on

mouse STO fibroblast feeder layers in the presence of human recombinant LIF, hu-

man recombinant bFGF, and forskolin. The cells expressed the typical panel of

pluripotent markers, were morphologically similar to mESC and mEGC, maintained

a normal karyotype, and demonstrated ability to differentiate into the three germ

layers. In the same year hESC lines were derived from human blastocysts (Thomson

et al., 1998). The derivation method and characterisation studies were the same as

for primate ESC. Five lines were derived from 14 isolated ICMs. From five lines in

1998, there is now anecdotal evidence of over 300 hESC lines worldwide (Abbott

et al., 2006).
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Whilst it was shown in these early studies that hESC had the capacity to dif-

ferentiate into derivatives of all three germ layers either in vivo or in vitro, such

differentiation was spontaneous and unregulated. One early report considered the

influence of growth factors on differentiation. Eight growth factors were tested on a

hESC line to assess the ability of exogenous signals to regulate hESC differentiation

(Schuldiner et al., 2000). The cells were passaged from feeders to gelatin to remove

feeder contamination, briefly aggregated as embryoid bodies and then dispersed as

single cells and re-plated. The exogenous growth factors were then added. The

cells expressed receptors for each of the growth factors. Whilst none of the eight

growth factors tested directed completely uniform differentiation to one cell type,

the factors encouraged differentiation into specific lineages. The three germ layers

and eleven tissues were identified by molecular markers. This was the initial step

toward attempting fully directed cell differentiation with hESC. It complemented

similar work with adult stem cells, such as the use of specific media for directing the

differentiation of mesenchymal stem cells, and determination of the surface markers

to confirm the correct lineage had been established (Pittenger et al., 1999).

1.4 Regulation of IVF and human embryo research

in the UK

Whilst hailed as a scientific breakthrough, the birth of the first IVF baby also caused

a backlash of moral indignation (Deech, 2008). To address this outcry, the British

government set up an enquiry to consider IVF and embryo research that was led by

Mary Warnock (now Baroness Warnock), in her capacity as a moral philosopher.

The Warnock Committee (1982-84) (Warnock, 1984) recommended the forma-

tion of a regulatory authority that had statutory control over fertility treatment,

gamete and embryo storage and embryo research. It was advised that the authority

should consist of lay members as well as clinicians, scientists, ethicists, legal experts

and theologians (reviewed in Warnock (2007)). The report also recommended that

research on human embryos should be regulated but permitted only up to 14 days af-

ter fertilisation. After this time the definitive germ layers begin to form, no twinning

can take place and the primitive streak appears, constituting a single individual.
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In 1985 based on the recommendations of the Warnock Report, the Medical Re-

search Council and Royal College of Obstetricians and Gynaecologists established

the Voluntary Licensing Authority as an approach to regulate human IVF until the

introduction of government legislation. This became the Interim Licensing Author-

ity and then the Human Fertilisation and Embryology Authority (HFEA) after the

Human Fertilisation and Embryology (HFE) Act was passed by Parliament in 1990.

The United Kingdom was the first country to consider and enforce legislation that

covered human embryo research. Unlike the situation in other countries the HFE

Act applies to all research and clinical practice regardless of whether the funding

is public or from charities, foundations or private companies. The 1990 HFE Act

specified that a research licence would not be granted unless the HFEA was satisfied

that any proposed use of human embryos was essential for the research and that

the research was necessary or desirable for the purposes specified in the Act. These

purposes are:

To promote advances in the treatment of infertility

To increase knowledge about the causes of congenital disease

To increase knowledge about the causes of miscarriages

To develop more effective techniques of contraception

To develop methods for detecting the presence of gene or chromosome abnormalities

in embryos before implantation.

Following votes in the House of Commons in 2000 then the House of Lords in

2001, and driven largely by the potential of hESC in regenerative therapy, the HFE

Act was amended to include the HFE (Research Purposes) Regulations. This allowed

research on embryos to be licensed for three additional purposes;

To increase knowledge about the development of embryos

To increase knowledge about serious disease

To enable such knowledge to be applied in the development of treatments to combat

serious disease.

The Human Reproductive Cloning Act was also added in 2001 following a judi-

cial review requested by the ProLife Alliance to clarify the scope of the HFE Act.

This prohibited the uterine transfer of a human embryo created otherwise than by

fertilisation.
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In response to public demand the House of Lords established a committee to

further review the need for embryonic (and adult) stem cell research. Following this

review, in 2002 the House of Lords Select Committee on stem cell research was set

up to oversee the formation of a UK Stem Cell Bank (UKSCB). The UKSCB was

founded with the aim of minimising the number of cell lines that need to be derived

and therefore the number of embryos used, and also to establish codes of practice

for the use of hESC. Whilst it is a condition of the derivation licences granted by

the HFEA that samples of all new lines must be deposited in the UKSCB, once

derived, the use of hESC in research is no longer covered by the HFEA. As the

cells do not have the moral status of human embryos the same regulation is not

needed. Instead research is expected to follow guidelines issued by the UKSCB

steering committee. The UKSCB is the first of its kind in the world. Master cell

banks of quality-controlled and well characterised stocks of each deposited line are

established and made freely availably to research groups. King’s College London and

the Roslin Institute were granted the first UK licences for hESC research in early

2002. Subsequently, King’s College London deposited one of the first cell lines into

the UKSCB coinciding with the official opening of the facility in May 2004.

Owing to rapid progress in science and to changes in legal and public opinion,

the British Government recently proposed amendments to the 1990 Act in a new

HFE Bill. The Bill incorporates major changes in the types of clinical practice and

research that it will allow but is still based on the principles that were laid down in

the original Act. The Bill legalises the creation of animal-human admixed embryos

including cytoplasmic hybrids, ‘true’ hybrids, and transgenic human embryos as well

as chimeric human embryos. The Bill will also allow the functionality of hESC-

derived gametes to be tested by creating embryos. However, these gametes are

currently defined as ‘not permitted’ and cannot be used clinically for reproductive

purposes. The new Bill is designed to facilitate research but not necessarily its

clinical application, especially when this is thought to be distant. Aspects of the Bill

relevant to hESC research form only a small part, although one that is often strongly

debated. The third reading of the HFE bill was voted upon and carried by a large

majority in the House of Commons in October 2008. It now goes on to the statutes

and the HFEA must decide how to implement it.
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Further regulation relevant to IVF and stem cell research is the European Union

Tissue and Cells Directive (EUTCD). This is made up of three Directives, the parent

Directive (2004/23/EC) which provides the framework legislation and two technical

directives (2006/17/EC and 2006/86/EC), which provide the detailed requirements

of the EUTCD. These set standards of quality for donation, procurement, testing,

processing, preservation, storage and distribution of human tissues and cells (Unger

et al., 2008). The directive became mandatory in 2007 and requires a stringent

standard of quality for IVF laboratories and laboratories deriving stem cells intended

for therapeutic use.

1.5 Embryo development I: Mechanics of blasto-

cyst formation

During fertilisation, the entry of the spermatozoon into the oocyte initiates the de-

velopment of the embryo. Activation of mammalian oocytes is characterised by a

series of calcium oscillations that initiate shortly after gamete fusion and terminate

with pronuclei formation (Schultz, 2005; Swann & Yu, 2008). The calcium release

is thought to be triggered by the cytosolic sperm component phospholipase C zeta

(Swann et al., 2004). Meiosis is resumed in the oocyte as the metaphase spindle

elongates and rotates on its axis during anaphase and telophase to result in the ex-

pulsion of the second polar body (Jones, 2005). Fertilisation is considered complete

at syngamy when the male and female pronuclei fuse. If fertilisation has occurred

in the ampulla, embryos begin their cleavage divisions as they move through the

oviduct. Embryos are carried in oviductal fluid, the composition of which changes

as the embryo travels and develops (Gardner et al., 1996; Leese, 1988). In IVF,

embryos progress through development in the laboratory, and the culture conditions

and media should be designed to mimic the in vivo conditions as closely as possible

in order to achieve good quality blastocysts by day 5-7 of development.

1.5.1 Early cleavage divisions

The initial phase of mammalian embryo development is a period during which cellular

multiplication takes place in the absence of net growth. In the human the first cleav-

age can be expected 24-28 hours after fertilisation (Lundin et al., 2001) and divides
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the embryo into two morphologically equal cells. The second division is notable as

the cleavage is asynchronous and the two cleavage planes most commonly lie at right

angles to each other (Gardner, 2002). Successive divisions take place around every

24 hours. The fertilised embryo changes from a single, large and relatively inert cell

to a number of small active cells. The nuclear to cytoplasm ratio of the blastomeres

therefore declines, approaching that of somatic cells. The individual blastomeres of

cleavage stage embryos are distinct, but in contact via microvilli (Nikas et al., 1996).

Initially, both turnover of energy substrates and synthetic activity are low. During

the cleavage stages, many organelles assemble in the cytoplasm of the blastomeres

and the metabolism of the embryo gradually becomes more complex (Gardner &

Lane, 2002). Glycolysis and Kreb’s cycle activity increase by orders of magnitude

and diverse synthetic activity commences. Increasing macromolecular synthesis and

the activation of the embryonic genome leads to the appearance of new RNA, DNA,

protein, and polysaccharide molecules.

1.5.1.1 Activation of the embryonic genome

In amphibia, stored maternal transcripts have been shown to control the earliest

stages of development in the embryo up to gastrulation. The first 12 cell divisions

of Xenopus laevis embryos do not require embryonic gene transcription, such that

these cell cycles are controlled at a post-transcriptional level using maternally inher-

ited information (Duval et al., 1990). In the mouse, cleavage to the two-cell stage

is regulated largely if not exclusively at a post-transcriptional level (Flach et al.,

1982). The increase in synthesis of particular polypeptides at the early two-cell

stage has been shown to be using maternal mRNAs synthesised before fertilisation

(Braude et al., 1979) and maternal genes are still active until at least the four-cell

stage (Nothias et al., 1995). Treatment of human embryos at various stages of

development with transcription inhibitors demonstrated that the first two cleavage

divisions occur normally, but that development beyond this stage is blocked (Braude

et al., 1988). Hence the major activation of the embryonic genome occurs around the

four-cell stage in humans, with the loss of maternal transcripts occurring at around

the same time as genome activation, but independently (Braude et al., 1988). Em-

bryonic genome activation is essential for the synthesis of new proteins and further

cleavage, but cleavage arrest is not always indicative of failure of activation (Artley
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et al., 1992). Furthermore, the transition to embryonic transcription could be de-

pendent on karyokinesis rather than cytokinesis, with evidence of one-cell embryos

demonstrating transcription-dependent protein synthesis, and after nuclear staining,

multiple nuclear structures (Artley et al., 1992).

1.5.2 Blastocyst development

There are two major morphogenetic events that mark the progression to the blasto-

cyst stage; compaction and cavitation. Compaction starts around the 16-cell stage

(the morula) with an increase in interblastomeric contacts. Gap junctions, adherens

junctions, tight junctions and desmosomes form until the embryo appears as a uni-

form cellular mass with dense surface microvilli (Bloor et al., 2002; Watson, 1992).

Contacts and junctions are dynamic and change to accommodate the loss of cou-

pling during mitosis. Blastomeres or fragments that are unable to form contacts or

to communicate appropriately with other blastomeres, or are undergoing apoptosis

are generally excluded from the developing embryo, often remaining in the zona pel-

lucida after hatching (Hardy, 1999). Metabolism of the cells switches preferentially

to glycolysis (Gardner & Lane, 2002).

Compaction represents the onset of the first morphologically visible cellular dif-

ferentiation during mammalian development with polarisation of the cells of the

morula (Johnson & Ziomek, 1981a; Johnson et al., 1986). By the 16-32 cell stage

there is a distinct outer (polar) and inner (apolar) layer. Polarisation of the outer

cells is evident by the basal migration of the nucleus, lipid vesicles and mitochon-

dria, the apical accumulation of actin bundles, endocytic vesicles, microvilli and the

asymmetrical distribution of membrane proteins (Fleming & Pickering, 1985; Maro

et al., 1985). Once a cell has become polarised, the polar status of the progeny of

the cell will depend on the orientation of the cleavage plane (Johnson & Ziomek,

1981b).

The development of a polarised transporting epithelium layer facilitates the for-

mation of the epithelial junctional complex. Sodium/potassium (Na+/K+) ATPase

pumps result in a sodium gradient and regulation of paracellular transport of chloride

ions, which drives the osmotic accumulation of water across the epithelium into the

nascent blastocoelic cavity resulting in expansion (Watson, 1992). The formation

of a transporting epithelium is significant to metabolism, as the embryo becomes
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capable of actively regulating its internal environment by controlling ionic gradients.

The control of fluid leakage is achieved by the formation of the calcium-dependent

cell adhesion molecule E-cadherin (Hyafil et al., 1981; Watson et al., 1999). Hence

calcium-free medium can be used to dissociate junctions in compacted morulae and

morulae cultured in such medium do not cavitate normally. For several hours after

the formation of the blastocoel, these junctions are semi-permeable and this incom-

plete seal appears to be the reason why mammalian blastocysts are seen to expand

and collapse in a pulsatile fashion (Massip et al., 1982). As the blastocyst expands

the zona pellucida is stretched and thins before hatching occurs. Implantation ser-

ine proteinase (Isp) genes in preimplantation murine embryos have been described,

and Isp1 and Isp2 together form hetero-dimeric complex which is the active form

of the enzyme strypsin, implicated as the hatching enzyme (Sharma et al., 2006).

When embryos were exposed to a synthetic inhibitor of Isp, hatching was almost

completely inhibited. Hatching will also occur through a mechanically made hole

following biopsy or assisted hatching.

1.6 Human embryo culture

Human embryo development is inherently variable, with a wide range of embryo qual-

ity and genetic integrity observed in IVF embryos (Balakier & Cadesky, 1997; Munne,

2006). For pregnancy, the selection of the highest quality embryo(s) maximises the

chances of conception. Similarly, for research, this selection not only increases the

chance of success of the experiment, but also adds strength to conclusions by exclud-

ing those embryos displaying signs of abnormal growth or development. An optimal

human embryo developmental programme in vitro would expect division to 2 cells

by late day 1 after insemination or injection followed by subsequent, albeit asyn-

chronous divisions to 4 cells on day 2, 8 cells on day 3, 16-32 cells that show signs of

early or complete compaction on day 4, and cavitation late on day 4 to day 5, to a

fully expanded blastocyst from day 5-7. In order to achieve this ideal sequence, each

and every aspect of in vitro culture should be examined and improved where possi-

ble. Factors that might need to be considered are: the culture medium chosen and

the type of medium overlay, the culture vessels used, the incubation chamber and
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gas composition, ambient air quality and the competence of the technicians. How-

ever the underlying constraint remains that it is not possible to make good quality

embryos from poor quality gametes. Therefore patient health and fertility status in

combination with in vitro culture parameters will determine success.

1.6.1 Media development

Whilst co-culture systems and undefined medium have been used in IVF (Bongso

et al., 1994b; Feng et al., 1996; Menezo et al., 1995; Wiemer et al., 1995) the necessity

for, and safety of, somatic cell support in embryo culture has been called into question

(Bavister, 1992; Behr et al., 1999; Van Blerkom, 1993). The inherent problems with

such systems include the difficultly in providing optimum growth conditions for two

disparate cell types and the use of serum which introduces variability into the system

(Orsi & Reischl, 2007). The use of co-culture has since been abandoned in favour

of defined medium which confers many benefits, among which are accurate batch to

batch production for use in any laboratory, a defined composition that can be varied

in a controlled manner, and absence of contaminants of unknown biological activity

such as enzymes or growth factors.

One of the first uses of chemically defined medium as opposed to biological

medium was in the culture of embryonic chick tissues (cited in Summers & Big-

gers (2003)). The culture of early mammalian embryos was studied mainly in the

rabbit and the mouse (Whitten, 1956). Historically, two approaches have been used

to alter the components of chemically defined media in the pursuit of the optimum

composition - the back-to-nature approach (Gardner et al., 1996) and empirical

optimisation (Summers & Biggers, 2003).

The back-to-nature method is based on the logic that the concentrations of sub-

stances incorporated into the medium should approximate to those found at each

stage in vivo as the embryo develops. The analysis of nanolitre quantities of oviduc-

tal and uterine fluids in the mouse (Harris et al., 2005) and human (Gardner et al.,

1996; Leese, 1988; Tay et al., 1997) showed that the mammalian embryo is exposed

to differing metabolite concentrations as it passes along the oviduct to the uterus.

The consideration of these conditions led to the development of complex sequential

media designed to reflect the changing physiology of the human embryo as it devel-

ops in vivo, for example the G series (Jones et al., 1998). The problem with this

26



1.6 Human embryo culture

approach is the difficultly in obtaining reproducible volumes of fluid from each stage

of the female reproductive tract with which to make these measurements, and the

possibility that embryos in culture may adapt and selectively utilise substrates that

they require from the environment as long as the concentrations of the components

are within tolerable ranges (Summers & Biggers, 2003). Empirical optimisation re-

quires the concentration of each compound in a medium to be varied separately and

the response of the embryo to be observed. The results are then used to estimate a

concentration-response line, and the concentration selected for the medium is usu-

ally that which gives maximum response. However, the effects of each component in

the medium may depend on the concentrations of all the others, and the maximum

response is not necessarily the most natural. The mathematical model also becomes

intractable when the number of components in the medium is greater than three.

However, this method led to the establishment of successful simple media used by

some centres for all stages of embryo development, initially with the formation of

simplex optimisation medium (SOM) and then KSOM and finally KSOMaa (Erbach

et al., 1994).

There are now few simple, but several sequential media systems available com-

mercially for use in IVF clinics. Unfortunately their constituents generally remain

proprietary, raising concerns for the quality of science and safety of the products

(Biggers, 2000). This leads to claims by manufacturers of the superior performance

of their products which can only be ascertained by systematic comparison of different

systems, rather than the detailed analysis of the components. Similarly, in human

embryonic stem cell culture, proprietary media are available for research, but are

based on general cell culture requirements rather than specific consideration of the

needs of the embryos and putative stem cells.

1.6.2 Media composition

Much of the data regarding optimal combinations and concentrations of media com-

ponents come from mouse studies. Results must be extrapolated to the human with

caution as the mouse is not necessarily a good metabolic model for the human, being

4-5 times smaller and without the energy reserves of the human embryo. Neverthe-

less, important information on metabolite effects have been elucidated with mouse
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studies, and this has formed the knowledge base on which the formulation of hu-

man IVF medium has been developed. The major media components are considered

here, the effects of metabolites on embryo development are also discussed further in

Chapter 4.

There is data to suggest that any media composition should be designed to pro-

mote embryo metabolism that is ‘quiet’ rather than active (Leese, 2002, 2003; Leese

et al., 1993, 2007). Upregulation of metabolism, whether induced in vivo or in vitro,

is associated with a reduction in viability. This lead to the theory that embryos

should develop optimally in the minimum concentrations of exogenous nutrients such

that endogenous metabolism is not compromised. This is likely to lead embryos to

utilise endogenous nutrients; something for which their size suggests that they have

evolved to do - the egg is the largest cell in the female mammal and has plentiful

energy reserves.

Carbohydrates

During murine embryonic development, pyruvate or oxaloacetate are essential for

early cleavage divisions (Bavister, 1995), whereas lactate but not pyruvate is essen-

tial for supporting in vitro development of early hamster embryos. Whilst glucose

is an effective substrate from the eight-cell stage onwards, mammalian cleavage em-

bryos do not utilise glucose as an energy source to any great extent (Biggers et al.,

1967). Indeed in simple culture media, glucose is responsible for the retardation

or developmental arrest of hamster and mouse embryos - the ‘2-cell block’ (Quinn,

1995; Schini & Bavister, 1988b). Historically, glucose has been excluded from culture

medium due to this observed toxicity when not balanced by the addition of other

components. This may not fatally affect cleavage stage embryos, but the removal

of glucose from a medium used for murine blastocyst culture results in a significant

reduction in subsequent fetal development (Gardner & Lane, 1996). Not only is glu-

cose present in oviduct and uterine fluids (Gardner et al., 1996), but mouse embryos

possess a specific glucose carrier from at least the 2-cell stage onwards (Gardner &

Leese, 1988). Furthermore glucose is required not only for energy production, but is

also essential for lipid, nucleic acid and triglycerol biosynthesis (Reitzer et al., 1980).

Glucose therefore becomes increasingly important once the embryonic genome is ac-

tivated and biosynthetic levels increase. In the presence of suitable regulators such

as amino acids, EDTA and vitamins, glucose does not impair development (Gardner
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& Lane, 1996). Therefore to alleviate cleavage arrest by removing glucose from the

culture medium is not only unphysiological but should be considered as an artefact

(Gardner & Lane, 1997). Hence in sequential media, glucose is included at low levels

initially but the concentration is increased in the medium for culture from the 8-cell

stage when its inclusion is critical. At the time of implantation the environment

around the blastocyst is relatively anoxic, hence glycolysis may be the only means of

generating energy before angiogenesis in the endometrium is complete. A source of

this glucose for glycolysis could be endogenous glycogen stores. Should the embryo

have prematurely used such stores during development due to the absence of glucose

in the culture medium, these embryos may have a reduced developmental capacity.

Amino acids

Early work which led to the formulation of media capable of supporting the develop-

ment of mouse zygotes to the blastocyst stage was carried out with the insensitive F1

mouse strain and led researchers to believe that amino acids had no significant effect

on embryo development (Biggers et al., 1967; Whitten, 1956). For nearly twenty

years following this work, amino acids were absent from culture media. The role of

amino acids was reconsidered with the advent of human IVF and the attempts to

optimise in vitro development. It has since been demonstrated that the intracellular

pool of amino acids in embryos is affected by the medium used for culture (Van Win-

kle & Dickinson, 1995). Murine blastocysts that developed in vitro contained about

six times more alanine and about one-sixth as much taurine as blastocysts that de-

veloped in vivo, but they contained about the same amounts of glycine and serine.

Glutamine content increased nearly tenfold in embryos in vivo between the 2-cell

and 4-8-cell stages whereas no such increase occurred in vitro unless supplied in the

culture medium. An exposure as short as 5 min to medium lacking amino acids

at the zygote stage results in a significant impairment of subsequent development

(Gardner & Lane, 1996).

Work on golden hamster embryos demonstrated that specific amino acids (glu-

tamine, isoleucine, methionine, phenylalanine, and taurine) were essential for devel-

opment of the zygote past the 2- and 4-cell block in culture (Schini & Bavister,

1988a). The study of the amino acid content of preimplantation rabbit embryos and

fluids of the reproductive tract showed that high levels of non-essential amino acids

plus glutamine were present (Miller & Schultz, 1987). Non-essential amino acids
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with glutamine alleviate the 2-cell block in CF1 mouse embryos (Gardner & Lane,

1996) and also decrease the time of the first three cleavage divisions and increase

compaction of F1 mouse embryos in vitro (Lane & Gardner, 1997). A synergy be-

tween amino acids and EDTA has been demonstrated, with the combination giving

high rates of development past the 2-cell block and subsequent blastocyst formation

(Gardner & Lane, 1996). EDTA functions both as a chelator of toxic metal ions and

inhibits premature utilisation of glycolysis by cleavage stage embryos. Therefore it

must be removed from culture media after the 8-cell stage as inhibition of glycolysis

from this point significantly reduces blastocyst formation (Gardner & Lane, 1996).

Mouse oocytes and embryos possess specific transport mechanisms for amino acids

throughout the preimplantation period. Murine blastocyst formation, blastocyst cell

number and hatching rates are all significantly improved with the addition of all 20

amino acids, but further improved when culture medium is supplemented with just

the non-essential group plus glutamine during cleavage stages (Gardner & Lane,

1993). This implies a possible detrimental effect of some of the essential amino acids

or is possibly due to competition for specific transporters during the first cleavage

divisions. However all 20 amino acids have been shown to be beneficial in later de-

velopment to the blastocyst stage (Lane & Gardner, 1997). Fetal development after

transfer of blastocysts was also significantly increased by culture with the essential

amino acids from the 8-cell stage. This reflects the changing metabolic needs of the

embryo at compaction.

Amino acids have now been proposed as amongst the most important regula-

tors of mammalian preimplantation development and therefore a key constitution of

culture media (Gardner & Lane, 1997). In sequential human IVF media the non-

essential amino acids and glutamine are included for the cleavage stages, and then all

20 are incorporated from the 8-cell to blastocyst stage. However evidence suggests

that human embryos, unlike those of the mouse and hamster, make no distinction be-

tween essential and non-essential amino acids (Houghton et al., 2002). Furthermore,

the turnover of only three amino acids (asparagine, glycine and leucine) has been

significantly correlated with clinical pregnancy and live birth in the human (Brison

et al., 2004).

Amino acids are involved in many metabolic functions; as energy substrates, for

protein synthesis, for intracellular pH regulation, as intracellular osmolytes and chela-
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tors of embryo toxins such as heavy metals. However, amino acids are metabolised

by the embryo and spontaneously break down in the culture medium particularly at

37◦C to produce embryo-toxic amounts of ammonium. Mouse embryo cleavage rates

slow after 72 hours unless the embryos are transferred to fresh medium, shown to

be due to ammonium build-up (Gardner et al., 1996). Ammonium has detrimental

effects on embryo development, affecting metabolism, intracellular pH regulation,

gene expression and imprinting. In IVF the build-up of ammonium is addressed by

regularly moving embryos to fresh culture medium, but there is evidence to suggest

that even overnight equilibration of dishes at 37◦C before use can detrimentally af-

fect embryo development (Bavister & Poole, 2005). During the derivation of human

embryonic stem cells ammonium build-up causes a more difficult situation as the

medium is exchanged infrequently, discussed further in Chapter 4.

Macromolecules

Serum contains growth factors and other potentially beneficial compounds such as

chelators of heavy metals, can act as a pH buffer, and serve as a nutritive source. For

these reasons serum has historically been included in embryo culture systems. How-

ever, serum also contains many peptides, proteins and other undefined molecules to

which the embryo is never exposed in vivo. Oviduct and uterine fluids are not serum

transudates, but specialised environments created by the transporting epithelium of

the reproductive tract (Leese, 1988).

The use of whole serum in culture medium can adversely affect the development

of embryos at several levels compared to the use of serum albumin only. In sheep

embryos, whole serum has been shown to reduce blastocyst cell number, inhibit

blastocoel formation, affect sequestration of lipid, perturb metabolism and result in

abnormal mitochondrial ultrastructure and abnormally large offspring (Thompson

et al., 1995). Bovine embryos cultured in serum-supplemented medium have been

shown to contain numerous cytoplasmic lipid droplets and immature mitochondria

compared to those cultured in serum-free medium (Abe & Hoshi, 2003). Further-

more the survival and hatching rates of embryos produced in serum-free media were

superior to those of embryos produced in the serum-supplemented medium after cry-

opreservation and thaw. Apart from the detrimental effects on embryo development,

the inclusion of serum in culture medium makes it impossible to standardise culture

31



1.6 Human embryo culture

conditions, as each serum batch is a unique mixture of hormones, growth factors and

metabolites.

The exact mechanisms by which serum deleteriously affects development remain

to be resolved. However the role of growth factors in serum in inducing altered

patterns of development cannot be overlooked. Secondary effects of serum could

include a contribution to the ammonium load in medium, which can adversely affect

embryo development as discussed. A synthetic protein serum substitute is now used

in the culture of human embryos in clinical IVF.

Influence of culture volume and embryo grouping

It has been demonstrated that the culture of mouse embryos in reduced volumes of

medium and/or in groups significantly increases blastocyst development rates and

blastocyst cell number (Lane & Gardner, 1992; Paria & Dey, 1990; Quinn, 1995;

Schini & Bavister, 1988a). The inferior development of singly cultured embryos can

be markedly improved by the addition of epidermal growth factor or transforming

growth factor to the culture medium, suggesting specific growth factors of embryonic

and/or reproductive tract origin participate in preimplantation embryo development

(Paria & Dey, 1990). Culture in large volumes dilutes autocrine factor(s) secreted by

the embryos and adversely affects development. Culturing embryos in small volumes

has also been shown to increase viability after transfer (Lane & Gardner, 1992).

1.6.3 Gas environment

In vivo, mammalian oocytes and embryos are exposed to significantly lower oxygen

concentrations than contained in atmospheric air. Analysis of over 1000 human

follicular fluid aspirates estimated the dissolved oxygen tension between 1.0 and 5.5%

(cited in Gardner et al. (1996)). The value in the oviducts and uterine horns has

been measured from 3 to 5%, and the mean intrauterine oxygen tension as 11.8% air

saturation (Ottosen et al., 2006). These conditions continue throughout gestation,

such that the whole of organogenesis occurs at low oxygen tension. Low oxygen

culture has been shown to enhance in vitro preimplantation embryo development

in the mouse (Karagenc et al., 2004), sheep and cow (Thompson et al., 1990),

goat (Batt et al., 1991) and pig (Watson et al., 1994). However in most IVF

laboratories, gametes and embryos are cultured at 5% CO2 in air (approximately

21% oxygen). Apart from the considerable cost of establishing low oxygen culture,
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conflicting information in the literature regarding the benefits of such culture for

human embryos has contributed to the reticence of IVF laboratories to switch to low

oxygen culture. Although significantly improved morphological score on day 3 has

been demonstrated following embryo culture in 5% oxygen, no significant difference

in ongoing pregnancy rate was found (Bahceci et al., 2005). Similarly no difference

in pregnancy rates were observed whether embryos were cultured at atmospheric

or 5% oxygen tension, although a significantly greater number of cells was seen

in blastocysts in the low oxygen condition (Dumoulin et al., 1999). Conversely,

decreasing the dissolved oxygen tension during all phases of embryo production has

been shown to increase blastocyst development and viability (Gardner et al., 1999)

and to increase pregnancy rates (Catt & Henman, 2000). More recently a large

study of culture to the blastocyst stage in 5% oxygen tension compared with 19%

concluded a better blastocyst outcome and significant improvement in pregnancy

rates and live birth following low oxygen culture (Waldenstrom et al., 2008).

The detrimental effects of high oxygen culture on mammalian embryo develop-

ment are mediated through the action of reactive oxygen species (ROS), which are

highly active electron acceptors. ROS are generated as a by-product of aerobic res-

piration during oxidative phosphorylation. Oxygen acts as the terminal electron

acceptor in the mitochondrial electron transport chain, and this reduction of oxygen

facilitates the conversion of adenosine diphosphate (ADP) to adenosine triphosphate

(ATP), providing the cell with energy. ROS are formed during the intermediate

steps of oxygen reduction; the superoxide anion radical, hydrogen peroxide and

the hydroxyl radical corresponding to the steps of reduction by one, two or three

electrons respectively (Burton et al., 2003). The concentration of these molecules

depends upon embryo metabolism and environmental oxygen tensions, the relative

contribution to damage depending on the species, stage of development and culture

conditions.

At physiological concentrations, ROS are involved in intracellular signalling, reg-

ulating homeostatic mechanisms and mediating stress responses. Human sperm ca-

pacitation induced by biological fluids and progesterone is associated with the pro-

duction of ROS (de Lamirande et al., 1998a). ROS scavengers reduce or totally

prevent the acrosome reaction of capacitated spermatozoa (de Lamirande et al.,

1998b). However, an increase in the concentration of reactive oxygen or nitrogen
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species beyond the ability of cellular defences to cope leads to indiscriminate dam-

age to lipids, proteins and DNA, perturbation in cellular function and eventually

apoptosis or necrosis. ROS induce lipid peroxidations with subsequent effects on cell

division and metabolite transport. With oxidative stress the rates of protein disul-

phide bonds increase within cells, and as a consequence, inactivation of enzymes can

occur, such as glyceraldehyde 3-phosphate dehydrogenase that catalyses the sixth

step of glycolysis. ROS can also induce nuclear DNA strand breaks (Guerin et al.,

2001). As development proceeds, the sensitivity of the embryo to ROS damage

decreases (Gardner & Lane, 2005; Karagenc et al., 2004), such that the earliest

stages of development - gametes and pre-compaction embryos - are most susceptible,

corresponding to the ex vivo period of culture during IVF.

An increased production of hydrogen peroxide has been measured in in vitro cul-

tured mouse embryos as compared to in vivo derived embryos (Goto et al., 1993).

Furthermore ROS production in murine (Goto et al., 1993) and bovine (Nagao

et al., 1994) embryos increases during culture at atmospheric oxygen. ROS have

been implicated in murine embryo arrest and abnormal development (Johnson &

Nasr-Esfahani, 1994). A direct relationship between increased hydrogen peroxide

levels and human embryo fragmentation has been observed (Yang et al., 1998), with

apoptosis occurring only in fragmented embryos, confirmed by the presence of apop-

totic bodies and cytoplasmic condensation. ROS in semen have been associated with

a reduction in sperm motility and decreased ability for oocyte fusion (Iwasaki &

Gagnon, 1992). The two main sources of ROS in semen are the sperm themselves and

infiltrated leukocytes. Furthermore, amine oxidases are released by dead spermato-

zoa and catalyse the formation of hydrogen peroxide. It has been suggested that

the use of low oxygen culture may improve the competence of spermatozoa from

oligozoospermic patients in IVF (Griveau et al., 1998), and that short insemina-

tion times produce human embryos with significantly improved morphology (Quinn

et al., 1998). Metallic cations or excess glucose in culture media, ultraviolet light,

amine oxidase in serum and uterine infection or inflammation are factors related to

IVF procedures and can all contribute to the ROS load (Guerin et al., 2001).

Mitochondrial DNA (mtDNA) is particularly vulnerable to ROS due to the prox-

imity to the site of production of free radicals, the lack of histone protection (which

normally quench ROS) and minimal repair mechanisms (Kowaltowski & Vercesi,
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1999). One consequence of this damage is that cells shift from oxidative use of pyru-

vate in the full tricarboxylic acid cycle to use of the portion involving succinate and

succinate dehydrogenase. Glutamine can serve as a substrate, via its conversion to 2-

oxoglutarate through the action of glutamine transaminase. Thus, in cells subjected

to ROS, an increased use of glutamine is observed. Another outcome of damage is a

loss of the mitochondrial membrane potential and hence collapse of ATP synthesis.

In addition, as mtDNA encodes for enzymes of the respiratory chain, mutations or

deficiencies in the production of these enzymes due to free radical damage can lead to

further electron leakage, hence compounding the injury. Mitochondrial structure and

distribution in arrested mouse embryos is abnormal (Muggleton-Harris & Brown,

1988).

Of great concern are the observations that oxygen tensions are able to alter

gene expression. Transcription factors such as nuclear factor κB (NFκB), hypoxia-

inducible factor (Hif )-1, -2 and -3 and the tumour suppressor factor p53 are all

affected by free radical concentrations. NFκB is induced by hypoxia (Koong et al.,

1994) and knockout of the factor causes embryo lethality in mice (Beg et al., 1995).

The α subunit of the Hif -1, 2 and 3 is unstable under normoxia but is rapidly

stabilised upon exposure to hypoxic conditions. Following heterodimerisation with

the constitutively expressed β subunit, Hif s activate the transcription of a number

of genes involved in maintaining oxygen homeostasis (Wenger, 2000). p53 interacts

with Hif -1 to provide an alternative protein stabilisation pathway, thought to be

involved in hyperglycaemic-induced apoptosis in mouse embryos (Moley & Mueckler,

2000).

Significant differences in gene expression in mouse embryos cultured to the blas-

tocyst stage in 5% compared to 20% oxygen tension have been reported following

gene expression array analysis (Gardner & Lane, 2005). Similarly, oxygen-sensitive

gene expression in bovine embryos has been described (Harvey et al., 2007a) with

significantly lower levels of myotrophin and anaphase promoting complex 1 following

culture at 20% compared to 2% oxygen tension. The Hif -2 regulated lactate dehy-

drogenase (Harvey et al., 2007b) and glucose transporter (Glut) 1 (Harvey et al.,

2004) gene expression are also significantly increased at 2% oxygen tension, with

both genes having important roles in embryo development. Glut1 and Glut3 along

with vascular endothelial growth factor have been shown to be increased in murine
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embryos by 2- to 4- fold following culture at 2% oxygen (Kind et al., 2004). An in-

creased cell number at the blastocyst stage, and a global gene expression profile more

closely resembling in vivo controls has been described in the mouse at 5% oxygen

culture compared to 20%, where marked perturbations in the global pattern were

observed (Rinaudo et al., 2006). The significance of alterations in gene expression is

that the effects might be life-long and are potentially inheritable (De Rycke et al.,

2002; Maher et al., 2003; Thompson et al., 2002).

Mammalian embryos have some defence mechanisms against ROS damage, such

as the synthesis of enzymes that catalyse the destruction of ROS, although differences

exist between species. Transcripts for catalase, CuZn-containing superoxide dismu-

tase (CuZn-SOD), Mn-SOD, glutathione peroxidase (GPX), and glutamylcysteine

synthetase (GCS) have been detected in mouse embryos at all stages of development

whereas preimplantation cow embryos expressed transcripts for catalase, CuZn-SOD

and GPX but not Mn-SOD at any stage (Harvey et al., 1995). These observations

suggest that differences in gene expression may contribute to the variation in the

ability of embryos of different species to develop in vitro. Culture of mouse pronu-

clear embryos in the presence of CuZn-SOD has been shown to overcome the two-cell

block and significantly increase the blastulation rate to 45% when compared with

the control rate of 4% without enzyme supplementation (Noda et al., 1991). The

addition of anti-SOD antibodies to the culture medium significantly reduced this

effect. All these enzymes except for catalase have been detected in human oocytes

(El Mouatassim et al., 1999). Reduced glutathione appears to be the main non-

enzymatic defence against ROS in embryos, by reducing the environment and also

acting as the substrate for GPX (Takahashi et al., 1993). However, the evidence dis-

cussed here strongly suggests that the detrimental effects of culture at atmospheric

oxygen can overwhelm any defence systems of the mammalian embryo and that

subsequent downstream effects manifest.

As for IVF embryo culture, routine stem cell culture is generally undertaken in

atmospheric oxygen. Nevertheless hESCs have been shown to grow as well under

3% or 5% oxygen as at 21%, but with markedly reduced levels of spontaneous differ-

entiation at low oxygen tensions (Ezashi et al., 2005). Corroborating results have

shown reduced spontaneous differentiation of hESCs, enhanced cell proliferation, and

increased plating, freezing and thawing efficiency after maintenance in low oxygen
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tension for more than 14 passages (personal communication O. Genbacev). A two-

fold mechanism has been suggested, both a direct effect of hypoxia on the hESCs and

a hypoxia-induced change in feeder secretory phenotype, with protein arrays showing

a difference in the availability of growth factors depending on the oxygen tension.

Oxygen tension of 2% has been shown to enhance hESC clonal recovery and signif-

icantly reduce the acquisition of spontaneous chromosomal abnormalities (Forsyth

et al., 2006). Fluorescence activated cell sorting (FACS) analysis demonstrated that

the cells cultured at 2% oxygen were smaller and less complex than those at 21%,

indicating a more undifferentiated state.

The combination of an appropriately designed medium reflecting the biology of

development, and a suitable gas phase to minimise oxidative damage and mimic in

vivo conditions has enabled the successful routine culture of human embryos to the

blastocyst stage. This not only improves pregnancy rates even with single embryo

transfer (Khalaf et al., 2008) but also provides good quality, representative embryos

for basic research.

1.7 Sources of embryos for research

The human Embryonic Stem Cell Coordinators’ (hESCCO) network was founded

in 2005 with a remit to establish a nationwide programme of cooperation in stem

cell research that would benefit scientists, practitioners, and hopefully in the future,

patients alike, with the creation and development of stem cell lines for research and

therapy. The aim of the network is to ensure a thorough and standardised consenting

procedure is in place across the country for patients considering donating to research,

and to maximise the number of embryos available by identifying clinics that are

willing to collaborate with the national stem cell programme, but conduct no in-house

stem cell research (Franklin et al., 2008). In formulating the consent forms, there was

strict adherence to the Medical Research Council requirements for ensuring consent

was fully informed, assuring the ethical provenance of the embryos used from the UK

centres participating in this network. This is in stark contrast to the United States

National Institutes of Health (NIH) lines. A recent review of the consent forms signed

by those who donated embryos for the NIH-approved hESC lines highlighted several

problems, questioning the ethical provenance of these lines (Streiffer, 2008). This is
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of major concern considering the multitude of international laboratories that use or

have used these lines for research. The use of cryopreserved embryos is associated

with lesser ethical concerns than ‘surplus’ fresh embryos (Cornwell, 2006; Sjogren

et al., 2004; Stephenson et al., 2009) and the endeavours of the hESCCO network

maximise the availability of embryos from this source.

1.7.1 Use of embryos from routine IVF

Embryos used in the study of early development and stem cell research are usually

donated by patients undergoing IVF procedures to alleviate infertility. In general

these embryos are reported in derivation publications as being ‘surplus’ to the IVF

cycle of the couple, deemed unsuitable for transfer or cryopreservation on day three

of development, the most usual time transfer is undertaken (Chen et al., 2005; Lerou

et al., 2008; Mitalipova et al., 2003). However, morphology of the embryo on day

3 is not a particularly good indicator of developmental competence of the embryo

(Hardarson et al., 2003; Rijnders & Jansen, 1998) nor is it even a good predictor

of developmental progression to the blastocyst stage (Graham et al., 2000). Given

that the requirement for efficient derivation of hESC is a progressive blastocyst with

a visible ICM, embryos considered suitable for derivation attempts are blastocysts

which are likely also to be suitable for transfer to patients in their pursuit of preg-

nancy, or for cryopreservation for their future use. Thus in this context, it is ethically

questionable whether the use of ‘surplus’ embryos for stem cell derivation is in the

best interest of the IVF patients trying to maximise their chances of pregnancy.

The general shift towards single blastocyst transfer which not only carries excellent

prospects for pregnancy (Khalaf et al., 2008), but will address the epidemic of mul-

tiple pregnancy following IVF, adds credence to this moral stance. As increasing

numbers of patients will choose or be offered extended culture to day 5, day 3 ‘sur-

plus’ embryos will no longer be available even for those research groups willing to use

this source. Therefore, certainly in the UK, the ethical source of embryos for research

is likely to shift to those embryos that have been cryopreserved for future use by the

patients who then decide they no longer wish to use them in treatment, or to the

use of embryos unsuitable for transfer following PGD for serious genetic disease. In

other countries, legislation and funding conditions are in place that restrict the use of

human embryos regardless of the source, reflecting fundamental objections by some

38



1.7 Sources of embryos for research

people to any embryo research (Alikani, 2007), although privately funded research

using human embryos does occur.

1.7.2 Use of embryos from PGD

During PGD a representative cell is removed from an IVF generated embryo, and

tested for a specific genetic defect prior to implantation. Only embryos found to be

unaffected by the genetic disorder, or to be carriers without clinical consequences

in the case of recessive diseases, are suitable for replacement into the patient, or for

cryopreservation for their later use. Blastomeres are tested using either polymerase

chain reaction (PCR) in single gene disorders, or fluorescence in situ hybridisation

(FISH) for sex-linked diseases or translocations. The development of preimplantation

haplotyping (PGH) as a universal method of amplifying and testing DNA from single

cell biopsies has improved the reliability of the assay and eased the development

process of tests for new disorders (Renwick et al., 2006).

Embryos found unsuitable for replacement because they are at high risk of trans-

mitting a genetic disorder would normally be discarded, despite often being of good

progressive quality and capable of forming blastocysts. These blastocysts are suit-

able for stem cell derivation, and are free from the ethical difficulties associated with

using ‘surplus’ embryos from patients seeking infertility treatment (Cornwell, 2006).

For those individuals with a fundamental objection to embryo research however,

these embryos are no less problematic.

1.7.2.1 Induced pluripotent stem cells

While the number of diseases able to be screened with PGD is ever growing, stem cell

models of some late onset degenerative diseases such as Parkinsons, motor neurone

disease or Alzheimers, for which no single predictive gene has been identified, will not

be available through PGD. Successful reprogramming of human somatic cells into a

pluripotent state would allow the creation of disease-specific stem cells for a huge

range of human diseases. Furthermore, such technology would enable the production

of patient-specific cells, which are required to fully exploit the application of stem

cell therapy. The induction of pluripotent stem (iPS) cells from adult human fibrob-

lasts by defined factors has been achieved (Takahashi et al., 2007) and validated in

multiple labs (Aoi et al., 2008; Park et al., 2008; Yu et al., 2007).
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Haematopoietic progenitors obtained in vitro from autologous iPS cells have been

shown to rescue a humanised sickle cell anaemia mouse model (Hanna et al., 2007).

The proof of principle that iPS cells can be generated directly from elderly patients

with the chronic disease amyotrophic lateral sclerosis using material that has been

exposed to disease-causing agents for a life-time has been reported (Dimos et al.,

2008). Indeed, all of the advantages of using PGD hESC as disease models also apply

to the use of iPS cells with the added attraction of a greater number of diseases, the

easier availability of starting material, the use of samples from the diseased tissue

and from donors in the age range when the disease occurs. However, there are

serious drawbacks with the current methods of iPS production such as the use of a

retrovirus for gene insertion and proto-oncogenes to encourage proliferation. In one

study 20% of mice created by germline transmission of iPS cells developed tumours

attributable to reactivation of c-Myc (Okita et al., 2007). Although these are likely

to be temporary issues, further studies are essential to determine whether human

iPS cells can replace hESC in therapeutic applications.

1.8 Human embryonic stem cell derivation

The first method for establishing hESC lines was the use of immunosurgery to iso-

late the ICM by complement-mediated lysis of the TE cells (Solter & Knowles,

1975). Subsequently derivation has been achieved following isolation of the ICM

mechanically with needles (Amit & Itskovitz-Eldor, 2002; Strom et al., 2007) with

a laser (Turetsky et al., 2008) or following whole plating of the blastocyst (Findikli

et al., 2005; Heins et al., 2004; Suss-Toby et al., 2004) or morula (Strelchenko et al.,

2004) with subsequent isolation of cells with stem-like morphology. Methods to de-

rive from apparently arrested embryos (Feki et al., 2008; Gavrilov et al., 2009; Zhang

et al., 2006), to increase ICM cell number before derivation (Stojkovic et al., 2004)

and to tailor derivation to the quality of the blastocyst (Kim et al., 2005; Stephen-

son et al., 2006) have been discussed. Further developments include the derivation

from single eight-cell (Klimanskaya et al., 2006) and four-cell (Feki et al., 2008)

blastomeres. In an attempt to circumvent research restrictions, mainly in the USA,

methods to derive lines without the destruction of embryos have been developed.
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These include genetically modifying mouse embryos to make implantation impossi-

ble (Meissner & Jaenisch, 2006), taking a single cell for derivation and culturing

the parent embryo on to the blastocyst stage (Chung et al., 2006; Klimanskaya

et al., 2006), using parthenogenetically activated oocytes (Revazova et al., 2007) or

triploid oocytes which have had pronuclear reduction, although many disagree with

such tactics (Mertes et al., 2006).

1.8.1 PGD and human embryonic stem cell derivation

Due to their fundamental attributes of unlimited expansion and pluripotency, the

potential of hESCs with mutations significant to human disease has provoked sub-

stantial interest as an unlimited source of cells for study of the disease (Stephenson

et al., 2009). HESC lines have been derived with a number of monogenic disorders

including cystic fibrosis (CF) (Pickering et al., 2005), myotonic dystrophy type 1,

Huntington disease (HD) (Mateizel et al., 2006), adrenoleukodystrophy, fragile-X

syndrome and thalassaemia (Verlinsky et al., 2005).

The suitability of ESC as models has been validated for CAG repeat diseases, the

most common of which is HD. Research has shown that mESC expressing long CAG

motifs were able to differentiate into neurons, but were characterised by stunted neu-

rite outgrowth, low efficiency of neuronal formation, and decreased survival during

differentiation (Lorincz et al., 2004). Similarly, the generation of a spinal muscular

atrophy (SMA) cell-based assay provided a promising new primary cell source for

assays of new therapeutics for neurodegenerative diseases (Wilson et al., 2007). The

generation of a pure population of lung alveolar epithelial type II cells derived from

hESC for the study of CF has been reported (Wang et al., 2007). HESC, particularly

those carrying clinically relevant mutations, have also gained considerable interest

from the biopharmaceutical sector (Gorba & Allsopp, 2003; McNeish, 2007). The

current pharmaceutical discovery process is universally accepted as being time con-

suming and inefficient with an accompanying high financial burden. Improvements

to the discovery phase of new compounds will come through the application of more

appropriate, disease-orientated cellular screens, for both therapeutic target valida-

tion and optimisation of compounds following their discovery via high-throughput

screens (HTS) (Ashton et al., 2007). In HD studies, HTS have been designed to

isolate compounds that inhibit stages of protein misfolding and aggregation, with
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one identifying the benzothioazoles as a potentially interesting class of compounds

in a anti-aggregation screen (Heiser et al., 2002). Within the toxicological field ESC

are already being utilized (Pouton & Haynes, 2007). HESC carrying known mu-

tations will also be important for exploring pathophysiological effects produced by

gene-dosage anomalies and how these might in the future be addressed to ameliorate

the phenotype in conditions such as trisomy 21 (Peura et al., 2008). In diseases with

complex genetic pathology such as HD or Duchenne’s muscular dystrophy (DMD),

or those diseases with different causative mutations such as CF, several lines with

different naturally occurring mutations/variations could be derived and their patho-

physiology compared.

However it is important to address basic but crucial questions with regard to the

use of hESC (or iPS cells) in disease research. Bearing in mind the late onset of

diseases such as HD, it is essential to assess whether neurons and neuroprogenitors

differentiated in vitro from HD-hESC faithfully express HD phenotypes. Similarly

it needs to be confirmed that muscle cells differentiated in vitro from, for example,

DMD-hESC faithfully express their phenotypes. Furthermore it must be established

whether these differentiated cells are equivalent or superior to animal disease models,

and whether they accelerate clinically-relevant drug discoveries. HESC from PGD

embryos should represent an even more relevant model than genetically engineered

ESC or animal models as the mutant protein is expressed in its normal physiological

context and range of expression pattern (Stephenson et al., 2009). Therefore the

importance of the continued use of PGD embryos to generate lines carrying clinically

relevant diseases should not be underestimated.

1.9 Human embryonic stem cell culture

The efficiency of hESC derivation and the suitability of the resultant cells for clinical

application is dependent on the fundamental limitation of the quality of the embryo

as well as the quality and specification of the culture system in which the cells are

grown. Current culture systems most commonly rely on feeder cell support or the

use of conditioned medium to maintain undifferentiated growth of hESC. Further

consideration of the culture systems employed for hESC are discussed in Chapter 4.
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1.9.1 Feeder cell systems

Primary MEF feeder cells (Thomson et al., 1998), immortalised mouse fibroblasts

(Choo et al., 2006) or a fibroblast cell line (STO) (Park et al., 2003) can sup-

port the undifferentiated growth of murine, bovine, primate, and human embryonic

stem cells. However, animal pathogens or immunogenic molecules can be transferred

from animal feeders to hESC which renders them unsuitable for therapy (Cobo

et al., 2005; Martin et al., 2005). Primary MEFs senesce by passage 5 limiting the

batch size available from one preparation. Alternatives such as human fetal muscle

(Richards et al., 2003), fetal skin (Richards et al., 2003), human placental fibroblasts

(Genbacev et al., 2005) human adult fallopian tube epithelial cells (Richards et al.,

2003), human adult uterine endometrial cells (Lee et al., 2005), human adult breast

parenchymal cells (Lee et al., 2004) and human neonatal foreskin (Hovatta et al.,

2003), have all been tried but all have associated problems of procurement, growth

and validation, as well as varying success in maintaining undifferentiated growth of

hESC. A report of xeno-free production of foreskin fibroblasts still included the use

of human serum (Meng et al., 2008). Feeder cells derived from hESC themselves

have been grown, immortalised and used successfully in culture (Stojkovic et al.,

2005; Wang et al., 2005; Xu et al., 2004). However the suitability of this source is

predicated on the production of a clinical grade hESC line with which to obtain such

feeders. Proteomics and transcriptome profiling are being used to try to identify the

factors in serum and secreted by feeders that support the derivation and propagation

of hESC (Chin et al., 2007; Kueh et al., 2006; Prowse et al., 2005; Skottman et al.,

2006b). Whilst a feeder-free derivation system is desirable, there has been limited

success to date. BD Matrigel
TM

has been used to culture hESC in a feeder-free envi-

ronment but is a solubulised basement membrane preparation extracted from mouse

sarcoma, and conditioned medium is required for undifferentiated growth (Xu et al.,

2001). Extracellular matrix components have been tested as culture surfaces but of-

ten prove inferior to traditional feeder culture (Amit et al., 2004; Richards et al.,

2002). Clinical grade derivation of new hESC lines has been achieved with qualified

fetal calf serum (Crook et al., 2007). Many alternative feeder sources are tested by

ability to support existing hESC lines not derivation of new hESC lines, although
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the ultimate requirement for a culture system must be to support the growth of the

inner cell mass onwards (Klimanskaya et al., 2005).

1.9.2 Media composition

Original culture media for hESC derivation contained fetal calf serum (FCS), as

well as conditioned medium from a variety of cell types. Due to the unreliability of

serum batches and the unsuitability for clinical use, other media options have been

investigated. Approaches to circumvent the use of animal serum and other animal-

derived products are being developed with the aim of being able to create a true

xeno-free culture system (Ellerstrom et al., 2006; Hewitt et al., 2007; Ludwig et al.,

2006; Mallon et al., 2006; Rajala et al., 2007). Knock-out serum replacement (KOSR)

is a popular alternative to FCS, however it contains AlbuMAX
TM

which is a lipid-

rich albumin fraction of bovine serum and bovine transferrin, and therefore, although

better defined than FCS, is not xeno-free (Price et al., 1998). Plasmanate R© has been

tested as another alternative (Klimanskaya et al., 2005). A complete formulation of

a defined medium successfully used to derive new hESC lines is available (Ludwig

et al., 2006). A comprehensive study of various xeno-free media concluded that

none of those tested were as effective at culturing hESC as the conventional KOSR

system (Rajala et al., 2007). Several commercially available proprietary media

which claim various levels of clinical suitability and efficacy are becoming available

e.g. hEScGRO
TM

(Chemicon), StemPro R© (Invitrogen) and mTeSR
TM

(Stem Cell

Technologies). The use of animal enzymes for passaging is also a concern, not only

as a xeno-component, but also as an agent in driving karyotypic change (Mitalipova

et al., 2005). Whilst manual passaging is labour-intensive and unsuitable for large

scale culture, automated manual passaging may be an alternative (Joannides et al.,

2006).

Growth factors are an essential component of medium, particularly in the absence

of serum. Basic fibroblast growth factor was identified as supportive to undifferen-

tiated hESC growth (Koivisto et al., 2004) even without conditioned medium (Xu

et al., 2005). Feeder-secreted heparin sulphate proteoglycans (HSPG) can stabilise

bFGF and mediate binding of the growth factor to the hESC surface (Levenstein

et al., 2008). Although further supplements were needed to return the proliferation
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rate to normal, activin A has been shown to maintain pluripotent growth in the ab-

sence of feeder layers or conditioned medium (Beattie et al., 2005) through the induc-

tion of pluripotent gene expression (Xiao et al., 2006). Brain-derived neurotrophic

factor (BDNF), neurotrophin (NT)3 and NT4 also mediate hESC survival, and their

addition to cell cultures improves clonal survival (Pyle et al., 2006). Albumin-

associated lipids stimulate hESC self-renewal (Garcia-Gonzalo & Belmonte, 2008)

and the addition of Wnt1 promotes undifferentiated colony growth (Villa-Diaz et al.,

2008). As the signalling pathways maintaining hESC in an undifferentiated state are

increasingly understood, exogenous supplementation of defined factors could circum-

vent the current need for undefined feeder or matrix co-culture systems.

1.9.3 Good manufacturing practice and clinical grade lines

The importance of complete validation of any stem cells destined for therapy cannot

be underestimated. History demonstrates that infection from donated tissue is pos-

sible and devastating. The first case report documenting the transmission of HIV

during blood transfusion appeared in 1983 (Ammann et al., 1983). In 1988, 128

women were exposed to the hepatitis B virus via contaminated donor serum that

had been added to IVF culture media. Seventy nine women were infected but no

serious forms of hepatitis developed either in them or the children born from the

treatment (Quint et al., 1994). Prion diseases can also be transmitted via tissue

and blood donation (Llewelyn et al., 2004). The use of bovine serum in culture

carries the risk of transmission of a number of bovine viruses including bovine poly-

omavirus, bovine adenovirus and rabies, as well as prion particles. Using murine

feeder cells can transmit certain viruses shown to be capable of infecting humans

such as Sendai virus, reovirus type 3 and lactic dehydrogenase virus (Cobo et al.,

2005). Unlike conventional donation where blood or tissue from one donor may be

transplanted to two or three patients, the expansion of stem cell cultures could al-

low a single hESC line to be used for hundreds, if not thousands of patients. The

risk of disease transmission from a single infected donor thus increases exponentially

(Braude et al., 2005).

Good manufacturing practice (GMP) is that part of quality assurance, already in

use in the pharmaceutical industry, which ensures that products are consistently pro-

duced and controlled to the quality standards appropriate to their intended use and
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as required by the product specification. GMP is concerned with both production

and quality control and these standards are applied to clinical-grade hESC derivation

and culture. GMP requires that production occurs in a cleanroom, which is a room in

which the concentration of airborne particles is controlled, and which is constructed

and used in a manner to minimise the introduction, generation, and retention of

particles inside the room, and in which other relevant parameters, e.g. temperature,

humidity, and pressure, are controlled as necessary (ISO standard 14644-1). GMP

also requires traceability of all raw materials and also that every step of production

follows validated standard operating procedures. It is also imperative to realise that

clinical-grade lines are not the final product. Once cell lines have been established,

validated scale-up, expansion and differentiation protocols will be required to gener-

ate a product that may be used for clinical trials. The use of hESC therapeutically

must also conform to the standards of the Human Tissue Authority (HTA).

1.10 Embryo development II: Mechanisms of blas-

tocyst formation

One of the fundamental questions in developmental biology is how a single cell -

the fertilised oocyte - can give rise to embryos and then animals with distinct de-

velopmental axes; front, back, top and bottom. There is much controversy in the

developmental literature about the timing of the origins of these axes in mammals.

In lower vertebrates and invertebrates, developmental polarity is evident from the

oocyte and cleavage stage embryos where unique protein domains, concentration gra-

dients, and asymmetric protein distributions are the principle forces establishing the

identity and fate of individual cells during early development. For example, the sea

urchin is characterised by a strict oocyte polarity and invariant cell lineages (David-

son, 1989). When embryos are separated into animal and vegetal halves, the vegetal

halves develop into complete animals, whereas the animal halves form blastula-like

structures, and fail to undergo gastrulation.

Similarly, the cytoskeleton and organelles of ascidian eggs are organised along

a pre-existing animal-vegetal (A-V) axis (Roegiers et al., 1995). Fertilisation trig-

gers a cortical contraction that causes the relocalisation of pre-existing cytoplasmic

domains, which place cell fate determinants in specific areas of the zygote prior to
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the first cell division. The initiation site and orientation of the cortical reaction is

dependent on the sperm entry position.

In Drosophila, asymmetric RNA localisation is essential for patterning the embryo

and partitioning the embryonic cytoplasm into future somatic and germline lineages

(Steinhauer & Kalderon, 2006). This process begins in the oocyte, where key RNAs

are restricted to specific cortical regions. Localization of specific mRNAs to the

anterior and posterior regions of the oocyte establishes the anterior-posterior (A-P)

and the dorsal-ventral (D-V) axis.

Conversely, early mammalian development is highly regulative and oocytes of eu-

therian mammals seemingly differ from those of virtually all other animals by having

no obvious functional polarity. Consequently axis formation has historically been

treated as being independent of any aspect of organisation of the oocyte. Instead,

cell fate was assumed to be established with the first visible morphological evidence

of polarity at the blastocyst stage, where the ICM and TE cells can be distinguished

and the embryonic-abembryonic (em-ab) axis forms through the ICM (the regula-

tive model). However, emerging evidence from diverse experiments brought this

assumption into question and resulted in the proposal that the axes are present from

the oocyte onwards, but are not fixed until the blastocyst stage (the prepatterning

model).

Should the organisation of the oocyte or zygote be prepatterned, this leads to the

possibility that the blastomeres formed from the first cleavage divisions could have

qualitatively or quantitatively differential inheritance of determinants that could

influence the fate of their progeny. Thus, early cleavage blastomeres may not be

truly equivalent, but instead have a patterning bias that is still sufficiently adaptive

to compensate for pertubations in development.

1.10.0.1 In vivo development of isolated blastomeres

Experience with farm and laboratory mammals has shown that application of embryo

splitting, at whatever developmental stage it is performed, generally does not disturb

ongoing embryo development. Split embryos have a smaller than normal number of

cells present during early cleavage, but offspring are normal in size because regulation

of cell number occurs after the time of blastocyst formation (Tarkowski, 1959).
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The ability of isolated blastomeres, either singly or in pairs, from 2-, 4-, 8-,

and 16-cell stage embryos to support term pregnancies and to produce genetically

identical animals has been documented in the mouse (Papaioannou et al., 1989), rat

(Matsumoto et al., 1989), pig (Saito & Niemann, 1991), horse (Allen & Pashen,

1984), sheep (Willadsen, 1979) and cow (Johnson et al., 1995; Willadsen et al.,

1981).

The usual outcome in the production of monozygotic offspring is singletons or

twins, such as the production of monozygotic twins following splitting of sheep two-

cell embryos (Willadsen, 1979). There is however, one report of four identical calves

being produced following the split of a four-cell bovine embryo into single blastomeres

(Johnson et al., 1995). The blastomeres, placed in donor zona pellucidae and co-

cultured on bovine epithelial cells until gastrulation, were transferred in pairs and

resulted in four genetically identical bulls as evidenced by genetic and mitochondrial

fingerprinting. In contrast, whilst the successful implantation of all four single blas-

tomeres from a four-cell mouse embryo has been reported, no full-term development

resulted (Rossant, 1976). This could be explained by the small size of the resul-

tant embryos, rather than inherent inability of the quarter blastocysts to develop to

term. While pregnancies have been established following two-cell blastomere separa-

tion of Rhesus monkey embryos, only singleton offspring have resulted, regardless of

whether split embryos were transferred together to the same recipient or separately

to different recipient monkeys (Chan et al., 2000; Mitalipov et al., 2002).

Certainly it is known that human embryos are highly regulative, with successful

compensation for loss of blastomeres seen on a daily basis in routine IVF. Normal

term births are achieved following transfer of embryos sustaining cell death follow-

ing thaw cycles, or loss of cell number following biopsy of one (or occasionally two)

blastomere(s) for PGD. Indeed one case study is published describing normal ongo-

ing pregnancy following the transfer of a day two embryo with only one cell intact

following thaw (Veiga et al., 1987) with subsequent term birth of a healthy male

infant (A. Veiga, personal communication).

This astounding regulative ability has been used as the cornerstone of the ar-

gument that the early blastomeres of mammalian embryos are identical, with no

specification of cell fate. However, accumulating observations that were difficult to
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reconcile with a model of initially naive blastomeres required a reassessment of this

assertion.

1.10.0.2 Models of establishment of polarity

After compaction, the mammalian embryo starts to form the blastocoel cavity, and

morphologically recognisable differentiation to ICM or TE cells takes place. The

localisation of the ICM to one side of this cavity marks the first appearance of the

em-ab axis. Therefore this differentiation into ICM or TE is closely linked to the

specification of the blastocyst em-ab axis. Three main hypotheses have been put

forward to explain the differentiation of fate by seemingly naive blastomeres.

The ‘inside-outside’ theory (Tarkowski & Wroblewska, 1967) suggested that the

fate of the blastomeres depended on their position within the morula, in which the in-

side and outside cells exist in different conditions. The outside cells become flattened

and form predecessors of the TE while the inside cells develop in a micro-environment

created by the outside cells and in this environment become the precursors to the

ICM. This hypothesis accounts for the observation that when isolated mouse four-

and eight-cell blastomeres are cultured on, they usually form trophoblastic vesicles.

Presumably, given the reduction in cell number, there is insufficient cellular mass

to enclose inner cells and provide the environment for ICM formation. However the

influence of the blastocoel microenvironment on development was investigated by

injecting eight-cell and morula stage embryos into the blastocoel of giant chimeric

blastocysts (Pedersen & Spindle, 1980). Two-thirds of the donor embryos that were

injected developed into morphologically normal blastocysts, despite being within the

host blastocoel, showing that the constituents of the blastocoel did not alter early

morphological development. Furthermore the inner cells of a morula have been shown

to form both ICM and TE, whereas the outer cells form TE only (Fleming, 1987).

Subsequent observation that the outer cells become polarised due to their location

led to an alternative theory - the polarisation hypothesis.

The polarisation hypothesis (Johnson & Ziomek, 1981a) expanded on grounds

laid by the inside-outside theory to consider the initiation of polarity of individual

blastomeres at the eight cell stage. Each blastomere undergoes major reorganisation

in which it becomes structurally and functionally polarised, induction of which is

influenced by cell contact (Ziomek & Johnson, 1980), and polarity is conserved
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during division of the blastomere. Subsequent divisions of these blastomeres are

either meridional, generating identical daughter cells, or equatorial, thus producing

daughter cells of two distinct populations as a result of inheritance of distinctive

regions of the cytoplasm and membrane, termed polar (TE) and apolar (ICM) as

shown in Figure 1.1. Various supporting experimental data exist, including cell

surface distribution of microvilli (Nikas et al., 1996), the influence of cell contact

on orientation of division (Pickering et al., 1988), the cue to initiate polarisation

(Pratt et al., 1982), the influence of division order (Surani & Barton, 1984) and the

effect of intercellular contacts (Garbutt et al., 1987).

Figure 1.1: Schematic to illustrate the generation of polar or apolar cells from the
division of a polarised blastomere. (A) Meridional division of a polar blastomere
generates two identical polar daughter cells inheriting the same polarised distribution
of the cytoplasm. (B) Equatorial division of a polar blastomere generates two apolar
cells with differential inheritance of the polarised cytoplasm.

Both the inside-outside and polarisation theories attributed the differentiation to

ICM or TE as being a response to environmental cues during development. However,

the theories did not address the formation of the em-ab axis, namely why the ICM

and blastocoel cavity form at opposite poles. While the early theories considered the

diversification of individual blastomeres, they did not encompass the organisation of

the embryo as a whole.

The cleavage-driven theory (Edwards & Beard, 1997; Gardner, 2001; Piotrowska

& Zernicka-Goetz, 2001), was proposed to accommodate a hypothesis of how overall
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patterning of the embryo arises. The theory suggests that the lineage fate of a cell is

decided before cell positioning, polarisation or morula formation, and is determined

by the earliest cleavage planes. Thus the first cleavage separates the zygote into

halves that have different destinies, and differing composition or behaviour of blas-

tomeres along the future axes of the embryo results in the overall polarised form of

the blastocyst. The theory does not therefore preclude the influence of the environ-

ment to direct blastomere differentiation into ICM or TE, as the em-ab boundary is

proposed to lie deep within the ICM and therefore each blastomere is expected typ-

ically to form both ICM and TE derivatives. Whilst there is accepted experimental

verification of the polarisation theory for the formation of TE or ICM fate, there is

a divide between biologists who argue for the cleavage-driven theory and hence that

prepatterning exists from the zygote, and those that argue for the regulative model

of development where the first axis of polarity forms at the blastocyst stage. The

underlying mechanisms responsible for the development of morphologically apolar

oocytes to overtly polar blastocysts is unclear. However, a multitude of elaborate

and tenacious experiments have been designed to address this issue.

1.10.1 Mammalian oocyte polarity

1.10.1.1 Oocyte axes

A decisive experiment that called into question the regulative model was the demon-

stration that the early blastocyst is bilaterally symmetrical (Gardner, 1997). It was

suggested that the long axis of symmetry was predicted by the A-V axis of the zy-

gote, with the animal pole defined by the second polar body as an enduring marker.

As well as being aligned to the A-V axis, the long axis of symmetry was orthog-

onal to the em-ab axis, which bisects the ICM and opposing mural TE, as shown

in Figure 1.2. The majority of second polar bodies that survive intact to the early

blastocyst stage therefore lie at the em-ab junction. This led to the suggestion that

the specification of the axes of the blastocyst depended on the spatial patterning of

the zygote.

By marking sites in the embryo with oil drops in the zona pellucida, and cul-

turing free, gel-embedded or zona-thinned two-cell embryos to the blastocyst stage,

subsequent results from the same laboratory suggested that the em-ab axis of the

blastocyst and its plane of bilateral symmetry are also normally orthogonal to the
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Figure 1.2: Schematic of the axes described in mammalian zygotes and blastocysts.
The long axis of symmetry of the blastocyst maps onto the first cleavage plane, which
itself is parallel to the A-V axis. The em-ab axis and bilateral plane are orthogonal
to the plane of first cleavage.

plane of first cleavage (Gardner, 2001). As the long axis of symmetry maps to

the A-V axis, these results further indicated that the axes of the blastocyst are al-

ready specified by the onset of cleavage. Furthermore the axes of the blastocyst have

been implicated in establishing those of the fetus by a series of experiments using

mRNA encoding an enduring marker to track the progeny of the ICM into the post-

implantation visceral endoderm (Weber et al., 1999). The visceral endoderm cells

that originated near the second polar body were found distally in the egg cylinder,

whereas those opposite the second polar body were found proximally. This raised

the suggestion that the bilateral symmetry of the blastocyst, therefore by implication

the axes of the zygote predict the proximodistal axis and hence polarity of the later

conceptus.

Fundamental supporting evidence to the morphological studies regarding zygote

axes would be the elucidation of any determinants, essential for development, that

are distributed asymmetrically or along a concentration axis within the ooplasm.

Following several unsuccessful or disputable attempts to visualise such gradients

(reviewed in Edwards & Beard (1997)), an asymmetric distribution of the cytokine

leptin and the signalling molecule STAT3 to the animal pole of the mouse and human
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egg was reported (Antczak & Van Blerkom, 1997). Further work by these researchers

suggested the polarised distribution of several other proteins in the human oocyte

and embryo, including the growth factors TGFβ2 and VEGF, growth factor receptors

c-KIT and EGF-R and apoptosis-associated proteins BCL-X and BAX (Antczak &

Van Blerkom, 1999).

These suggestions appeared inconsistent with published reports that removal of

either the animal or vegetal pole of the murine oocyte, or the creation of chimeras

composed of either only animal or vegetal 8-cell blastomeres (all defined in relation

to the second polar body) resulted in live, fertile offspring (Ciemerych et al., 2000;

ZernickaGoetz, 1998). This could be interpreted as implying that the bilateral sym-

metry of the blastocyst is independent of axial information in the ooctye. However

the authors concluded that while the A-V axis of the murine oocyte predicts the

polarity of the em-ab axis in the blastocyst, if determinants of polarity are localised

uniquely to the animal or vegetal poles of the oocyte, they are not absolutely re-

quired for development. However, there could also be a morphogenetic gradient in

the oocyte which relies on the relative not absolute concentration of a morphogen.

In this way, a gradient would still exist after removal of one pole. These experiments

are also a clear demonstration of the regulative capabilities of mammalian embryos,

which enable normal development patterns to resume following perturbation.

Taken together these experiments suggest that even if the definitive axes of devel-

opment only become irreversible at implantation, the axes of polarity can be traced

back to the zygote, with perturbations in development being overcome by the regula-

tive capability of the early embryo. This, therefore, aligns mammalian development

with that of some other vertebrates. As a substantial minority of oocytes and em-

bryos in each experiment did not conform to the predicted model, and until these are

shown to be incompatible with development, it seems that any oocyte organization

is facilitatory rather than determinative for future polar axes. However, these early

experiments incited a flurry of responses rejecting the conclusions and asserting that

no early patterning in the oocyte or cleavage embryo exists.

1.10.1.2 First cleavage division

The second polar body was used as a stationary marker of the animal pole in several

early studies (Gardner, 1997, 2001; Plusa et al., 2002), but the validity of this has
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been called into question (Hiiragi & Solter, 2004; Kurotaki et al., 2007; Motosugi

et al., 2005). Using time-lapse recording of the first cleavage in murine embryos, it

has been stated that the second polar body does not mark a stationary animal pole,

but instead moves towards the cleavage furrow in half of the embryos studied (Hiiragi

& Solter, 2004). It should be noted that half of the original cohort of embryos was

excluded from analysis as movement of the second polar body could not be clearly

determined from the videos. Some studies not only concluded that the second polar

body is mobile on the surface of the embryo, but that the embryos rotated within

the zona (Kurotaki et al., 2007; Motosugi et al., 2005). From these experiments, the

authors concluded that the first cleavage plane is not predetermined in the oocyte,

and that an A-V axis does not exist. However, the robust validation in early studies is

difficult to refute, as it has been shown that the second polar body remains physically

tethered to its site of production and therefore marks the animal pole of the zygote

for as long as it survives (Gardner, 1997).

1.10.1.3 Pronuclear apposition

Instead, it has been suggested that the first cleavage of the mouse zygote is defined

by the topology of the two apposing pronuclei (Hiiragi & Solter, 2004). In 18

from 25 embryos in this study, the cleavage plane was defined by the two apposing

pronuclei, which also bisected the shortest arc between the second polar body and the

sperm entry position. Further experiments where the male pronucleus was removed

and replaced with a male or female pronucleus at the opposite side of the zygote

(thereby creating a new topology between the pronuclei) showed that the cleavage

plane still occurred through the apposition of these pronuclei, and suggested that the

sperm does not play a part in specification. A further experiment with a small cohort

of embryos was also alluded to, in which parthenogenetically activated embryos also

conformed to this model.

However, in a directly contradictory report, such patterns of cleavage as described

above were seen only in selected groups of embryos that had been chemically treated

before analysis, or had undergone a shape change such that the pronuclei lay on

the long axis of the zygote. Instead, in elegant time-lapse observations of the first

cleavage on multiple focal planes, in over 60% of zygotes the two pronuclei were

aligned with the second polar body and the cleavage furrow formed within 30◦ of
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this plane (Plusa et al., 2005). The authors suggest the previous conclusion that the

first cleavage does not relate to the second polar body could be due to the analysis

of only those embryos in which the pronuclei lay on the same focal plane, after half

the embryos had been discarded.

1.10.1.4 Sperm entry position

The relevance and influence of the sperm entry position (SEP) is perhaps the most

contentious of the theories proposed for the determination of polarity, causing dis-

agreements even between groups that advocate the prepatterning theory. It has been

proposed that the SEP predicts the plane of initial cleavage (and therefore by impli-

cation the blastocyst axes), and that the blastomere inheriting the SEP at cleavage

acquires a division advantage and contributes preferentially to the embryonic region

of the blastocyst (Piotrowska & Zernicka-Goetz, 2001). This agrees with evidence

from other species for a role of the sperm in axis formation as discussed. However,

this conclusion was refuted in a series of experiments showing that the use of phyto-

haemagglutinin (or similar) to mark the SEP was invalid, as lectin-based markers did

not bind to the fertilisation cone, rather they did bind strongly to the zona (Davies

& Gardner, 2002). By labelling the anterior end of the sperm tail (AnT) with an

oil drop in the zona, or observing it directly, it was demonstrated that the AnT re-

mained associated with the midpiece. The group then mapped the angle of departure

of the AnT from the centre of the cleavage plane and concluded that there was no

correlation between sperm entry and first cleavage. A response followed in the same

year showing that direct sperm labelling, rather than marking the fertilisation cone

with a bead, showed an even more precise correlation with first cleavage, rising from

60% to 88% of embryos (Plusa et al., 2002). However, time-lapse recordings of the

second cleavage concluded that the blastomere inheriting the SEP divided first in

only half the embryos studied (Motosugi et al., 2005). In addition, the development

of diploid parthenogenetic embryos through gastrulation, or artificial digynic zygotes

to the blastocyst (Hiiragi & Solter, 2004) suggests that any role of the sperm in axis

formation is perhaps dispensable. If there is a need for the sperm in specification of

the cleavage plane, it is not known whether the signal must be long-lasting (persisting

to the formation of the cleavage furrow) or transient (to initiate downstream events).
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However, experiments in which mixing of clonal descendants occurred following re-

moval of the SEP region after pronuclear migration is interpreted as suggesting an

enduring influence of the spermatozoa (Piotrowska & Zernicka-Goetz, 2002). Fur-

thermore when studying the development of parthenogenetic embryos, in contrast to

fertilised oocytes, there was no tendency for the two-cell blastomeres to follow differ-

ent fates throughout development (Piotrowska & Zernicka-Goetz, 2002). This was

interpreted as indicating that in normal development, fertilisation is one contributing

factor in initiating embryonic patterning.

1.10.1.5 Bilateral symmetry

In an elegant series of experiments, the bilateral plane of symmetry of mouse zygotes

was marked by spaced oil drops in the zona, and rotation of the zygotes within the

perivitelline space prevented by the injection of alginate. Subsequent monitoring of

development to the blastocyst stage demonstrated that the first cleavage was almost

invariably orthogonal to the bilateral plane of symmetry, and further confirmed that

the em-ab axis of the blastocyst aligned with this plane of symmetry (Gardner

& Davies, 2006). The first cleavage was more variable with respect to the A-V axis

than to the bilateral plane of symmetry. The removal of the zona did not change this

relationship, arguing against the mechanical constraint of the zona dictating cleavage

and axes formation (see below). That the bilateral plane of the blastocyst was

consistently aligned with that of the zygote strengthened the case for the existence

of prepatterning from the zygote stage.

1.10.1.6 Zona pellucida shape

It has been argued that when the zona is ellipsoidal rather than spherical, it provides

sufficient mechanical restraint to force the em-ab axis of the blastocyst to align with

its greatest diameter, thus the em-ab axis is not specified until blastulation (Moto-

sugi et al., 2005). Furthermore, from studies using time-lapse imaging of transgenic

mouse embryos it has been asserted that the first cleavage plane and em-ab axis of

the blastocyst aligns relative to the ellipsoidal shape of the zona (Kurotaki et al.,

2007). The results also describe continuous movement of the embryo within the zona

pellucida, which slows at the morula stage, leading to the conclusion that there is

not a fixed axis or a characteristic cleavage pattern in early development.
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In direct contradiction of these results however, it has been shown that cells lying

under the lesser zona diameter map consistently towards the equatorial region of the

blastocyst, significantly more frequently than randomly labelled cells (Gardner,

2007). This occurred regardless of whether the zona was left intact, was softened,

or removed altogether. The non-random mapping of cells following zona removal

questions whether it can play any role in specifying cleavage.

1.10.1.7 Actual cleavage

One study suggested that the first cleavage itself predicted the blastocyst axis, such

that the em-ab axis specification occurs with respect to the first cleavage plane

whether or not it passes through the A-V axis (Plusa et al., 2005). By artificially

elongating embryos as described above, it was shown by non-invasive lineage tracing

with lipophilic dyes that even when first cleavage occurred along the short axis, the

progeny of the resulting two cell blastomeres tended to populate either the embryonic

or abembryonic parts of the blastocyst, such that in 17 out of 20 blastomeres, two or

fewer cells crossed the em-ab boundary. One interpretation of this experiment would

be that the A-V axis of the oocyte plays no part in the specification of future polarity,

but further studies are needed to determine whether the developmental properties

of the individual blastomeres are altered by forcing cleavage to occur orthogonally

to the A-V axis.

1.10.2 Early cleavage and blastocyst axes

The emerging evidence to suggest that axes exist in the oocyte and that first cleavage

may specify two differing populations of cells led to the investigation of subsequent

cleavage and the identity of the progeny. The second cleavage divisions can either be

meridional (M)(as the first cleavage) or equatorial (E) (orthogonal to first cleavage),

typically producing a tetrahedral four-cell embryo with six intercellular contacts. It

has been shown that while any combination of division is possible, sequential M and

E divisions are most common (Gardner, 2002). By gelating the perivitelline space it

was determined that the second division was not meridional following rotation of the

blastomere through 90◦ as in the rabbit, but was truly (approximately) equatorial.

However, the rate of non-tetrahedral cell conformation was too high to conclude that

regular cleavage is an absolute prerequisite for development. While it has been shown
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that the progeny of one two-cell blastomere contributes to the ICM and polar TE

and the other to the mural TE (Piotrowska & Zernicka-Goetz, 2001), the boundary

between progeny was not strictly orthogonal to the em-ab axis of the blastocyst.

However, this is explained by the conformation of the regular tetrahedral four cell

embryo. The cell inheriting the vegetal portion of the cytoplasm after an equatorial

division overlies the vegetal pole asymmetrically rather than being away to one side

(Gardner, 2002), therefore distorts the original plane of first cleavage, and progeny

are expected to span the boundary zone of the blastocyst.

Therefore a typical meridional first cleavage produces two nearly identical daugh-

ters, each inheriting the full A-V axis. The second equatorial division produces one

daughter inheriting mostly animal cytoplasm, and one inheriting mostly vegetal.

Should a (yet unknown) determinant be involved in cell fate, it is conceivable that

a gradient of such a factor along the A-V axis would be differentially inherited by

these three categories of blastomeres as a result of their composition of different axial

levels of the zygote, as shown in Figure 1.3. It must be noted however that whilst

the second cell cycle results in a regular tetrahedral embryo in more than two-thirds

of embryos, leading to partitioning of the cytoplasm in regard to the A-V axis, there

is a possibility that there are developmental asymmetries orthogonal to this axis

(Gardner, 2002).

Isolated sister pairs of the meridional or equatorial divisions in the mouse em-

bryo gave comparable rates of normal development through gastrulation (Gardner,

2002). However these combinations resulted in all levels of the A-V axis being rep-

resented and therefore theoretically the pairs were not deficient in any determinant.

However, chimera studies have extended this work to consider the developmental

potential of each category of blastomere, and concluded that while all four cells

can have full developmental potential, they differ in their individual developmental

properties according to their origin (Piotrowska-Nitsche et al., 2005). Chimeras

were constructed of only either; blastomeres inheriting animal cytoplasm (animal

chimera), blastomeres inheriting vegetal cytoplasm (vegetal chimera) or blastomeres

inheriting the full A-V axis (meridional chimera). Normal live offspring were seen

from between 69-85% of meridional chimeras, whereas most vegetal chimeras died

after implantation, with only a 30% offspring rate. Animal chimeras showed an
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Figure 1.3: Schematic representation of the formation of a tetrahedral four-cell em-
bryo. (A) One cell zygote with asymmetric distribution of unspecified determinants
as shown by a blue-grey colour gradient along the A-V axis. (B) A meridional first
cleavage produces two identical daughter cells each inheriting the full axis. (C) One
meridional and one equatorial second cleavage results in a tetrahedral four-cell em-
bryo with three cell types. Both the progeny of the meridional division inherit the full
axis (blue-grey), whereas the equatorial division produces one daughter inheriting
only the animal pole (blue) and one inheriting only the vegetal pole (grey).
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intermediate survival. Furthermore, in general those chimeras made from later di-

viding blastomeres had lower survival than those made from the earlier dividing

sister cell, attributed to a reduced proliferative capacity and inherent differences in

potential. Despite this demonstration of predetermined fate, the regulative capacity

of the blastomeres was also considered, and it was shown that when a vegetal cell

was surrounded by cells of random origins it contributed to a variety of embryonic

lineages, in contrast to the failure of development of vegetal chimeras.

Using lineage tracing experiments it has been concluded that the first cell to com-

plete the second cleavage contributes more progeny to the portion of the ICM likely

to become epiblast and the polar TE compared with the later dividing cell, which

contributes preferentially to the mural TE and the portion of the ICM that also gives

rise to the primitive endoderm (Piotrowska & Zernicka-Goetz, 2001). The mech-

anism behind this segregation is unclear, but possibly due to the earlier initiation

of a developmental programme by the earlier dividing cell (Piotrowska & Zernicka-

Goetz, 2001), an advantage bestowed by the inheritance of the SEP (Piotrowska &

Zernicka-Goetz, 2001), or as a consequence of more extensive intercellular contacts

(Surani & Barton, 1984). However, the conclusion of an opposing study was that

the em-ab axis is independent of early cell lineage. By tracing the marked nuclei

from transgenic mice backwards from the blastocyst stage cell lineage maps were

constructed which showed that all of the descendants of two-cell blastomeres, and

84% of four-cell blastomeres contributed to both embryonic and abembryonic regions

in the blastocyst (Kurotaki et al., 2007).

1.10.2.1 Blastocoel formation

The ICM and blastocoel cavity lie at either end of the em-ab axis, therefore the mech-

anism of formation of the cavity is crucial in establishing this axis. One hypothesis is

that the pattern of conservative and differentiative divisions from the eight-cell stage

influence the cavity position and hence the em-ab axis. At the morula, the inner cells

consist of those that are generated from the division of other inner cells, and those

that are generated from the differentiative division of outer cells. These associations

may be of different strengths, and therefore a cavity may form where the connec-

tions are weakest between inner and outer cells (Plusa et al., 2005). There would

be a tendency for this to be adjacent to regions in which the outer cells had recently
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divided predominantly symmetrically, and not attached to inner cells. Therefore it

is irrelevant where or in how many places the blastocoel originates, but the location

of the final position that marks the abembryonic pole (Zernicka-Goetz, 2005).

However, opposing experiments conclude that the blastocoel is not formed in a

predefined manner at the abembryonic pole, but originates in multiple points and

finally coalesces at one end of the long axis of the zona due to differential pressure

imposed by the glycoprotein coat (Motosugi et al., 2005). Using serial confocal

scanning they first showed that the origin of these multiple fluid-filled vesicles did

not occur within just one of the clonal areas from two-cell descendants. Then by

artificially elongating two-cell embryos it was observed that the cavity was forced to

form at one end of the long axis of the zona, although this model does not account

for the positioning of blastocoel opposite the ICM in non-manipulated or spherical

embryos. Despite disagreeing on the mechanism, both groups agree that the cavity

develops as a function of differences between cells or parts of cells, not as a response

to a determinative signal.

1.10.2.2 Further studies

There are many methodological uncertainties that contribute to the ongoing dis-

crepancies in results from different research groups. The use of fluorescent beads,

fluorescent dyes, chemical manipulation such as the use of cytochalasin, recording

methods such as confocal microscopy or time lapse, immobilisation of oocytes or em-

bryos, appropriate controls, method of results analysis and strain of mouse used have

all come under fire in the ongoing polarity debate (Hiiragi et al., 2006). Certainly

alternative interpretations are offered for some observations (Johnson, 2003). Until

the various groups exactly replicate the protocols of others, the conflict of result

interpretation may not be resolved. The definitive experiment would be to identify

a gene or protein, like those already identified in the frog or fly embryos, that clearly

marks the fate of different early embryonic cells. If a gene is found to be expressed

in a specific region of the oocyte or in one early blastomere and not the others - and

if removing the gene interrupts development - then prepatterning is proven. Until

then, these elegant and carefully designed experiments will continue to shed both

light and uncertainty on the polarity debate.
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Some molecular experiments have been attempted with human embryos, although

doubts over the methodology limits the value of the results. For example, the iden-

tification of polarised distribution of leptin and signal transducer and activator of

transcription 3 (STAT3) in the oocyte (Antczak & Van Blerkom, 1997) led to the

investigation of expression in the later embryo. As a consequence of the orientation

of the cleavage planes, these proteins became allocated preferentially to specific blas-

tomeres, such that by the 8-cell stage there appeared populations of leptin/STAT3

rich and poor cells, and subsequently to the cells of the TE rather than cells of

the ICM (Antczak & Van Blerkom, 1997). For unequivocal confirmation, the ex-

periments should have been repeated with the orientation of the embryos inverted

to control for technical bias due to changing intensity of the laser reaching the far

surface of the embryos. Further molecular studies are discussed in Chapter 5.

No definitive conclusions can be made at this juncture regarding the origin, timing

and influence of axes of polarity in the oocyte and early cleavage stage embryos.

Certainly there appears highly persuasive evidence regarding the non-randomness of

the first developmental divisions making it very difficult to discard the prepatterning

theory. The existence of axes in early development is reflected in the conservation

of numerous other developmental pathways shared between mammalian and non-

mammalian species. However, the mechanisms underlying the establishment of these

axes, and even elucidating how essential they are for normal development, remains

controversial. The possibility is that there is a pattern, but that it is not determinant.

Instead it could be thought of as a set of influences that steer normal development,

but that are sufficiently flexible and regulative to compensate for (sometimes major)

perturbations and still allow normal development to proceed in the majority of cases.

Whilst many of the experiments discussed using murine embryos are unrepeatable

in humans given the number of embryos required, there are studies that need to be

done and can be done with human material. There has been no systematic study

of lineage-specific gene expression in single human early cleavage embryos with the

aim of analysing whether differences in expression exist between sister blastomeres.

Furthermore, whilst chimeric proof of pluripotency after manipulation is clearly not

possible in humans, the ability of all sister single blastomeres to generate stem cell

lines would offer convincing proof of retained pluripotency or at least plasticity.
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Chapter 2

General Methods

2.1 Human embryo culture

2.1.1 Oocyte collection and fertilisation

A standard long protocol was used to induce ovulation and controlled timing of

oocyte retrieval (Khalaf et al., 2000). Pituitary supression was achieved with busere-

lin nasal spray (Suprefact; Shire, Andover, UK), followed by ovarian stimulation

with between 150 and 450 IU daily of recombinant human FSH (r-hFSH; Gonal-F,

Serono Pharmaceuticals Ltd, Feltham, Middx, UK) for the first 10-12 days. 10,000

IU of human chorionic gonadotrophin (hCG) was administered to trigger ovulation

when adequate follicular development had been demonstrated by transvaginal ultra-

sonography and there were at least three follicles greater than 18 mm in diameter.

Transvaginal oocyte retrieval was performed 35 h later. Intracytoplasmic sperm

injection (ICSI) was used when the spermatozoa were of poor quality, otherwise

standard in vitro fertilisation (IVF) was used.

2.1.2 Culture of human embryos

Following oocyte and sperm collection, with or without ICSI, gametes were incu-

bated overnight in Quinn’s Advantage
TM

Fertilization Medium (FM). The follow-

ing morning bi-pronucleate stage embryos were transferred to Quinn’s Advantage
TM

Cleavage Medium (CM) for culture until day 3 of development. For further culture to

the blastocyst stage, embryos were transferred on day 3 into Quinn’s Advantage
TM

Blastocyst Medium (BM) until day 5-7 of development. All media were supple-

mented with 10% synthetic protein serum substitute (SPSS). FM was used at 0.5
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2.1 Human embryo culture

mL volumes in 4 well Nunc plates (BioTipp, Belfast, County Antrim, Ireland). CM

and BM were used as 20-40 µL drops under tissue culture grade sterile oil, in 35

mm Falcon dishes (Becton Dickinson, BD Biosciences, Oxford Science Park, Oxford,

UK) or 60 mm Corning dishes (Corning Life Sciences, Acton, MA, USA). All media

and supplements were from Sage BioPharma, CooperSurgical Inc. Trumbull, CT,

USA. All dishes were prepared a minimum of 6 hours before use and equilibrated at

37◦C, in 5% CO2 in air, or in 6% CO2, 5% O2, 89% N2. All manipulation was carried

out in a Class II or laminar flow hood on a heated microscope stage, unless other-

wise specified. Between each transfer to a sequential medium, either during culture,

manipulation or freeze/thaw, thorough wash steps were performed. The sequential

medium was expelled over the embryos, so that when the embryos were aspirated

for transfer they were suspended in the medium for the next stage of culture. The

pipette was then rinsed and the embryos washed around the edge of the well/in the

wash microdrop before being placed in the centre/culture microdrop for incubation.

All cleavage stage embryos were graded according to the criteria of Bolton et al.

(1989) where the highest quality embryos are assigned grade 4, and the lowest, grade

1. Blastocysts were graded using the grading system in Stephenson et al. (2007).

2.1.2.1 Cryopreservation of cleavage stage embryos

Embryos were cryopreserved on day 1, 2 or 3 after fertilisation using Quinn’s Ad-

vantage Embryo Freeze kit (Sage, Cooper Surgical). All solutions were at room tem-

perature (RT). Embryos were placed for 5 min in each of 0.5 M propanediol (PPD),

1.0 M PPD, then 1.5 M PPD/0.1 M sucrose solution. During this final 5 min, the

embryos were loaded into cryostraws (BioSystems, IMV Technologies, L’Aigle cedex,

France) with the medium containing the embryos aspirated into the straws between

air bubbles. A pre-programmed Cryologic controlled rate freezer (Cryologic PL, Aus-

tralia) was used to cool the embryos from 37◦C to -6◦C at 2◦C/min. Manual seeding

was performed at -6◦C, after which the embryos were held at this temperature for 10

min before being cooled to -35◦C at 0.3◦C/min. The straws were placed into liquid

nitrogen for long-term storage.
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2.1.2.2 Cryopreservation of blastocysts

Blastocysts were cryopreserved on day 5 or 6 after fertilisation using Quinn’s Ad-

vantage Blastocyst Freeze kit (Sage, Cooper Surgical). All solutions were at RT.

Blastocysts were placed in freeze diluent for 5 min and then transferred to 5% glyc-

erol freezing medium for 10 min, followed by 10 min in 9% glycerol/0.2 M sucrose

freezing medium. During this final 10 min, the blastocysts were loaded into cryos-

traws and the controlled rate freeze and storage performed exactly as described for

cleavage stage embryos.

2.1.2.3 Thawing of cleavage stage embryos and blastocysts

Cleavage stage embryos and blastocysts were thawed using Quinn’s Advantage Thaw

kit (Sage, Cooper Surgical). All solutions were at RT. Each cryostraw was removed

from liquid nitrogen and held in air for 40 s before being immersed in a sterile water

bath at 30◦C until the medium reached liquid phase. The contents of the straw

were then expelled into a culture dish and the embryos transferred to 0.5 M sucrose

thawing medium for 10 min. This was followed by 10 min each in 0.2 M sucrose

thawing medium and thaw diluent solution before transfer to a pre-equilibrated dish

of the appropriate culture medium. A 2-3 h recovery period was allowed after each

thaw before further manipulation.

2.2 Cell culture

2.2.1 Isolation of primary mouse embryonic fibroblasts

All cell culture was at 37◦C in 5% CO2 in air. All manipulation was carried out

in a class II or laminar flow hood on a heated microscope stage, unless otherwise

specified. Appropriate media components were combined, filtered through 0.22 µm

polyethersulphone (PES) sterile filter (Corning) and stored at 4◦C for a maximum

of 14 days.

Day 12.5 uterine horns were obtained from Swiss MF1 mice and placed in a

culture dish containing pre-warmed phosphate buffered saline (PBS; Gibco Invitro-

gen Corporation, Carlsbad, CA, USA) supplemented with 50 U/mL penicillin and

50 µg/mL streptomycin (pen/strep; Autogen Bioclear UK Ltd., Calne, UK). Using

sterile dissection implements the embryos were removed from the embryonic sac and
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2.2 Cell culture

the placenta and membranes extracted and discarded. The embryonic hindbrain

and liver were removed and the remaining tissue washed three times in PBS plus

pen/strep. This was repeated for the remaining embryos, and all the tissue collected

together. Using scissors or a scalpel the tissue was thoroughly minced, then incu-

bated in a centrifuge tube (Corning) at 37◦C in 2 mL 0.25% trypsinEDTA (Gibco

Invitrogen) for 10-20 min. The solution was vortexed vigorously and then quenched

with Dulbecco’s Modified Eagle’s Medium (DMEM; no pyruvate, high-glucose formu-

lation, with L-glutamine, Gibco Invitrogen) supplemented with 10% fetal calf serum

(FCS; Autogen Bioclear) before centrifuging at 1000 xg for 10 min. One T75 flask

(Corning) per embryo was prepared by coating with 0.1% gelatin (Sigma Aldrich

Co Ltd, Dorset, UK) in PBS for 5 min, aspirating off the excess and allowing to

air dry before adding 7 mL DMEM containing 10% FCS, 4 mM L-glutamine (Gibco

Invitrogen) and 2% pen/strep (DMEM/FCS). Following centrifugation, the super-

natant was removed and placed in a T225 flask (Corning). DMEM/FCS was added

to the pellet at 2 mL per embryo and the pellet re-suspended. 2 mL of this solution

was aliquoted into each T75 flask. The flasks were incubated until the cells reached

approximately 90% confluence, on average after two days. These primary mouse

embryonic fibroblasts (MEFs) were then cryopreserved exactly as in section 2.2.2.2.

One vial was thawed, expanded and used for sterility and mycoplasma testing. The

remaining vials were expanded as necessary to passage 3 before being inactivated as

in section 2.2.3.

2.2.2 Culture of mouse embryonic fibroblasts

A vial of the desired batch and passage number of MEFs was thawed rapidly in a

37◦C water bath and the suspension added in a centrifuge tube to 5 mL MEF media,

consisting of DMEM, 10% FCS, 4 mM L-glutamine, 1% non-essential amino acid

(NEAA; Gibco Invitrogen) and 0.1 mM β-mercaptoethanol (Gibco Invitrogen). The

cells were centrifuged at 1000 xg for 5 min. The supernatant was discarded and the

pellet re-suspended in 1 mL MEF media. T75 flasks were prepared by coating with

0.1% gelatin for 5 min, aspirating off the excess and allowing to air dry before adding

7 mL MEF media. The MEF suspension was added to the flask and incubated at

37◦C until 70-80% confluent.
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2.2 Cell culture

2.2.2.1 Passaging of mouse embryonic fibroblasts

To passage a MEF culture, the MEF medium was aspirated from the flask, the cells

were washed with PBS and then incubated at 37◦C for 3-4 min in 3 mL trypsin. The

flask was physically agitated to detach the cells and the enzyme quenched with 6 mL

MEF medium. The cell suspension was then centrifuged at 1000 xg for 5 minutes,

the supernatant removed and the pellet re-suspended in 3 mL MEF media. Three

T75 flasks were prepared with gelatin and MEF medium as before. 1 mL of the MEF

suspension was added to each flask and these were incubated at 37◦C until 70-80%

confluency was reached and then used as required. MEFs were generally used at P3

when preparing feeder layers.

2.2.2.2 Cryopreservation of mouse embryonic fibroblasts

MEF cultures were cryopreserved when the flask reached 70-80% confluency. The

MEF medium was aspirated from the flask, the cells were washed with PBS and then

incubated at 37◦C for 3-4 min in 3 mL trypsin. The flask was agitated to detach

the cells and the enzyme quenched with 6 mL MEF medium. The cell suspension

was then centrifuged at 1000 xg for 5 min, the supernatant removed and the pellet

re-suspended in 5 ml MEF media. 900 µL aliquots of the cell suspension were placed

in labelled cryovials (Corning) to which 100 µL dimethylsulphoxide (DMSO; VWR

International, Lutterworth, Leicestershire, UK) was added. The vials were placed

overnight at -80◦C then placed in liquid nitrogen for long-term storage.

2.2.3 Preparation of mouse embryonic fibroblast feeder lay-
ers

MEF media was aspirated from a 70-80% confluent T75 flask of P3 MEFs and 7

mL of a 10 µ0g/ml dilution of mitomycin C (MMC; Sigma Aldrich) in MEF media

was added to the cells for 2-3 h at 37◦C. The cells were then washed with PBS and

incubated in 3 mL trypsin for 3-4 min. The cells were detached from the bottom

of the flask by physical agitation and the trypsin solution was quenched with 6 mL

MEF medium. The suspension was aspirated from the flask and placed in a 15 mL

tube then centrifuged at 1000 xg for 5 min. The supernatant was discarded and the

pellet re-suspended in 5 mL MEF media.
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2.3 Human embryonic stem cell culture

The feeder layers were prepared in 4-well Nunc plates. 0.5 mL of 0.1% gelatin was

added to each well for 5 min then the excess aspirated and the wells air dried. The

cell number in the suspension was counted using a haemocytometer, and the volume

of cell suspension required for the desired feeder concentration was calculated and

aliquoted into each well, which was then made up to 500 µL with MEF media. The

plates were incubated overnight before use, then the MEF medium was exchanged

for the specific medium used for the subsequent cell culture. The plates were used

up to five days after preparing for passaging established cell lines and up to three

days for derivation attempts and newly derived cell lines.

2.2.4 Preparation of buffalo rat liver cell conditioned medium

A vial of buffalo rat liver (BRL) cells (kindly donated by Dr. Paul Sharpe, Craniofa-

cial Development Department, King’s College London) was thawed rapidly in a 37◦C

water bath and the suspension added in a centrifuge tube to 5 mL BRL medium com-

prising of DMEM (high glucose with Glutamax
TM

), 20% FCS, 4 mM L-glutamine,

1% NEAA stock and 0.1 mM β-mercaptoethanol. The cells were centrifuged at 1000

xg for 5 min. The supernatant was discarded and the pellet re-suspended in 1 mL

BRL media. The cell suspension was then added to 30 mL BRL media in T225

flasks. BRL cells were grown at 5% CO2 in air to 70-80% confluency typically over

48 h and the conditioned medium (CM) collected and stored at -80◦C.

After the BRL CM was collected the cells were washed with PBS and then in-

cubated at 37◦C for 3-4 min in 5 mL trypsin. The flask was agitated to detach

the cells and the enzyme quenched with 10 mL BRL medium. The cell suspension

was then centrifuged at 1000 xg for 5 min, the supernatant removed and the pellet

re-suspended in 3 mL BRL medium. 1 mL of the cell suspension was then added to

30 mL BRL media in T225 flasks for culture. BRL cells were cryopreserved exactly

as MEFs, except BRL medium was used to re-suspend the cell pellet.

2.3 Human embryonic stem cell culture

All cell culture was at 37◦C and in 5% CO2 in air or in 6% CO2, 5% O2, 89%

N2. All manipulation was carried out in a Class II or laminar flow hood on a

heated microscope stage, unless otherwise specified. Appropriate media components

68



2.3 Human embryonic stem cell culture

were combined, filtered through 0.22 µm PES sterile filter and stored at 4◦C for a

maximum of 14 days.

2.3.1 Human embryonic stem cell culture medium

Culture of human embryonic stem cells (hESC) was either in hESC CM comprised

of 3 parts BRL CM and 2 parts BRL medium (section 2.2.4) with 8 ng/mL basic

fibroblast growth factor (bFGF; PeproTech Inc., Rocky Hill, NJ, USA) supplemented

fresh to each equilibrated aliquot, or in Knock Out Serum Replacement (KOSR;

Gibco Invitrogen) medium. KOSR comprised of Knock-Out DMEM (KODMEM;

Gibco Invitrogen) with 20% KOSR, 4 mM L-glutamine, 1% NEAA stock, 0.1 mM

β-mercaptoethanol and 8 ng/mL bFGF supplemented fresh to each equilibrated

aliquot. The medium used for each experiment is specified in each section.

The media on hESC cultures was exchanged on alternate days. Sufficient medium

for exchange of all cultures was placed in a culture dish and equilibrated at 37◦C

for a minimum of 30 min and a maximum of 3 h before use. The medium was then

supplemented with the bFGF and used to feed the cells. The spent medium was

either stored at -80◦C for future analysis, or discarded.

2.3.2 Passaging of human embryonic stem cells

Sterile glass pipettes (Hunter Scientific Ltd., Saffron Walden,Essex, UK) were heated

in an ethanol flame, pulled to a small diameter then broken to create a hooked end.

Colonies were selected for passage when under rapid mitogenic proliferation and

before evident differentiation. The edges of the colonies selected for passaging were

scored using the pipettes and cut into appropriate sized pieces depending on the

behaviour of the individual cell line. The colony pieces were then transferred to a

fresh MEF plate and incubated for 48 h. Culture medium was then exchanged as

standard.

2.3.3 Vitrification of human embryonic stem cells

For vitrification, hESC colonies were prepared as for passaging, but the pieces cut

to twice the size. All solutions were equilibrated prior to use, and made fresh each
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time. The prepared colony pieces were washed through and then placed in ES-

HEPES holding solution consisting of the DMEM base of the culture medium used

with 20% FCS and 2% of 1 M HEPES (Gibco Invitrogen). 4-6 pieces at a time were

transferred to 10% vitrification solution for 1 min, then to 20% vitrification solution

for 25 s. The components of the solutions are given in Table 2.1. During the 25 s step

the pieces were aspirated in a minimum of solution and expelled onto an inverted

culture dish lid in a drop. This drop was aspirated into a vitrification straw (LEC

Instruments, Australia) using capillary action, held horizontally with sterile forceps

and plunged into liquid nitrogen. This was repeated for the remaining colony pieces,

and the straws were then placed in a 5 mL cryovial which was labelled with the cell

line identifiers and stored in liquid nitrogen.

Table 2.1: Formulation of hESC cryopreservation medium. The sucrose was dissolved
at 37◦C in 6 mL ES-HEPES. This was made up to 8 mL with ES-HEPES and the
FCS added. Ethylene glycol and sucrose were from Sigma Aldrich.

1M sucrose solution
Sucrose 3.42 g
ES-HEPES solution 8.0 mL
FCS 2.0 mL

10% vitrification solution (v/v)
ES-HEPES solution 80%
Ethylene glycol 10%
DMSO 10%

20% vitrification solution (v/v)
ES-HEPES solution 30%
1M sucrose solution 30%
Ethylene glycol 20%
DMSO 20%

2.3.4 Thawing of human embryonic stem cells

The tip of the vitrification straw was placed directly into either hESC CM or KOSR

immediately after removal from liquid nitrogen. The thawing medium normally

flowed out of the straw but if necessary the expulsion of the colonies could be aided

by inserting a Gilson tip into the top of the straw and expelling. The colonies were
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2.4 Embryo and single blastomere analysis techniques

washed gently through two further wells of medium and then transferred to prepared

MEF plates.

2.3.5 Microbiological analysis

Samples of all cell cultures and media were routinely tested for mycoplasma contam-

ination. This was outsourced to Surrey Diagnostics (Surrey Diagnostics, Cranleigh,

Surrey). If microbial contamination was suspected, samples of all cultures and me-

dia were sent to the Microbiology Department of Guy’s Hospital. The samples were

inoculated on blood and chocolate agar at 36◦C for 48 h to assess for growth of

any general bacteria, and on Sabouraud’s agar at 36◦C for 72 h to assess for growth

of any yeast or fungal agents. Any colonial growths were subject to identification

techniques in an attempt to speciate the isolate and suggest probable sources.

2.4 Embryo and single blastomere analysis tech-

niques

2.4.1 Immunocytochemistry

Embryos and blastomeres were fixed for 10 min at RT in 4% paraformaldehyde

(PFA) then washed through four drops of PBS supplemented with 1% bovine serum

albumin (BSA; Sigma Aldrich). 4% PFA was always made fresh and in a fume hood.

1 g of PFA (Sigma-Aldrich) was added to 20 mL PBS in a glass bottle with a stirring

bar. 4.5 µL of sodium hydroxide (NaOH; Sigma Aldrich) was added and the bottle

placed on a magnetic hot plate for 15 min with stirring. 2-2.5 µL hydrochloric acid

(HCl; VWR) was added until the pH was 7.0, as assessed with the Corning pH meter

240. 5 mL PBS was added, the solution filtered through a 0.22 µm Whatman syringe

filter (Sigma Aldrich) and placed at 4◦C for 20 min before use. The fixed cells were

stored in PBS at 4◦C until prepared for immunofluorescence.

Fixed cells were washed through four drops of PBS with 0.1% triton X-100 and

1% BSA (PBST; Sigma Aldrich) and then incubated in 0.5% PBST for 30 min at RT

with occasional agitation. After washing in 0.1% PBST the cells were placed in 10%

FCS in 0.1% PBST blocking solution for 1 h at RT. This blocking solution was used

to dilute the primary antibodies. Primary antibodies used were POU5F1-iA and

NANOG, details of which are given in Table 2.2. Fluorescein isothiocyanate (FITC)
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2.4 Embryo and single blastomere analysis techniques

anti-mouse secondary (emission wavelength 520 nm) and Cyanine3 (Cy3) anti-rabbit

secondary (emission wavelength 570 nm) were used to allow simultaneous double

staining. The embryos and blastomeres were incubated in the primary antibodies

overnight at 4◦C.

Following incubation the cells were washed through 4 drops of 0.1% PBST then

incubated in 0.1% PBST for 30 min at RT. Secondary antibodies were diluted in 0.1%

PBST at 1:300. The cells were incubated in the secondary antibody combinations

for 1 hr in the dark at RT, then washed through 4 drops of 0.1% PBST. Embryos and

blastomeres were then mounted in a 1 µL drop of softmount Vectashield plus 4’,6-

diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA) onto

a coverslip dish (MatTek Corporation, Ashland, MA, USA). Images were captured

by a Perkin Elmer Ultraview ERS confocal microscope using the Ultraview Suite

software version 3.0.

2.4.2 Single cell dynamic polymerase chain reaction

The Applied Biosystems (ABI; Foster City, CA, USA) TaqMan R© PreAmp Cells-

to-CT
TM

kit was used to preamplify target cDNA from single blastomeres, which

was subsequently analysed with the Biomark
TM

Fluidigm R© Dynamic Quantitative

(q)PCR platform. The data were analysed by mixed-effects modelling and principle

component analysis as detailed in Chapter 5. All statistical analysis was performed

in R version 2.8. Mixed-effects modelling used the nlme or lme4 packages, depending

on whether random effects were purely nested or were crossed.

2.4.2.1 Reverse transcription to cDNA

Pronuclear or day 2 embryos were thawed as described in section 2.1.2.3, and cul-

tured to the desired stage for disaggregation which was performed as in section

5.2.1.3. All reagents used subsequently were provided in the Cells-to-cT kit.

Single blastomeres were transferred to eppendorf tubes (Eppendorf UK Limited,

Cambridge, UK) containing 50 µL lysis solution which contained DNase and reagents

to inactivate endogenous RNases and incubated at RT for 5 min. 5 µL stop solution

was then added and mixed thoroughly before incubation at RT for 2 min, then the

samples were placed on dry ice for transport to the molecular laboratory. A minimum
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of three extraction negative (EN) controls were also prepared in exactly the same

way but without addition of a blastomere.

The entire cell lysate was reversed transcribed (RT) to synthesise cDNA. A master

mix was made and vortexed before use. For each sample plus one spare, 75 µL 2x RT

buffer, 7.5 µL 20x RT enzyme mix and 12.5 µL nuclease-free water were mixed. The

quantities of the reagents were scaled up from the manufacturers protocol so that 95

µL of the mastermix was added directly to the whole 55 µL lysate to minimise loss of

template. Triplicate reverse transcription negative (RTN) controls were also prepared

each time by substituting the RT enzyme mix for nuclease-free water. The samples

were vortexed gently, and then centrifuged briefly at 1000 rpm for 2 min to collect

all the contents at the bottom of the vessel. Unamplified cDNA was generated by

incubation at 37◦C for 60 min, 95◦C for 5 min and then cooling to 4◦C indefinitely,

using a PTC-100 Thermal Cycler (MJ Research, Global Medical Instrumentation

Inc., Minnesota, USA).

2.4.2.2 Preamplification of cDNA targets

The preamplification step was used to increase the abundance of 24 specific cDNA

targets for subsequent gene expression analysis. Validated TaqMan gene expression

assays were selected. Each assay was a ready-to-use 20x mixture of specific PCR

primers and TaqMan probes designed so that any combination of assays could be

run in the same thermal cycling conditions for preamplification. The assays were

thawed immediately prior to use, vortexed and centrifuged briefly.

A master mix was made for the preamplification reaction. For each sample plus

one spare, 25 µL of TaqMan preAmp master mix was added to 12.5 µL 0.2x pooled

assay mix. The pooled assays were diluted to 0.2x by the addition of the appropriate

volume of 1x TE buffer. Details of the selected assays used are given in Table 5.1 in

Chapter 5. 12.5 µL of cDNA sample was added to each 37.5 µL master mix aliquot

and the samples vortexed gently then centrifuged briefly. Triplicate preamplification

negative (PAN) controls were also prepared each time by substituting the cDNA

template for nuclease-free water.

Preamplification of the selected targets was achieved by a 95◦C incubation for 10

min and then 14 cycles of 95◦C for 15 secs and 60◦C for 4 min. Upon completion,

the preamplified samples were placed immediately on ice.
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2.4.2.3 Fluidigm dynamic qPCR

The Fluidigm dynamic chip was primed with the injection of control line fluid into the

accumulator ports on both sides of the chip according to the manufacturer protocol.

The chip was then placed into the Integrated Fluidic Circuit (IFC) controller and

the priming programme executed.

The assays were prepared in a 96 well plate. 3 µL of Fluidigm DA assay loading

reagent was placed in each well of lanes 7-12. To each appropriate well 3 µL of a 20x

assay was added. The 24 assays were always run in duplicate therefore filling the 48

wells of the dynamic chip.

The preamplified cDNA sample reaction mixes were prepared in lanes 1-6 of the

96 well plate. A mastermix of 3 µL TaqMan universal mastermix and 0.3 µL Fluidigm

DA sample loading reagent per sample plus five spare was prepared, vortexed, and

3.3 µL added to each well of lanes 1-6. To each appropriate well 2.7 µL of cDNA or

control sample was added. EN, RTN and PAN were always included on each chip

run. Nuclease-free water was always added to well D4 as this was used as a reference

well by the Fluidigm platform.

A multichannel pipette was used to mix and then aliquot 5 µL of either sample

or assay to the appropriate wells on the primed dynamic chip. The chip was then

replaced into the IFC controller and the loading programme executed.

The loaded chip was then placed in the Fluidigm machine to run the qPCR

reaction. The reaction profile was a 50◦C incubation for 2 min, a 95◦C incubation

for 10 min and then 40 cycles of 15 s at 95◦C and 60 s at 60◦C, followed by cooling to

4◦C indefinitely. A passive ROX reference was used in the reaction to normalise the

fluorescence values. Analysis of the results was with the Biomark Real-Time PCR

software version 2.0.6.

2.5 Cell analysis techniques

2.5.1 Immunocytochemistry

The culture medium was removed from the cells to be fixed, and the wells washed

twice with PBS. 4% formaldehyde solution (PFA; Sigma-Aldrich, a 1:9 dilution in

PBS of the 37% stock solution) was placed on the cells for 10 min at RT. The fixative
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was removed and the cells washed twice with PBS, then stored in PBS at 4◦C until

use.

For immunocytochemistry (ICC) to detect surface membrane targets, the cells

were first blocked by incubation in 1% BSA in PBS for 30 min at RT. For nuclear

or cytoplasmic targets, the cells were blocked and permeabilised by incubation in a

1:1 solution of 1% BSA and 0.25% PBST for 30 min at RT. Primary antibodies were

diluted in the these same solutions depending on target localisation, and placed on

the cells overnight at 4◦C. Once the primary antibody solutions were removed, the

cells were washed in PBS three times for 5 min each. The secondary antibodies were

diluted in 1% BSA and incubated with the cells for 1 h at RT in the dark. The

washing was repeated as before, except that in the second 5 min wash, 0.1 µg/mL

DAPI (Sigma Aldrich) was added to counterstain the cell nuclei. Visualisation of

cell staining was performed either with a Nikon TE2000 inverted microscope and

images captured using the SimplePCI software or with a Nikon Eclipse TE2000-U

using NIS-Elements software version 2.30.

The markers for pluripotency characterisation used were as detailed in Table 2.2.

The appropriate secondary antibodies used were FITC or tetramethylrhodamine

isothiocyanate (TRITC, emmission wavelength 576 nm) conjugated anti-mouse or

anti-rabbit, all from Molecular Probes (Invitrogen) and used at a 1 in 300 dilution.

Table 2.2: Primary antibodies used for pluripotency characterisation. POU5F1 also
known as OCT4, -iA is the pluripotent isotype, SSEA: stage specific embryonic
antigen, TRA: trafalgar antibodies. Santa Cruz: Santa Cruz Biotechnology, Inc.,
CA. USA; Abcam: Abcam PLC, Cambridge, UK; DSHB: The Developmental Studies
Hybridoma Bank, Iowa City, IA, USA; Chemicon: Chemicon, Millipore, Billerica,
MA, USA.

Name Isotype Clone Company Dilution
POU5F1-iA Mouse IgG2b C-10 Santa Cruz 1 in 250

NANOG Rabbit IgG Polyclonal Abcam 1 in 200
SSEA1 Mouse IgM SSEA1 DSHB 1 in 100
SSEA3 Rat IgM SSEA3 DSHB 1 in 100
SSEA4 Mouse IgG3 SSEA4 DSHB 1 in 100

TRA1-60 Mouse IgM TRA1-81 Chemicon 1 in 200
TRA1-81 Mouse IgM TRA1-60 Chemicon 1 in 200
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2.5.2 Molecular analysis

The cells for analysis were washed twice in PBS. Whole colonies of hESC were cut

with a pulled glass pipette and placed in an eppendorf tube with a minimum amount

of PBS carry-over. MEFs alone were also collected each time as a negative control.

2.5.2.1 RNA extraction

Total RNA was isolated using the RNeasy kit (Qiagen Ltd, Crawley, UK) as per the

manufacturer instructions, and all solutions were provided in the kit. The nuclear

content of the cells was first released by lysis of the cells by addition of 350 µL buffer

RLT, then the lysate was homogenised by passing a minimum of 5 times through

a 20 gauge needle (0.9 mm diameter). 350 µL of 70% ethanol was added to each

sample and mixed by pipetting to precipitate the DNA and RNA. The sample was

then transferred to a RNeasy mini spin column and centrifuged at 13,000 rpm for 15

s. The flow-through was discarded as the RNA remained within the membrane. The

membrane was then washed by the addition of first 700 µL buffer RW1 and then 500

µL buffer RPE to the spin column and centrifugation at 13,000 rpm for 15 s. 500

µL buffer RPE was then added again and the column centrifuged at 13,000 rpm for

2 min to dry the membrane and ensure no ethanol was carried over. The membrane

was then placed into a RNase-free eppendorf tube and 30 µL RNase-free water was

expelled directly onto the membrane. The column was centrifuged at 13,000 rpm for

1 min to elute the RNA from the membrane. The isolated total RNA was placed on

ice for immediate use or stored at -80◦C for future use.

2.5.2.2 cDNA synthesis

Complementary (c)DNA was synthesised from total RNA samples using avian myeloblas-

tosis virus reverse transcriptase (AMV RT; Promega UK, Southampton, UK). RNasin

plus (Promega) was used to inhibit any RNase activity.

A master mix was made and vortexed before use. For each sample plus a spare,

1 µL of 10 mM dNTPs, 1 µL of oligo(dT)18 and 1 µL of random(dN)10 (all from

Promega) were mixed. 3 µL of the master mix was mixed with 11 µL of the RNA

samples. The samples were then heated to 70◦C for 5 min to reduce secondary RNA

structure then immediately placed on ice.
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For the reverse transcription, for each sample plus a spare, 4 µL 5x AMV RT

buffer (Promega) and 1 µL RNasin were mixed on ice. 5 µL of the master mix was

added to each sample tube and mixed by pipetting, then 2 µL of this mix removed

for the AMV RT negative control to ensure against genomic DNA contamination. 1

µL of AMV RT was then added to all the positive samples. The samples were then

incubated at 37◦C for 10 min, 42◦C for 30 min and then 52◦C for 20 min followed by

heat inactivation of AMV RT at 80◦C for 10 min. The cDNA samples were diluted

5-fold with diethyl pyrocarbonate-treated DNase- RNase-free UltraPURE
TM

water

(dH2O; Gibco Invitrogen). The negative control samples were diluted 10-fold with

dH2O. The samples were used immediately in PCR reactions or stored at -20◦C for

future use.

2.5.2.3 Polymerase chain reaction

With the exception of βactin (kindly donated by the Molecular Biology Department,

King’s College London), primer sequences were from published reports from this

group and primers were from Sigma-Aldrich, provided as a powder. Stock solutions

of 100 µM were prepared by dissolving the powders in the appropriate volume of

dH2O as specified by the supplied data sheet. Working solutions of 10 µM were then

prepared by a 10-fold dilution in dH2O and stored at -20◦C.

A master mix was made on ice and vortexed before use. For each sample plus a

spare, 4 µL 5x GoTaq coloured buffer, 2 µL 2 mM dNTPs, 2 µL 10 µM F-primer, 2

µL 10 µM R-primer, 9 µL dH2O and 0.2 µL 5 µg/µL GoTaq DNA polymerase were

mixed (except for primers, all from Promega).

1 µL cDNA template or negative control was added to 19 µL of the master mix.

All polymerase chain reaction (PCR) conditions were as follows: 2 min incubation

at 95◦C, 35-40 cycles of denaturation at 95◦C for 40 s, annealing at 58-60◦C for 30

s and extension at 74◦C for 60 s, then a 5 min incubation at 74◦C before indefinite

storage at 4◦C. Details for each primer used for pluripotency analysis are given in

Table 2.3.

2.5.2.4 Product visualisation

A 50x stock solution of tris acetate EDTA (TAE) buffer was prepared by adding 242

g tris base (VWR) to 57.1 mL of glacial acetic acid (Fisher Scientific, Pittsburgh,
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Table 2.3: Primers used for pluripotent analysis of hESC. The primers and annealing
temperature of POU5F1 were designed to exclude the detection of pseudogenes.
Temp: annealing temperature, Size: predicted product size in base pairs.

Target Sense/Antisense primer Temp (◦C) Size

ACTB
5-GAG CAC AGA GCC TCG CCT TTG C-3

5-GGA TCT TCA TGA GGT AGT CAG TCA GG-3 58 520

POU5F1
5-GGA GGT ATT CAG CCA AAC-3

5-CTT AAT CCC AAA AAC CCT GG-3 58 650

SOX2
5-CCC CCG GCG GCA ATA GCA-3

5-TCG GCG CCG GGG AGA TAC AT-3 60 448

PA, USA) and 100 mL of 0.5 M EDTA pH 8.0 (Fisher Scientific), then diluted to

10x working solution with distilled water as needed.

A 1.5% agarose gel was prepared by adding 0.75 g of agarose (Fisher Scientific) to

50 mL of 10x TAE and then heating the mixture in a microwave for approximately

2 min until it boiled and the agarose was completely dissolved. After allowing the

solution to cool to approximately 40◦C, 0.5 µg/mL ethidium bromide (Promega)

was added. The gel solution was poured into a tray with an appropriate size comb;

any bubbles were removed using a Gilson tip and the gel was left to solidify for

approximately 30 min.

The solidified gel was placed in a tank and submerged in TAE buffer, and 10

µL of each sample was loaded. pBluescript II SK+-Hpa II digest ladder (kindly

donated by the Molecular Biology Department, KCL) was added at either end of the

samples. The gel was run at 80 V for approximately 45 min or until the ladder bands

were sufficiently separated. The gel was visualised using a Uvitec transilluminator

(Uvitec, Cambridge, UK).

2.5.2.5 Extraction of genomic DNA

Genomic (g)DNA was extracted from hESC using the Illustra tissue and cells ge-

nomicPrep Mini Spin Kit (GE Healthcare Amersham, UK) according to the manu-

facturers instructions. All solutions were provided in the kit.

Whole colonies of hESC were washed with PBS and collected into a centrifuge

tube. Cells were centrifuged at 13,500 rpm for 1 min to collect a pellet and the
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supernatant discarded. 100 µL of lysis solution 1 was added and the cells resuspended

by pipetting followed by vortexing for 15 s. 10 µL of 20 mg/mL proteinase K was

then added and vortexing repeated for 15 s. The sample was incubated at 56◦C

for 15 min followed by 70◦C for 2 min. Cells were centrifuged briefly to bring the

contents to the bottom of the tube. 5 µL of 20 mg/mL of RNase A was then added

and the sample incubated at RT for 15 min followed by the addition of 500 µL of

lysis solution 2 and incubation at RT for 10 min. The sample was then placed in a

spin column and centrifuged at 11,000 rpm for 1 min and the flow-through discarded.

500 µL of lysis solution 2 was added and the column was centrifuged at 11,000 rpm

for 1 min and the flow-through discarded. The second wash step was performed by

addition of 500 µL wash buffer and centrifugation at 11,000 rpm for 3 min. The

column was then transferred to a fresh centrifuge tube and 20 µL elution buffer pre-

warmed to 70◦C added directly onto the membrane and incubated at RT for 1 min.

The column was then centrifuged at 11,000 rpm for 1 min to collect the purified

gDNA. The gDNA was stored at -20◦C until use.

2.5.3 Karyotype analysis

Karyotype analysis of hESC was outside the clinical load of the cytogenetic depart-

ment and was therefore outsourced to The Doctor’s Laboratory (TDL) a clinical

pathology accredited laboratory. The following protocol for analysis is summarised

from that supplied by TDL.

2.5.3.1 Suspension harvest

The cells were incubated in colcemid (Sigma-Aldrich) at 20 µL/mL of hESC media for

20 min and then washed with PBS before incubation in 3 mL trypsin/EDTA (Sigma-

Aldrich) for 3 min. The detached cells were mixed with 3 mL of 1:12 solution of fetal

bovine serum:H2O, then incubated at 37◦C for 25 min before being pre-fixed with 5

drops of fresh cool fixative of 3:1 methanol:glacial acetic acid (VWR). The suspension

was then centrifuged for 10 min at 1500 rpm, the resulting supernatant discarded

and the cells pellet loosened. The cells were then re-fixed and re-centrifuged exactly

as described twice further before re-suspension of the pellet in a minimal volume of

fixative solution.
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2.5.3.2 Preparation of the slides

40 µL of the cell suspensions were applied just below the frosted end of a wet, washed

slide, which was then tilted to allow the suspension to run slowly down the surface,

and air dried.

2.5.3.3 G banding

The slides were aged in a drying oven at 92◦C for 40 min or 63◦C overnight before

being rinsed in PBS for 5 min. The slides were then treated with 1 in 50 dilution of

trypsin in PBS for a critical time dependent on cell sample. The trypsin was quenched

with a PBS solution containing serum before being stained with 3:1 leishman/giemsa

(Merck, Whitehouse Station, NJ, USA) (2.5 mL in 47.5 mL pH 6.8 buffer) and rinsed

briefly in purified water, gently blotted dry, and mounted with coverslips.

2.5.3.4 Analysis

Slides were analysed by conventional bright field microscopy, examined with oil im-

mersion 1000x high power objective with reference to ISCN2005. A minimum of 10,

but if possible, 20 metaphase spreads were examined for each analysis. A typical

metaphase was digitised and stored using a Cytovision image analysing system.

2.5.4 Fluorescence activated cell sorting

The BD Fluorescence Activated Cell Sorting (FACS) Calibur (BD Biosciences; Bec-

ton, Dickinson and Company, Oxford, UK) was used to analyse various cell surface

marker expression profiles of hESC. Dishes of human foreskin fibroblast (HFF) feed-

ers with 80-90% confluent hESC, or HFF alone, were washed briefly with PBS before

trypsin was added for approximately 5 min. The enzyme was quenched and the sam-

ple centrifuged at 1000 xg for 3 min. The supernatant was discarded and the cell

pellet resuspended in 100-200 µL culture medium depending on cell number. The

majority of the antibodies used for analysis were conjugated with a fluorescent sec-

ondary so the staining was only one step. The details of the antibodies used for all

experiments are given in Table 2.4. The conjugated antibody or appropriate isotype

control was added to the cell suspension at the correct dilution and incubated at

4◦C in the dark for 30 min. 500 µL PBS was added and the sample centrifuged at
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1000 xg for 3 min. For unconjugated antibodies, the incubation and wash steps were

repeated with the secondary antibody. The supernatant was discarded and the cells

resuspended in 100-200 µL of culture medium before immediate analysis. Isotype

controls and/or HFF only samples were used to define the gates of positive cells.

The results were analysed with the BD CellQuest
TM

software version 3.3.

Table 2.4: Details of antibodies used for all FACS analysis performed. NCAM:
neural cell adhesion molecule, CD: cluster of differentiation, HLA: human leukocyte
antigen, KRT: keratin, HNK: human neural crest, PE: phycoerythrin. e-Bioscience,
San Diego, CA, USA. a-m; anti mouse, sec; secondary if unconjugated, used at 1 in
500.

Name Isotype Fluorochrome Clone Company Dilution
NCAM mouse IgG1 PE B159 BD 1 in 10
SSEA1 mouse IgM FITC HI198 BD 1 in 10
SSEA4 mouse IgG3 PE MC-813-70 e-Bioscience 1 in 50
CD73 mouse IgG1 PE AD2 BD 1 in 10
CD9 mouse IgG1 FITC M-L13 BD 1 in 10
CD30 mouse IgG1 PE a-m IgG1 (sec) Ber-H2 SantaCruz 1 in 20
CD45 mouse IgG1 FITC HI30 BD 1 in 10

HLAabc mouse IgG1 PE G46-2.6 BD 1 in 10
KRT18 mouse IgG1 alexa 488 a-m IgG1 (sec) CK2 Chemicon 1 in 20
HNK1 mouse IgM FITC NK-1 BD 1 in 10

p75 mouse IgG1 PE C40-1457 BD 1 in 10

2.5.4.1 Cell cycle analysis

Analysis of hESC cycling was performed by FACS analysis. A dish of HFF feeders

with 80-90% confluent hESC cells and HFF alone was prepared as described in section

2.5.4 and a cell count performed. It was essential to obtain a complete single cell

suspension and to perform an accurate count so that the proportion of the reagents

could be accurately calculated.

Care was taken to ensure analysis of single cells, as two diploid cells aggregated

together in the G1 phase of the cell cycle could be mistaken as one cell in G2/M.

Aggregates and simultaneously read events were unavoidable during the acquisition

part of cell cycle analysis, despite careful and appropriate sample preparation. The

approach to maintain the fidelity of the data was to exclude these non-single cells
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from later analysis. Usually only the height (maximum fluorescence emission FL2-

H) was recorded for FACS analysis. However FL2-H gave no information about

singularity and could not be used for accurate cell cycle analysis. Pulse width (FL2-

W) was indicative of particle transit time. Single cells would have a smaller pulse

width compared to cells that had aggregated. The area (FL2-A) gave total cell

fluorescence and was the parameter selected for DNA analysis. Plotting FL2-A

against FL2-W was therefore used to distinguish between single cells and aggregates.

Single cells had similar pulse width (transit time) values. Aggregates had larger width

values and could be easily seen on the plot to the right of the single cell region. Single

cells were then gated and an FL2-A histogram drawn and formatted to show only

the events inside of the single cell region.

For 500,000 cells, a total reaction volume of 500 µL was required, consisting of

0.5 µL saponin (Sigma Aldrich) for permeabilisation, 1 mg/mL RNAse, 10 µg/mL

propidium iodide (PI; Sigma Aldrich) for DNA labelling with the balance as the cell

suspension volume. The reaction was incubated at 4◦C overnight and analysed the

following day. Control cycles were run where the PI concentrations were doubled to

ensure that the results remained consistent, and PI was not limiting or exaggerating

the data.

2.5.5 CAG repeat analysis

When cell lines were derived from embryos diagnosed as affected by Huntington

disease (HD) the disease status and length of CAG repeat was confirmed in the

hESC, in collaboration with the Guy’s PGD team.

2.5.5.1 Cell lysis

A small clump of hESC was placed in calcium and magnesium free media (Sage

BioPharma) and disaggregated with pipetting to single cells before being washed

through a poly vinyl pyrrolidone (PVP; Research Instruments Ltd, Cornwall, UK)

solution of concentration 5 mg PVP/mL PBS.

Eppendorf tubes were prepared containing 2.5 µL of NaOH/dithiothreitol (DTT;

Sigma Aldrich) lysis buffer. Lysis buffer was prepared by diluting a 3 M stock of

pH 5.2 sodium acetate (NaAc; Sigma Aldrich) to 0.01 M in dH2O. 250 mg of DTT

powder was added to 1.62 mL 0.01 M NaAc to make a DTT mix. 4 g of NaOH was
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added to 10 mL dH2O to make 1 M solution. 500 µL 1 M NaOH (final concentration

200 mM) was added to 125 µL 1 M DTT mix (final concentration 50 mM) in 1.875

mL dH2O and sterile filtered to form the lysis buffer. Aliquots were stored at -20◦C.

Single or multiple cells were added to the lysis buffer, along with control buccal

samples and an RTN without cell addition. The solutions were covered in mineral oil

(Sigma Aldrich) and lysed on a DNA Engine PCT 200 PCR block (MJ Research) at

65◦C for 10 min, then cooled to 4◦C. The samples were then neutralised by pipetting

2.5 µL of 200 mM Tricine (Sigma Aldrich) under the oil layer into the sample volume.

Tricine was prepared by diluting 1 g in 27.9 mL dH2O to give a 200 mM solution.

Aliquots were stored at -20◦C.

2.5.5.2 Polymerase chain reaction profile

A master mix was prepared on ice and vortexed before use. For each sample plus a

spare, 10.95 µL dH2O, 2.5 µL of 27.5 mM magnesium chloride buffer, 2.5 µL deaza

dNTPs (Promega), 1.0 µL of 50 µM HD1 forward primer, 1.0µL of 50 µM HD3-

5 reverse primer, 1.25 µL DMSO and 0.8 µL Taq DNA polymerase enzyme were

mixed. The buffer and enzyme were from an Expand Long Template PCR Sys-

tem kit (Roche Pharmaceuticals, Nutley, NJ, USA). HD1 forward primer sequence:

5’-GGCCTTCGAGTCCCTCAAGTCCTTC-3’, HD3-5 reverse primer sequence: 5’-

GGCGGTGGCGGCTGTTGCTGCTGCT-3’. Both primers were from ABI.

20 µL of the master mix was added to each sample under the oil layer giving

a final sample volume of 25 µL. The PCR was run using a Percol Elmer 9700 or

GRI DYAD DNA engine (MJ Research) using the Brussels 38 HD programme. The

PCR profile was a initial 5 min incubation at 95◦C followed by 35 cycles of 30 s at

95◦C and 90 s at 68◦C, finished by a 5 min incubation at 72◦C and cooling to 4◦C

indefinitely.

2.5.5.3 CAG fragment analysis

An ABI Prism 3100 was to analyse the CAG fragment sizes. The processing software

used was Gene Scan Analysis 2, and results were analysed with Genotyper 2.5.

A master mix was prepared for 16 wells of a 96 well plate as required by the

machine, by adding 6 µL ladder LIZ-500 (GeneScan 500) to 260 µL formamide (Sigma

Aldrich; to denature the DNA to single strands). The master mix was vortexed then
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15 µL added to each of the 16 wells. 3 µL of sample template was then added. The

plate was placed in a 100◦C hot block for 2.5 min before being quenched in a water

bath at RT and loaded into the Prism 3100. Ten second injections were performed

with the G-5 dye matched to the LIZ-500. Electrofluorograms were generated by the

Genotyper 2.5 program.

2.5.6 Western blot analysis

HESC were washed in PBS, manually cut, pooled in an eppendorf tube and cen-

trifuged at 13,000 rpm for 2 min. The entire volume of PBS was removed from the

cell pellet and the dry pellet snap frozen at -80◦C until use. A control sample of

HFF cells was also collected.

2.5.6.1 Cell lysis

Two lysis buffers were used, the details of which are given in Tables 2.5 and 2.6. All

except the last three components of each buffer were combined and placed on a roller

for 5 min. 10 mL aliquots were made and stored at -20◦C until use. The final three

components were added to a 10 mL aliquot and this was placed on a roller until the

protease inhibitor tablet had dissolved. The buffer was then kept on ice.

The cell lysate was prepared by adding approximately two volumes of either RIPA

or KCl buffer directly onto the thawed cell pellets. The pellet was then agitated until

the solution was opaque. If the solution was too thick then further buffer was added.

The cells were then snap frozen on ice and left for 20 min to ensure lysis of the cells

and release of the proteins.

During the 20 min incubation the cell samples were sonicated using a Jencons

VibraCell set at 80 Hz and located in a cold room at 4◦C. The cells were pulsed

with the sonicator for between 5 and 10 s total to ensure complete shear of genomic

DNA. The cell sample was then centrifuged at 4◦C for 15 min at 13,000 rpm. The

supernatant was collected and the pellet was discarded. The centrifugation was

repeated and the supernatant placed on ice.

2.5.6.2 Protein quantification

The quantity of protein extracted from the cell samples was quantified using the

Bi-Cinchoninic Acid (BCA; Thermo Fisher Scientific, Waltham, MA, USA) assay.
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Table 2.5: RIPA buffer reagents. NaCl: sodium chloride, SDS: sodium dodecyl
sulphate, Tris: tris(hydroxymethyl) aminomethane, PMSF: phenylmethylsulphonyl
fluoride. Protease inhibitor cocktail from Roche Diagnostics, Indianapolis, IN, USA;
PMSF from Fluka, Sigma Aldrich; all other reagents from Sigma Aldrich.

Reagent Volume for 50 mL Final concentration
5 M NaCl 1.5 mL 150 mM
Igepal 500 µL 1%
Deoxycholate 0.25 g 0.5%
10% SDS 50 µL 0.1%
1 M Tris HCl pH 8.0 2.5 mL 50 mM
H2O 45.45 mL
β-mercaptoethanol 3.5 µL 1 mM

1 mM PMSF 5 µL
500 mM DTT 5 µL
Protease inhibitor cocktail 1 tablet

Table 2.6: KCl buffer reagents. KCl: potassium chloride, EDTA: ethylenediaminete-
traacetic acid. KCl, glycerol and EDTA from Sigma Aldrich.

Reagent Volume for 50 mL Final concentration
1 M KCl 7.5 mL 150 mM
Glycerol 5 mL 10%
0.5 M EDTA 500 µL 5 mM
1 M Tris HCl pH 8.0 2.5 mL 50 mM
H2O 34.5 mL

0.1 M PMSF 2 µL
0.1 M DTT 2 µL
Protease inhibitor cocktail 1 tablet
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The solutions were provided in the BCA kit and the standards for the assay were

prepared as shown in Table 2.7

Table 2.7: BCA standards preparation.

Tube Volume of water (µL) Volume of BSA (µL)
1 100 0
4 98 2
8 96 4
16 92 8
32 84 16

Sample tubes were prepared by adding 1 µL of each protein lysate to 99 µL of

water. BCA reagents A and B were mixed in a 50(A):1(B) ratio to make sufficient

reagent to add 900 µL to each standard and each sample. Once added and mixed,

the standards and samples were incubated at 37◦C for 10 min. A biophotometer

(Eppendorf) with a BCA programme was used to record the optical density of each

solution. The average of the standards was used to calculate the protein concentra-

tion and to determine the loading volume for the gel. The volume of lysate needed

to provide the required total protein was calculated and samples diluted as necessary

to allow the same loading volume. An equal volume of 2x loading buffer (National

Diagnostics, Atlanta, Georgia, USA) was added. 20 µL prestained protein marker

(broad range, Cell Signalling Technology Inc. Danvers, MA, USA) was added to a

separate tube. All samples were denatured for 5 min at 95◦C before loading onto a

gel. The ladder had bands from 6.5 kDa to 175 kDa, so the gel could be run until

the final band reached the end of the gel and the mutant Huntingtin protein would

be above this final band. The remaining quantified protein samples were stored at

-80◦C until use.

2.5.6.3 SDS Polyacrylamide gel electrophoresis

Mutant Huntingtin protein is approximately 350 kDa, therefore a low percentage gel

coupled with a long running time was necessary to visualise the band. BioRad gel

plates were cleaned with water and then ethanol and then assembled appropriately

before making the gels.
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For an 8% resolving gel, 2.67 mL Protogel (National Diagnostics) and 2.60 mL

Protogel resolving buffer (National Diagnostics) were added to 4.62 mL millipore wa-

ter. 100 µL 10% ammonium persulphate (APS; Sigma Aldrich) and 10 µL N,N,N,N

-Tetramethyl-Ethylenediamine (TEMED; Sigma Aldrich) were then added, mixed

quickly and the gel solution loaded immediately between the gel plates and allowed

to set. Water saturated butanol was added to the set level to ensure the top of the

gel set evenly, and removed when the gel was solidified.

For the stacking gel, 0.65 mL Protogel and 1.25 mL Protogel stacking buffer

(National Diagnostics) were added to 3 mL millipore water. 50 µL 10% APS and

10 µL TEMED were then added, mixed quickly and poured on top of the resolving

gel. An appropriate size comb was inserted immediately and the gel allowed to set.

The stacking gel functioned to ensure all the samples entered the resolving gel at

the same time so that any separation was purely by weight not by the time the gel

was run. A 10 well comb was selected to allow a larger sample volume to be loaded.

Once the stacking gel had set the comb was removed. The gel apparatus was then

transferred to a tank and the running buffer poured into the central cavity until the

overflow covered the electrodes. Gel running buffer was prepared by adding 100 mL

of the 10x stock solution of 0.25 M tris and 1.92 M glycine (National Diagnostics)

in 1% SDS running buffer (National Diagnostics) to 900 mL millipore water to give

a 1x solution. Gels were run at 150 V for 2-6 h.

2.5.6.4 Sample transfer and visualisation

Transfer buffer was prepared as a 10x stock solution by adding 14 g glycine and 30 g

of tris to 1 L of millipore water. 1x working solutions were prepared by adding 100

mL of 10x stock and 200 mL methanol to 700 mL water.

10 cm x 8 cm pieces of nitrocellulose membrane and Whatman filter paper were

prepared and soaked in 200 mL of transfer buffer, along with the sponges used in

the transfer cassette apparatus. The transfer holders were prepared in the loading

buffer. After each layer was added the surface was gently smoothed to remove any

air bubbles. A sponge was placed in the holder followed by a piece of Whatman

paper. A dry piece of filter paper was used to adhere to the gel and remove it from

the glass holders once these had been gently separated with a slider. The gel and

paper were then added to the holder, followed by the nitrocellulose membrane and
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two further layers of Whatman paper and the second piece of sponge. The holder

was closed and secured and placed in the transfer cassette. An ice cube tray was

added and the tank filled with transfer buffer. The transfer gel was run for 2 h at

120 V.

After running, the apparatus was disassembled and the membrane was rinsed

twice in PBS and then incubated overnight on a shaker platform at 4◦C in 5%

milk powder in PBS for blocking. Following a further rinse the membrane was

incubated for 90 min at RT in the primary antibody. 4 mL of primary antibody at

the appropriate dilution in 0.01% tween20 PBS was added to a 50 mL Falcon tube.

The details of the primary antibodies are given in Table 2.8. The membrane was then

washed 4 times in PBS and 0.2% tween20 for 10 min on a shaker. The appropriate

secondary antibody conjugated to horse radish peroxidase (HRP; Dako, Glostrup,

Denmark) was prepared at 1:5000 in 2% milk solution in PBS. The membrane was

incubated in a tray with the secondary for 1 h at RT before being washed as before.

The membrane was then further washed twice in PBS.

An equal volume of enhanced chemiluminescence detecting reagents (EC; GE

Healthcare Amersham, UK) were mixed and used to blot the protein side of the

membrane for 1 min. The liquid was drained and the membrane placed in a saran

wrap. The membrane was exposed to film (GE Healthcare) for 3-10 min before

being read with a Compact X4 Automatic X-ray Film Processor (Xograph Imaging

Systems Ltd, Gloucestershire, UK).

Table 2.8: Antibodies used for wild-type and mutant huntingtin detection by western
blot

Antibody Company Species Clone Detection Concentration
2166 Chemicon Mouse IgG 1HU-4C8 N terminal htt 1 in 1000
S830 KCL Goat IgG Polyclonal CAG expansion 1 in 5000
MW1 Novartis Mouse IgG Polyclonal Mutant PolyQ 1 in 1000

2.5.7 Cryopreservation-thaw

An important part of characterisation was to ensure that the hESC lines could suc-

cessfully be vitrified and thawed. Until this was confirmed the line was not suitable
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for submission to the UKSCB. At each passage from 5 (exact passage number depen-

dent on behaviour of the line) several colonies were vitrified as in section 2.3.3 and

then thawed as in section 2.3.4. If the colonies attached, proliferated and showed

normal behaviour on propagation, as many colonies as possible were cryopreserved

at each subsequent passage to form a bank, aliquots of which were deposited in the

UKSCB.

2.6 Media analysis techniques

Samples of media were analysed using a NOVA BioProfile R© 400 metabolite analyzer

(Nova Biomedical, Waltham, MA, USA) which could simultaneously measure the

levels of glutamine, glutamate, glucose, lactate, sodium ions (Na+), potassium ions

(K+), ammonium ions (NH4
+), as well as pCO2, pO2, osmolality and pH. Due to the

need for frozen storage of samples, and a known defined culture environment, the

pCO2, pO2 and pH measurements were discarded.

The NOVA 400 software possessed an automated calibration protocol and mea-

sured via two methods. Potentiometric electrodes that developed a voltage pro-

portionate to the concentration of charged ions were used for the measurement of

NH4
+, Na+ and K+. Ampherometric electrodes that had immobilized enzymes in

the membranes to generate a current proportional to the substrate were used for

the measurement of glucose, lactate, glutamine and glutamate. In order to ensure

that reduction of enzyme activity with time or other fluctuations did not affect the

readings, the same sample was analysed at the beginning and end of the sample set.

As long as any differences in readings were within the accuracy range given in the

manufacturer instructions the efficiency of the machine was deemed sufficient.

2.6.1 Medium collection

Samples of each batch of hES CM and KOSR medium were collected fresh at the

time of formulation. Also collected was the base BRL medium before addition of

the CM component. The samples were centrifuged briefly to remove any debris, and

stored at -80◦C until analysis. 10 samples were collected for KOSR and 15 for hESC

CM.
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To collect samples of the proliferating feeder conditioned medium, a single vial

of both the HFF and MEF feeders was thawed, and the cells expanded by a 1:2 split

every 2 days at the same time of the day. Samples of feeder CM were collected from

the flasks of HFF and MEF cells every 48 h, just before the cells were split. For

the duration of the experiment the fibroblasts were fed with a single batch of feeder

medium and all culture and passage was performed exactly as in section 2.2.2. In

this way, the sample collection exactly mimicked routine collection of CM used for

experimentation. The feeder CM was centrifuged briefly to remove any cell debris,

and stored at -80◦C until analysis. 15 samples were collected for each feeder type

and compared to a control sample of the base feeder medium without exposure to

cells.

To collect samples from inactivated feeders with or without hESC, inactivated

HFF and MEF feeders were plated exactly as for routine passaging as described in

section 2.2.3. In order to have 10 triplicate measurements, 30 wells of each were

prepared. As the NOVA required a minimum of 1.5 mL for analysis and each well

contained 500 µL, the triplicate samples were pooled, resulting in 10 samples per

condition. The following day, the feeder medium was removed, the cells washed

once with PBS and KOSR added. After 24 h the medium was collected, pooled,

centrifuged briefly and stored at -80◦C. The cells were fed with fresh KOSR, which

was collected in exactly the same way after 48 h. To assess the effect of hESC on

metabolite levels, 10 colonies of hESC of comparable size were added to each feeder

well. The medium was again collected at 24 h and 48 h after plating the cells. In

total, 10 samples from each of the 4 conditions were collected and the metabolite

levels compared.
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Chapter 3

Derivation of human embryonic
stem cell lines

3.1 Introduction

The establishment rate of human embryonic stem cell (hESC) lines is quoted as

anything between 2% and 40%, although most commonly around 20% (Findikli

et al., 2005; Lysdahl et al., 2006; Stephenson et al., 2006). The low establishment

rate is accompanied by a low reported frequency of chromosomally aberrant cell lines

(Hanson & Caisander, 2005). This combination suggests that selection occurs, not

only during development to the blastocyst stage, but also during the establishment

of hESC lines, given that derivation rates even fall short of positive pregnancy test

rates with IVF. This selection could have origins in the quality of the embryo, and

also be driven by sub-optimal manipulation or culture conditions during derivation

and early propagation of hESC. It has been speculated that only a small fraction of

ICM cells give rise to the hESC line by activation and proliferation of a few founder

cells (Sjogren et al., 2004), thus the quality parameters used in IVF may not be

directly applicable to predicting derivation outcome (Stephenson et al., 2006).

Clearly, early culture conditions may have a profound effect on the success of

derivation; the feeder cells used, the medium employed and the gas phase of culture

could all influence the outcome. These factors are considered in Chapter 4. It is

also likely that the technique, either the method to isolate the ICM or the direct

culture of the intact blastocyst, may have an effect on derivation success. Whilst

immunosurgery was the only reported technique for several years, a comparison be-

tween this and plating the intact blastocyst concluded that the efficiency was higher
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with whole plating (Sjogren et al., 2004). This led to the suggestion that healthy

TE cells may be as beneficial to hESC establishment as they are in implantation,

perhaps by secreting mitogenic factors.

There is now anecdotal evidence of over 300 lines worldwide (Abbott et al., 2006).

However, current reporting of derivation is variable and incomplete, a fact which

creates hurdles for the derivation community (Stephenson et al., 2007, 2006), and

may contribute to the low derivation rates reported as a factor of poor communication

of results. Efficiency of derivation with any method cannot accurately be compared

using published reports; as such, the most suitable plating method, developmental

day of use, or culture conditions cannot be ascertained. Certainly the basis of the

vast range of reported efficiencies cannot be unravelled until it is clear whether the

efficiency is reported per embryo, per blastocyst or per ICM, and equally importantly,

the grade of the blastocysts used.

3.1.1 Aims

The aim of this work was to develop several alternative hESC derivation methods

such that each attempt could be tailored to the morphology of the blastocyst in order

to try and improve derivation rates. There then could be a reasonable expectation of

hESC line generation from each suitable embryo entering the research programme -

particularly important with the infrequent acquisition of embryos carrying clinically

significant genetic mutations. When this work started, the only established deriva-

tion methods were immunosurgery and whole plating. Whilst immunosurgery was

used initially to prove competence with manipulation and culture skills, it is likely

to preclude any hESC from clinical application as it involves the use of xeno prod-

ucts. Hence, once competence had been proven with this approach, subsequently it

was abandoned as a useful methodology. Instead, the use of mechanical and laser

ICM isolation and whole plating was investigated. Both isolation methods still left

residual mural TE and intact polar TE, thereby potentially retaining the beneficial

effects of TE signalling whilst minimising the risk of TE overgrowth.

Accurate records of each and every embryo used, along with developmental in-

formation and the quality of the blastocysts manipulated were kept, with the aim

to calculate true efficiencies of derivation. As individual derivation laboratories do

not each process sufficient embryos to draw meaningful conclusions in isolation, and
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experience with derivation of hESC lines and long-term culture is still limited, the

establishment of an international collaboration to address these questions was at-

tempted.

3.2 Method development

3.2.1 Development of derivation techniques

Several derivation methods were tried, tailored to the different morphology of the

blastocysts, in order to maximise the efficiency of derivation. This would ensure best

use of the embryos donated to research. Along with this was the need to develop

techniques for derivation suitable for eventual clinical use of the cells. Statistical

analysis was carried out using Stata, version 9.2 (StataCorp, College Station, Texas,

USA). Quantitative data are presented as mean ± standard deviation. Chi-squared

analysis was used to determine significant differences between groups. All results

were considered significant at p<0.05. Kappa analysis was used to determine observer

agreement between groups.

3.2.1.1 Immunosurgical isolation of the inner cell mass

Three hESC lines (KCL001, 002, 003-CF1) had been derived previously by others

at Guy’s ACU using immunosurgery. Therefore initial attempts at derivation were

with immunosurgery using the same protocol in order to prove personal competence

with established methods, and to gain necessary experience with the morphology

and appearance of early hESC before undertaking experiments to develop novel

derivation methods that were compatible with GMP standards.

Blastocysts were considered for immunosurgery on day 5, 6 or 7 of development

depending on morphology. A substantial ICM was essential as immunosurgery is an

invasive procedure, and small ICMs tended to be damaged or destroyed during the

process. Small aliquots of protease, rabbit anti-human serum and guinea-pig comple-

ment (all from Sigma Aldrich) were stored at -20◦C. Solutions were pre-equilibrated

prior to use.

Blastocysts with an intact zona pellucida were incubated in 0.5% protease solu-

tion under constant observation and gentle pipetting. Once the zona had thinned

and expanded away from the TE the blastocysts were washed twice in blastocyst
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medium. Zona-free blastocysts were incubated in rabbit anti-human serum for 20

min at 37◦C, then washed three times in blastocyst medium. The final incubation

was for 10-30 min in guinea-pig complement, under frequent observations, until the

TE cells swelled with bubble-like ‘blebs’. When the complement reaction was com-

plete, the cells were washed three times in hES CM. The collapsed blastocysts were

aspirated and expelled several times with decreasing diameter pipettes until the ma-

jority of the lysed TE cells were removed. The isolated ICMs were then transferred

to pre-prepared feeder plates (section 2.2.3) and left undisturbed for 48 h. Subse-

quently one half of the medium was exchanged on alternate days and photographic

and written records of growth kept. The spent medium was collected and stored

at -20◦C for future analysis. Cultures were kept for a minimum of 15 days before

discarding unless only degenerate cells were visible. Any cultures with stem-like cells

visible were expanded as in section 2.3. Unsuccessful dishes for discard were flooded

with 70% ethanol, rinsed with water and placed in clinical waste.

3.2.1.2 Mechanical isolation of the inner cell mass

Blastocysts were considered for mechanical isolation when there was a distinct ICM,

and used on day 6 or 7 depending on morphology. Day 5 blastocysts were generally

not used for mechanical attempts, as they had not expanded sufficiently and therefore

the risk of damage to the ICM was too great.

If the blastocysts had not yet hatched the zona was removed as for immuno-

surgery. For initial attempts at mechanical isolation, a dish was prepared with five

30 µL drops of pre-equilibrated hESC CM without oil overlay. Blastocysts were

washed through four of these drops, changing the transfer pipette each time to elim-

inate oil carry-over from the original culture dish. A Gilson tip was used to pull

a channel out from the side of the fifth drop. The use of multiple drops was im-

portant as preliminary experiments without these wash steps demonstrated that the

presence of oil prevented the formation of a channel. The blastocysts were placed in

this drop then gently pushed into the channel until they became flattened due to the

minute volume of medium as shown by the schematic in Figure 3.1. From this point

manipulations had to be carried out extremely swiftly to avoid evaporation of the

medium and subsequent lysis of the blastocyst. Initially a feather scalpel (Feather

Safety Razor Co., Ltd, Osaka, Japan) was used for isolation attempts. However,
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a single implement was not straightforward, as the blastocysts could still rotate to

some extent despite the volume restrictions. In general, very little TE was removed

in these experiments. The protocol was modified to incorporate a pair of needles

with the aim of stabilising the blastocyst for manipulation. Using BD Microfine-100

Insulin needles (BD Biosciences) the TE cells were gently cut away from the ICM,

then the channel flooded with medium. The portion of the blastocyst containing

the ICM was washed through two drops of hESC CM and then transferred to pre-

prepared feeder plates. Occasionally slivers of plastic attached to the cells if use of

the needles damaged the culture dish. These were removed if deemed safe to do so,

otherwise they were left in the culture.

Figure 3.1: Schematic to illustrate the mechanical method of ICM isolation. Blasto-
cysts were washed through drops to remove any oil carry-over and TE removed once
the blastocyst was flattened in a drawn-out channel. The ICM and residual TE was
washed before being transferred to a feeder layer.

Although successful derivation was achieved with this protocol, osmotic shock was

a concern, both from rapid changes in osmolality of the medium following evaporation

and subsequent intracellular perturbations in the cells of the blastocyst. In fact

lysis of the ICM and TE was observed on more than one occasion when difficulty in

manipulation resulted in delayed flooding of the channel with medium. Modifications

were therefore developed to optimise this method. In later attempts, the zona was

removed as described, but the blastocysts were manipulated in the original culture
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drop under oil. Using a Gilson tip, the medium forming the drop containing the

blastocyst was aspirated from under the oil until only a surface layer remained and

the blastocyst was spread against the bottom of the dish. This medium was added

to a neighbouring drop in the same dish. The needles were then used to cut as close

as possible to the ICM, with accuracy facilitated by the reduced time pressure. Once

the isolation was completed, medium was aspirated from the neighbouring drop and

used to re-form the original culture drop. The advantage to this modification was

the elimination of the possibility of evaporation of the medium and ensuing damage

to the blastocyst, as well as the better maintenance of pH under oil. However, it was

essential that the portion of the blastocyst containing the ICM was attached to the

bottom of the dish before re-flooding the drop, as in some initial experiments, the

ICM became trapped at the medium-oil interface at the apex of the drop, and it was

not possible to retrieve it for plating. It was a very simple matter to use the tip of

the needle to secure a few remaining TE cells to the bottom of the dish, such that

blastocyst portion remained at the bottom of the drop when re-flooding and could

be released by pipetting, prior to being washed through two drops of hESC CM and

plated. Following isolation and plating with this method, culture, medium exchange

and disposal was exactly as for immunosurgery.

3.2.1.3 Laser isolation of the inner cell mass

Blastocysts were considered for laser isolation on any day of development when there

was a distinct ICM, but specifically if the blastocyst was in the process of hatching

and the ICM was contained within the extruded area. Although mechanical manip-

ulation had proven successful, occasional damage was caused to the ICM and a more

delicate and accurate method was required for ICM isolation for those blastocysts

with appropriate morphology. Furthermore a number of volatile organic compounds

detrimental to embryo development have been shown to be emitted by disposable

plastic petri dishes, including styrene, ethyl-benzene and benzaldehyde (Gilligan

et al., 1997). Scraping the surface of the dishes during mechanical isolation risked

the release of these compounds.

Manipulation was carried out in biopsy dishes (BD Biosciences) with microdrops

of HEPES-buffered medium under oil. The blastocyst was secured with a holding

pipette (The Pipette Company; TPC, Thebarton, South Australia) at the region of

96



3.2 Method development

the zona opposite the ICM , and a biopsy needle (TPC) prepared to aspirate the

hatched area. Using a Saturn Active laser (Research Instruments; RI, Falmouth,

Cornwall, UK) and Cronus software (RI), the appropriate time pulse for the laser

was selected to avoid damage to the ICM but remove as many TE cells as possible.

Laser pulses were directed at the TE cell junctions adjacent to the ICM cells but

outside of the safety circle, as shown in Figure 3.9b. At this point both the hatched

and zona-contained cavities tended to collapse, so the biopsy needle was used to

secure the hatched cells and pull them gently away from the main body of the

blastocyst. The laser firing was repeated as appropriate whilst gently retracting

the biopsy needle until the two sections separated. If this was unsuccessful, the

plate was removed from the micromanipulation rig and two hand-held pipettes used

to apply stronger suction to separate the portions. The cellular area containing

the ICM was then washed though two drops of hESC CM and transferred to pre-

prepared feeder plates. Subsequent culture and medium exchange was exactly as for

immunosurgically prepared ICMs.

3.2.1.4 Whole plating of blastocysts

Blastocysts were considered for whole plating when of poor quality or when those

that collapsed in culture did not re-expand in an appropriate time-frame. If the

blastocysts had not yet hatched the zona was removed with protease as for im-

munosurgery. The blastocysts were then washed through two drops of hESC CM

and transferred to pre-prepared feeder plates. Culture and medium exchange was

exactly as described for the other methods. Once the blastocysts had attached, me-

chanical isolation of cells displaying stem cell-like morphology was performed before

a total of 14 days in culture. If no cells of interest could be identified by this time,

and therefore isolation was not possible, the cultures were discarded as described for

the other methods.

3.2.2 Development of a standard for reporting derivation

3.2.2.1 Data collection

There are a number of universally agreed key steps required to successfully initiate,

develop and maintain a biological standard (Brazma et al., 2001; Brooksbank &
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Quackenbush, 2006; Field & Sansone, 2006). In forming a proposed standard for the

reporting of derivation these steps (1-6 below) were followed closely.

1. Identify the scope of the information to be included in the standard

In order to identify the scope of the proposed biological standard an extensive review

was performed of all the derivation literature available, focusing on what information

was included in the reports. For example it was determined whether or not groups

reported if the embryos used were fresh or frozen, the total number of embryos

allocated to the research, and the quality of blastocysts used in derivation attempts.

The full review is shown in Tables 3.1 and 3.2.

2. Develop a framework for the information that is clear and easy to use

The framework for the information was developed in two parts: a grading system for

the blastocysts used in derivation attempts and a table of metadata categories for

the required information. Based on existing clinical embryology grading systems, but

tailored to hESC derivation, a grading system was presented with detailed grades for

the extent of expansion and ICM quality, and more basic categories for the TE. To

facilitate the use of the system, photographic examples of the ICM grades were also

given, particularly to aid those scientists attempting derivation with a cell culture

rather than embryological background. The grading system and examples are shown

in Figure 3.2.

The aim of the metadata categories included in the system was to maximise

the information from each derivation attempt. In addition, as very few stem cell

laboratories process enough embryos to draw meaningful conclusions in isolation,

international collaboration and sharing of results was needed. Based on the literature

review, consultation with a small group of embryologists and personal experience, a

minimum information dataset for inclusion in all reports of derivation was compiled

and the categories grouped into essential or desirable. The full list is shown in Table

3.3

3. Make the draft specification freely available to all interested parties

The draft proposal was published in the Medline-listed journal Regenerative Medicine

as a free-of-charge open access download. In addition, to ensure widespread distribu-

tion, a substantial number of copies were posted to derivation groups and distributed

at national/international conferences, including in Europe, Asia, Australia and North

America.
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3.2 Method development

Figure 3.2: Classification system for blastocysts used for hESC derivation (A)
Schematic representation of (1-6) Expansion status (A-E) ICM appearance and (α-
γ) TE appearance. (B) Photographic images of ICM grades, ICM indicated by an
arrow.
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3.2 Method development

Table 3.3: Categories for inclusion in the standards proposal, thought to be essential
or desirable for collection. ECM: extracellular matrix

Essential
Total number of embryos allocated to the research project
Stage of embryos used
Number of embryos allocated at the cleavage stage developing to blastocyst
Number of blastocysts suitable for use
Day of development of blastocysts used
Grade of all blastocysts used
Number of ICMs placed on feeder layer/ECM
Method used to isolate ICMs
Number of ICMs that attach to feeder layer/ECM
Number of days until appearance of stem cell-like outgrowth
Number of stem cell-like colonies that arrest in early culture
Number of hESC lines established
Known disease if PGD
Proprietary IVF medium used
Gas phase employed
Desirable
Source of embryos if fresh
Hatched naturally or method of zona removal
Karyotype
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4. Develop a consensus with the community

The editorial contained several requests for feedback on the proposed minimum in-

formation convention. However to maximise the response rate, the manuscript and a

questionnaire consisting of multiple-choice questions regarding the data and fields for

free-text comments were distributed to all identified derivation teams. Participants

were requested to categorise the MI data as essential, desirable, or not required in

publications regarding hESC derivation. In addition they were asked specific ques-

tions regarding the need for a standard in this field. Several rounds of follow-up

contact ensured that as many responses as possible were obtained.

5. Circulate widely the agreed protocol to all interested parties

The results from the community consultation were again published in Regenerative

Medicine as a free of charge open-access download. Included in the supplementary

information was a data collection form. The publication, grading system and data

collection form were distributed widely to derivation teams and also circulated to

stem cell banks, standards agencies, networks who had specific interest in developing

standards, and to regulatory authorities.

6. Standards are an ongoing process and care must be taken to ensure they remain

relevant and up-to-date

This step is of paramount importance in order to ensure that the standard does

not quickly become out-of-date and obsolete. The goal is to use the standard as a

means of gathering derivation data from community and feedback regarding included

categories. This information will then form a multi-author publication which the

derivation community can use as a benchmark for future work.

3.2.2.2 Method of data analysis

1. Response to the consensus

Respondents classified each proposed dataset as essential, desirable or not required in

publications regarding hESC derivation. The initial analysis was by vote count and

percentage calculation. In collaboration with a statistician a linear weighting system

was devised for the data. The response essential was weighted as +3, desirable as

+1, not required as -1. This enabled the data categories to be placed in rank order.

The responses to the specific questions were counted and presented in percentage

form.
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3.2 Method development

2. Validation of grading system

When observer reliability studies involve categorical data in which the response vari-

able can be classified into multivariate categories, the measurement of observer agree-

ment can be assessed by kappa statistics (Landis & Koch, 1977). This can be in-

terpreted as a measure for expressing the extent to which the observed amount of

agreement among raters exceeds what would be expected if all the raters made their

ratings completely randomly. The kappa-statistic measure of agreement is scaled

to 0 when the amount of agreement is as expected by chance, and 1 when there is

perfect agreement. For intermediate values, Landis and Koch suggest the following

interpretations as shown in Table 3.4

Table 3.4: Strength of observer agreement based on kappa values.

Kappa statistic Strength of agreement
Below 0.00 Poor
0.00-0.20 Slight
0.21-0.40 Fair
0.41-0.60 Moderate
0.61-0.80 Substantial
0.81-1.00 Almost perfect

Ten experienced embryologists independently and anonymously graded 20 pho-

tographs of blastocysts using the grading system published in the standards manuscript.

Each participant was shown the same 20 pictures using the same computer, and were

given as much time and as many repeat viewings as required in one sitting.

Taking into account that is it more difficult to view pictures and not actual

samples, particularly for expanded blastocysts where it was not always possible to

focus on the TE and ICM, it was agreed with the statistical consultant prior to

analysis that the minimum kappa value acceptable for validation of the system was

moderate (between 0.41 and 0.60).
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3.3 Results

3.3 Results

3.3.1 Obtaining research embryos

Between January 2006 and June 2008, 467 cryopreserved research embryos were

imported through the hESCCO network to the Guy’s hospital stem cell programme,

from 13 clinics nationwide. In addition to this, 115 cryopreserved embryos were

donated from Guy’s ACU patients, and 548 fresh embryos declared as unsuitable

for transfer following PGD were also donated to the stem cell programme. For

comparison, during 2005 a total of 85 frozen embryos were obtained, which serves to

highlight the success of the hESCCO venture.

3.3.2 Use of research embryos

A total of 549 embryos were thawed for research from 13 clinics between January

2006 and June 2008. 155 of these had been frozen on day 1, 225 on day 2, 125 on

day 3 and 44 on day 5. Each embryo was thawed exactly as in section 2.1.2.3, with

survival defined as 50% or greater cells remaining intact following the procedure, or

in the case of pronuclear embryos, intact membrane and normal cytoplasm. Figure

3.3 details the survival of each embryo stage and the proportion of thawed embryos

which continued to develop defined as further appropriate cleavage or re-expansion

of the blastocoel cavity. Additionally, the proportion of thawed embryos developing

successfully to enable use for research is shown.

There was no significant difference between the survival rates of each embryo

stage (chi-squared, 3 degrees of freedom, p=0.833). There was however a signifi-

cant difference between the rates of continued development (p=0.017) but not use

(p=0.061). Day 5 embryos demonstrated significantly lower continued development

compared with day 1 (p=0.005) and day 2 (p=0.016), although not compared to day

3 (p=0.135)

To see whether the originating clinic was related to thaw outcome, the survival,

development and use of all embryos thawed was calculated per clinic. The results are

shown in Figure 3.4. Any clinics from which fewer than ten embryos were thawed

were excluded. Overall, those clinics that provided embryos with a good survival

rate also had a high rate of continued development and use for research, and vice

versa for those clinics with a low survival rate.
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3.3 Results

Figure 3.3: Outcome of thawing by survival, continued development and use for
research segregated by stage of cryopreservation. Survival defined as cellular sur-
vival of at least 50%, continuation of development defined as subsequent appropriate
cleavage or re-expansion of blastocoel cavity.

Figure 3.4: Survival, continued development and use of thawed embryos of all stages
segregated by clinic of origin A-H.
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3.3.3 Derivation of hESC lines

Before any manipulations were performed on the blastocysts used in derivation at-

tempts, comprehensive details were recorded in both written and photographic form,

which included the number of embryos donated by each patient, the number develop-

ing to blastocyst, the number of those suitable for use and the method used. In total

7 hESC lines were derived numbered KCL004 to KCL010. When a hESC line was

established, routine characterisation was performed, including karyotype and marker

expression. The methods are detailed in section 2.5, and representative examples of

the results are described within.

3.3.3.1 Derivation of KCL004

The initial method attempted to derive hESC lines was immunosurgery. This re-

quired a period of practise with the method, as there were several areas that seemed

critical to success.

All manipulations of blastocysts without a zona had to be done with extreme care,

as excessive shear could cause the blastocoel to collapse thus lowering the efficiency

of the complement reaction due to reduced cellular surface area for antigen binding.

This made it more difficult to remove sufficient TE cells and increased the risk of

damage to the ICM from vigorous pipetting. ICMs were isolated from some collapsed

blastocysts, but with much more difficultly.

The size of the pipettes used was critical in the success of obtaining viable ICMs.

A pipette was required with an internal diameter slightly greater than that of the

ICM, but smaller than the TE diameter. During the initial use of the procedure

some ICMs were damaged due to use of suboptimal pipettes. Subsequently, no

attachment occurred and the cells degenerated, not being visible by two or three

days after plating. It was essential that pipetting of the ICMs at this step was

gentle, as they had a tendency to stick to the inner surface of the pipette and were

then lost from culture.

The timing and extent of the complement reaction with each individual blastocyst

was variable and something determined only by experience. Bubble-like blebs formed

almost immediately once the blastocyst was placed in the solution, which indicated

that the TE cells were undergoing lysis. However when isolation of the ICM was
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attempted after this short time, it was not successful. A minimum of 10 minutes was

deemed a sufficient time for the reaction to occur, and then the extent of blebbing

was considered before removing the embryo from the complement solution. The

vast majority of the ICMs attached by 24 hours after plating onto MEFs, unless

obviously damaged by the immunosurgical procedure. The extent and morphology

of any resulting outgrowth was blastocyst-dependent, each attempt differed in both

timing and appearance of any cell proliferation.

KCL004 was derived from one of a pair of embryos cryopreserved on day 2 of

development. They both thawed intact with 4/4 cells viable. The following day

embryo one had divided to nine cells, embryo two had reached six cells. By day six

both had developed to expanded blastocysts. The blastocysts were both graded as

3Aα (Stephenson et al., 2007). Immunosurgery was performed successfully on day

6 of development (Figure 3.5C), with both ICMs appearing healthy and undamaged

by the procedure. The ICMs were plated into the same well of MEF feeders from

batch seven at passage four (B7 P4), at 21% dissolved oxygen tension. As the feeders

appeared sparse at the time of plating, further MEFs were inactivated and added to

the well later on the same day. By two days after plating both ICMs had attached

and spread, the ICM cells having pushed the feeders to the edge of the colony. By

three days after plating the two areas of cellular proliferation had merged, with the

feeders pushed to the edge of the large colony. By this time a small number of cells

with large nuclei and prominent nucleoli were visible. By day five after attachment

however, there were areas of differentiation visible, although cells with prominent

nuclei (stem cell-like cells) were still present. Freshly inactivated MEFs were added

as necessary. Over the following days the cell colonies appeared to arrest, the culture

appeared to become degenerate such that by 10-12 days after plating the derivation

attempt appeared unsuccessful. However, on day 14 after attachment, a putative

stem cell-like colony became evident (Figure 3.5G). The cells rapidly proliferated

and were passaged for the first time 15 days after attachment of the ICMs. The

colony was manually cut into 4 pieces, 3 were transferred to a fresh MEF plate and

the fourth left in the original culture dish. All 4 colonies had re-attached within 24

hours. The culture was expanded rapidly by manual passaging, and colonies vitrified

when sufficient cells were available. Figure 3.5 details the early morphology of the

embryos and hESC colonies.
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3.3 Results

Figure 3.5: Embryo morphology and early culture of KCL004. (A) One of the 4 cell
embryos on D2. (B) Same embryo as an expanded blastocyst on D6. (C) Blastocyst
during immunosurgery, the lysing TE cells could be seen as blebs at the edge. (D)
Culture D2 after plating the ICM. (E) D4 after plating. (F) D8 after plating, some
degenerate areas were visible. (G) D14 after plating, stem-like cells were visible. (H)
Passage 1, day 1. (I) Re-growth from original colony. All images at x20 objective
unless otherwise indicated. Scale bar indicates 50 µm at x20 objective.
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The cells became contaminated from an unknown source at P2. At first due to

inexperience with cell culture, the altered appearance of the colonies (increased cell

debris, retarded cell growth) was assumed to be a problem with culture on old MEFs.

However, the contamination soon became evident when the medium became turbid

and the colour changed due to altered pH. The cells were treated with 2% pen/strep

in combination with 0.05 mg/mL gentamycin (Gibco Invitrogen) for seven days. The

antibiotics appeared to successfully clear the infection and the cells seemed to recover.

The colonies were maintained until P7 with initial characterisation and continued

vitrification when enough cells were obtained. However from P7 any attempts at

passaging were unsuccessful, the colonies generally did not attach, and if they did,

they did not proliferate. The fresh culture was discarded and several attempts were

made to thaw earlier passages of KCL004. Unfortunately these attempts were not

successful and the cell line remained in cryopreserved storage with the hope that the

development of superior thawing conditions and experience might enable the cells to

be thawed from the 12 remaining straws at a later date.

3.3.3.2 Derivation of KCL005-HD1

KCL005-HD1 was also derived using immunosurgery. The embryo was donated for

research on day four following an affected diagnosis for Huntington disease (HD) with

48 CAG repeats and therefore unsuitable for embryo transfer. The blastocyst was

used on day six of development and graded as 5Aβ (Figure 3.6B). Immunosurgery

was performed successfully on the blastocyst, although the ICM appeared slightly

damaged by the procedure, possibly due to a suboptimal pipette diameter used to

remove residual TE. The ICM was plated onto B3 P3 MEF feeders at 5% oxygen

tension. By day two after plating the ICM had attached and was beginning spread

into culture (Figure 3.6D). By three days after plating the ICM had spread, but there

was no evidence of significant proliferation and the ICM cells had not yet pushed

the feeders to the edge of the colony. The cells continued to sit on top of the feeders

and slowly proliferate such that the colony became dense and elongated rather than

flatten onto the dish as observed with KCL004 (Figure 3.6F). Cells with large nuclei

and prominent nucleoli were observed throughout the culture period. By day 11 the

colony had begun to flatten and stem-like cells were observed at the edges of the

colony. Inactivated MEFs were added to the culture on day 12 as the original MEFs
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were beginning to detach and curl up in suspension. By day 15 a convincing stem

cell-like colony was observed. The colony was passaged onto fresh feeders as a single

piece as it was too small to cut into sections. The piece re-attached by the next day

but as a solid button (Figure 3.6H). However by 48 hours after passage the cells had

migrated from the central button and spread as a colony. The culture was expanded

by manual passaging, and colonies vitrified when sufficient cells were available. At

P2 cells were analysed to confirm Huntington’s status, as described in section 2.5.5.

Figure 3.6 details the early morphology of the embryo and colony.

Figure 3.6: Embryo morphology and early culture of KCL005. (A) Embryo on D4,
not yet compacted. (B) Embryo on D6 as a hatching blastocyst. (C) Blastocyst
during immunosurgery (D) Culture D2 after plating the ICM. (E) D4 after plating.
(F) D5 after plating. (G) D9 after plating. (H) Passage 1, day 1. (I) Passage 1, day
3. All images at x20 objective unless otherwise indicated. Scale bar indicates 50 µm
at x20 objective.

The colonies became contaminated at P5 due to a infected MEF batch obtained

from a collaborating research laboratory. The cells arrested in culture and were
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unable to be passaged any further. The fresh culture was discarded and several

attempts were made to thaw earlier passages of KCL005-HD1. Unfortunately these

attempts were not successful and the cell line remained in cryopreserved storage.

Several straws were deposited in the UK Stem Cell Bank (UKSCB). The staff have

attempted to thaw and culture these samples, but without success.

3.3.3.3 Derivation of KCL006

KCL006 was derived using mechanical isolation with the channel method. The em-

bryo was obtained on day four following an inconclusive diagnosis for HD and there-

fore unsuitable for transfer. However, subsequent re-running of the single blastomere

PCR sample for confirmation of diagnosis determined the embryo as unaffected with

the disorder. The blastocyst was used on day seven of development and graded as

6Bα. Mechanical isolation was performed successfully obtaining a healthy ICM that

was plated on B7 P3 feeders at 5% oxygen tension. LIF was exchanged for 8 ng/mL

bFGF in the medium. The ICM had attached by two days after plating (Figure

3.7B), and the cells proceeded to proliferate over the following days such that by

four days after plating, stem cell-like cells were visible with the typical cobblestone

morphology seen in monolayer culture (Figure 3.7C). By seven days after attachment

a convincing putative stem cell colony was evident in culture. However, there was a

crescent of differentiated or TE cells visible on the edge of the colony. The concern

was that these cells would proliferate and overtake the culture, or secrete factors

into the milieu that would prevent the stem-like cells from propagating. Therefore

eight days after attachment as many of the differentiated cells as possible were gently

removed without damaging the stem-like colony with a fine pulled glass pipette. The

removal of the cells was successful and the putative colony continued to proliferate.

By day 14 (Figure 3.7E) after attachment the colony was large enough to passage, it

was cut into two pieces and one piece plated onto fresh B7 P3 MEFs. The colonies

grew as a monolayer (Figure 3.7H) which made passaging more difficult as it was easy

to damage the cells whilst trying to lift them from the bottom of the dish. However,

the culture was expanded rapidly by manual passaging, and colonies vitrified when

sufficient cells were available. Once a sufficient cryopreserved stock was achieved, all

of the remaining colonies were vitrified as the cells were not needed at that time for

experimentation. Figure 3.7 details the early morphology of the embryo and colonies.
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Figure 3.7: Embryo morphology and early culture of KCL006. (A) Poor quality
blastocyst on day 5 which subsequently expanded with a good quality ICM on day
7. (B) Culture D2 after plating the ICM. (C) D5 after plating. (D) D8 after plating.
(E) D14 after plating. (F) Passage 1, day 2. (G) Regrowth from original colony. (H)
Passage 1, day 12, monolayer culture. (I) Passage 2. All images at x20 objective
unless otherwise indicated. Scale bar indicates 50 µm at x20 objective.
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3.3.3.4 Derivation of KCL007

KCL007 was also derived using mechanical isolation, but with the microdrop method.

The embryo was obtained on day five following a 50% risk diagnosis from exclusion

testing for HD. This line was unsuitable for banking in the UKSCB as the HD status

was unknown and could not be investigated, due to the patient not wishing to know

their disease status. This was agreed with the steering committee of the UKSCB,

and the cells placed in cryopreserved storage in case the patient decided in the future

to determine their disease status, at which point the cell line status could also be

investigated.

The blastocyst was used on day seven of development and graded as 6Bα (Fig-

ure 3.8C). The ICM was particularly expanded measuring approximately 78x65 µm.

Mechanical isolation was performed successfully obtaining a healthy ICM that was

plated on B7 P3 feeders at 5% oxygen tension. By two days after plating, the ICM

appeared slightly degenerate, and by three days after plating a large differentiated

area was evident (Figure 3.8D). The culture did not show potential morphologically

until ten days after attachment, where although there were still degenerate cells

around the edge of the colony, a small area of monolayer stem-like cells was visible

which had pushed the feeder cells away (Figure 3.8E). This area continued to pro-

liferate and by 13 days after ICM isolation a convincing stem cell-like colony was

visible. By day 15 after attachment the colony was large enough to passage, it was

cut into two pieces and one piece plated onto fresh B7 P3 MEFs (Figure 3.8G).

The culture was expanded rapidly by manual passaging, and colonies vitrified when

sufficient cells were available. Once a sufficient cryopreserved stock was achieved,

all of the remaining colonies were vitrified as discussed. Figure 3.8 details the early

morphology of the embryo and colonies.
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Figure 3.8: Embryo morphology and early culture of KCL007. (A) Poor quality
unexpanded day 5 embryo, excluded cells were visible. (B) Hatching blastocyst on
day 6, possible ICM at the zona opening. (C) Hatched blastocyst on day 7 with
unusually large ICM. (D) Culture D3 after plating the ICM, large differentiated area
visible. (E) D10 after plating, a monolayer of stem-like cells was visible. (F) D12
after plating. (G) D15 after plating. (H) Passage 1, day 2. (I) Passage 4. All
images at x20 objective unless otherwise indicated. Scale bar indicates 50 µm at x20
objective.
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3.3.3.5 Derivation of KCL008-HD2

KCL008-HD2 was derived using laser isolation of the ICM cells. The embryo was

obtained on day four following an affected diagnosis for HD with 46 CAG repeats.

The blastocyst was used on day five of development and graded as 5Aβ (Figure

3.9A). Several 550 µs or 800 µs pulses were directed at the TE cells at the site of

the zona opening (Figure 3.9B). Lysis of the cells was visible, and gentle pulling of

the micropipettes successfully separated the ICM cells with minimal surrounding TE

(Figure 3.9C). The remaining TE was retained in culture for observation. The ICM

portion was plated onto B5 P3 MEF feeders at 5% oxygen tension. The ICM had

attached by day two after plating but was surrounded by residual TE cells (Figure

3.9D). The rest of the TE retained in culture had re-expanded and completed hatch-

ing. By day four after plating significant proliferation of the ICM cells was evident

with a dense core of stem-like cells visible. The following day further inactivated

MEFs were added to the culture. Proliferation was still evident until day six after

plating. However there was an adverse change to the culture by day eight. The

TE appeared to undergo a rapid expansion to form terminally differentiated giant

cells, which had overgrown the stem-like mass of cells (Figure 3.9F). Insulin needles

were used to cut out the central mass of stem-like cells and the isolated colony was

placed at a distance in the same well. Six hours following the manipulation the ICM

cells had reattached but appeared dense and of poor morphological quality. Over

the next 48 hours there was no significant change in the appearance of the colony,

with no obvious spreading of the colony nor visible proliferation. By day 13 after the

original plating and five days after the re-attachment there was a change in shape of

the colony. The MEFs had been pushed to the edge and a small number of cells with

stem cell-like appearance were visible having grown out of the dense core of cells.

This area continued to proliferate such that by 15 days after the original attachment

a convincing stem cell-like colony was observed. By day 19 after attachment the

colony was large enough to passage, it was cut into two pieces and one piece was

plated onto fresh B7 P3 MEFs (Figure 3.9I). The cells adhered tightly to each other

and the MEFs, which made the initial passage difficult. Although the colony that

was moved to a new dish attached, it did not propagate and degenerated in culture,

possibly due to carry over of differentiated cells or damage during passaging. How-
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ever the re-growth from the original colony enabled the culture to be propagated.

Figure 3.9 details the early morphology of the embryo and colonies.

Figure 3.9: Embryo morphology and early culture of KCL008. (A) Hatching blasto-
cyst on D5, the ICM could be seen in the hatched portion. (B) Magnified image of
the zona pellucida opening with the laser target and safety circle overlaid to show
the position of the laser pulses aimed the TE cells. (C) The separated ICM with
residual TE after laser isolation. (D) Culture D2 after plating the ICM, the attached
ICM and flattened TE cells could be seen. (E) D5 after plating, the ICM area had
proliferated. (F) D7 after plating, terminally differentiated TE cells were visible.
(G) Passage 1, day 5, a small area of stem-like cells to the right of the central button
was seen. (H) Passage 1, day 9. (I) Passage 2. All images at x20 objective unless
otherwise indicated. Scale bar indicates 50 µm at x20 objective.

For the first 10-15 passages the cells were extremely difficult to culture. The

attachment of passaged pieces was poor, with only approximately 30-50% of pieces

attaching and growing. To overcome this the size of pieces cut was varied to try to

obtain the optimum size. Colonies were passaged into 250 µL medium instead of the

normal 500 µL to prevent the colony pieces from remaining in suspension as they

were pressed onto the feeders by the reduced volume of medium. The concentration
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of bFGF was increased to 16 ng/mL in an attempt to keep the cells undifferentiated

during the slow growth of colonies. On two occasions the cells entered a replication

crisis when left in the hands of a technician during unavoidable absence from the

laboratory and it took approximately eight weeks to recover the cultures each time.

Colonies were vitrified when sufficient cells were available, but significant fragmenta-

tion of the pieces during cryopreservation reduced the chances of post-thaw survival.

By passage 15 the cells seemed to have stabilised and adapted to culture sufficiently,

particularly when transferred into KOSR medium. A sufficient bank of cells was

then cryopreserved and full characterisation performed. At P2 cells were analysed

to confirm Huntington’s status (section 2.5.5).

3.3.3.6 Derivation of KCL009-trans1

KCL009-trans1 was derived by whole plating of the blastocyst. The couple that

donated the blastocyst presented with the male patient having a karyotype of 46XY,

t(7;12)(q31;p13.1), a balanced reciprocal translocation between the long arm of chro-

mosome 7 and the short arm of chromosome 12. Carriers of reciprocal translocations

will produce sperm or eggs of which a significant number will carry unbalanced forms

of the translocation (Mackie Ogilvie & Scriven, 2004). The embryo was obtained on

day six as was unsuitable for replacement following analysis with PGD. It was graded

on day six as 5Cβ (Figure 3.10A). The blastocyst had not completely hatched, and

the zona was removed with gentle pipetting of the embryo, before plating on B5 P3

MEF feeders at 5% oxygen tension. By three days after plating the blastocyst was

attached and had spread flat in culture (Figure 3.10B). There were a few cells with

prominent nuclei present, but the culture also contained dense TE and differentiated

cells. By day five after plating the differentiated cells had begun to overgrow the

stem-like cells, and therefore insulin needles were used to carefully cut around the

cells of interest and the colony was placed in a distant area of the same well. This

disaggregated area had re-attached within 24 hours (Figure 3.10D) with some prolif-

eration evident in the following days. The concentration of bFGF was increased to

16 ng/mL in the medium when it appeared that some of the cells in the culture were

differentiating. By day 11 after plating, a small number of cobblestone stem-like

cells were visible at the periphery of the colony, but overall the culture appeared

insubstantial (Figure 3.10F). It was not until 18 days after plating that the cells had
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grown into a convincing colony. On day 19 after plating the colony was large enough

to passage, it was cut into 2 pieces but both were kept in the same well, just placed

at a distance from the original outgrowth (Figure 3.10H). The cells were expanded

by manual passaging and colonies were vitrified when sufficient cells were available.

However, as with KCL008-HD2, on two occasions the cells entered a replication crisis

when left in the hands of a technician during absence from the laboratory. A suffi-

cient bank of cells was eventually cryopreserved, and full characterisation performed.

Figure 3.10 details the early morphology of the embryo and colonies.

Figure 3.10: Embryo morphology and early culture of KCL009. (A) Hatching blas-
tocyst on D9, only a very poor ICM could be seen. (B) Culture D3 after plating the
whole blastocyst, ICM-like cells were visible. (C) Isolation of the ICM-like cells on
D5 after plating. (D) Passage 1, day 1, reattachment of ICM-like cells. (E) Passage
1, day 2, cells beginning to spread (F) Passage 1, day 11, monolayer outgrowth (G)
Passage 2, day 1. (H) Passage 2, day 2. (I) Passage 2, day 12, monolayer of cells.
All images at x20 objective unless otherwise indicated. Scale bar indicates 50 µm at
x20 objective.
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3.3.3.7 Derivation of KCL010

KCL010 was derived using the whole plating technique. The embryo was obtained

on day five following a 50% risk diagnosis from exclusion testing for HD, exactly

as KCL007. The blastocyst was used on day five of development and graded as

5Bβ (Figure 3.11A). Despite the good quality of the ICM, there were very few TE

cells and the blastocyst had not expanded, therefore mechanical isolation was not a

suitable approach, with the high ICM to TE ratio favouring the use of whole plating

rather than manipulation. Following zona removal with protease, the blastocyst was

plated on B3 P4 feeders at 5% oxygen tension. The blastocyst had attached by day

one after plating, although the expanded TE was evident (Figure 3.11B). By day

three, the blastocyst had attached fully and spread into a cell colony, although no

ICM-like cells were visible. By day six after plating a cluster of stem-like cells were

visible, surrounded by cells with a differentiated morphology (Figure 3.11D). Upon

the attempt to dissect out the stem-like cells, it became clear that they were encased

by differentiating TE. Therefore a slit was made along one side of the cell cluster

and the TE peeled completely away with the use of a glass pipette. The stem-like

cells were transferred to fresh feeders (Figure 3.11E). Once a sufficient cryopreserved

stock was achieved, all of the remaining colonies were vitrified as, as discussed for

KCL007, these cells could not be banked or distributed at that time. Figure 3.11

details the early morphology of the embryo and colonies.
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Figure 3.11: Embryo morphology and early culture of KCL010. (A) D5 blastocyst,
beginning to hatch. (B) Culture D1 after plating the whole blastocyst. (C) D2
after plating. (D) D6 after plating, cells with stem-like morphology were seen. (E)
Stem-like cells following mechanical isolation on D6. (F) Passage 1, day 1, cells had
reattached. (G) Passage 1, day 2, outgrowth of central button of cells. (H) Passage
1, day 5. (I) Passage 2. All images at x20 objective unless otherwise indicated. Scale
bar indicates 50 µm at x20 objective.
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3.3.3.8 Summary of derivation

The total number of fresh and frozen embryos and details of development to blasto-

cyst, derivation attempts and outcome is summarised in Table 3.5.

Table 3.5: Summary of all the fresh and frozen embryos used in derivation attempts.
Thaw; frozen embryos thawed, Surv; survived, Fr; fresh embryos donated, Blast;
developed to blastocyst stage, Used; suitable for derivation attempt, ICM; ICM
isolated, Att; ICM attached to feeder layer, Lines; number hESC line established,
ID; identifying name. Fr; fresh, Fz; frozen, I; immunosurgery, M; mechanical, L;
laser, W; whole, na; not applicable.

Method Thaw Surv Fr Blast Used ICM Att Lines ID
Fr - I na na 61 19 10 8 5 1 KCL005-HD1
Fz - I 87 55 na 28 23 23 15 1 KCL004
Fr - M na na 112 32 18 17 15 2 KCL006, 007
Fz - M 34 17 na 11 9 8 5 0
Fr - L na na 2 2 2 2 2 1 KCL008-HD2
Fr - W na na 129 65 50 na 48 2 KCL009, 010
Fz - W 21 11 na 5 5 na 4 0

Total 142 83 304 162 117 58 94 7

The additional information specific to each line deemed essential when reporting

derivation is shown in Table 3.6.

3.3.4 Efficiency

A total of seven hESC lines were established between January 2006 and June 2008.

Two of the lines carried HD, one carried a translocation, two were at 50% risk of

HD and two were wild-type lines with no known genetic mutation. Four derivation

methods were developed so that the manipulation used was tailored to the quality and

morphology of each individual blastocyst. Table 3.7 details each and every embryo

used, the ‘intention to derive’, and the efficiency of derivation based on method for

both fresh and frozen embryos.

Table 3.8 details the efficiency overall per method, regardless if either fresh or

frozen embryos were used.

In order to correlate the quality of the blastocyst and outcome of derivation

attempts, the efficiency of derivation was calculated based on ICM grade as defined
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3.3 Results

Table 3.7: Efficiency of each derivation method used for fresh and frozen embryos
per embryo donated if fresh (Fresh column) and embryo thawed (Thawed column)
if frozen, then per embryo reaching the blastocyst stage, per blastocyst used, per
ICM obtained and per ICM that attached to the feeder layer. Fr; fresh, Fz; frozen,
I; immunosurgery, M; mechanical, L; laser, W; whole, na; not applicable.

Method Lines Fresh Thawed Blast Used ICM Attach
Fr - I 1 1/61 na 1/19 1/10 1/8 1/5
Fz - I 1 na 1/87 1/28 1/23 1/23 1/15
Fr - M 2 2/112 na 2/32 2/18 2/17 2/15
Fz - M 0 na 0/34 0/11 0/9 0/8 0/5
Fr - L 1 1/2 na 1/2 1/2 1/2 1/2
Fr - W 2 2/129 na 2/65 2/50 na 2/48
Fz - W 0 na 0/21 0/5 0/5 na 0/4
Total 7 6/304 1/142 7/162 7/117 7/58 7/94

Table 3.8: Efficiency of each derivation method overall per embryo donated plus
thawed, then per embryo reaching the blastocyst stage, per blastocyst used, per
ICM obtained and per ICM that attached to the feeder layer.

Method Lines Donated Blast Used ICM Attach
Immunosurgery 2 2/148 2/47 2/33 2/31 2/20
Mechanical 2 2/146 2/43 2/27 2/25 2/20
Laser 1 1/2 1/2 1/2 1/2 1/2
Whole 2 2/150 2/70 2/55 na 2/52
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by the published derivation standard. This is detailed in Table 3.9.

Table 3.9: Efficiency of derivation for blastocysts from both fresh and frozen embryos
per ICM grade.

Grade of ICM Blastocysts Lines Efficiency (%)
FRESH

A 8 2 25
B 13 3 23
C 23 1 4
D 12 0 0
E 26 0 0

FROZEN
A 9 1 11
B 9 0 0
C 3 0 0
D 6 0 0
E 4 0 0

TOTAL
A 17 3 18
B 22 3 14
C 26 1 4
D 18 0 0
E 30 0 0

3.3.5 Contamination control

The initial arrangement for hESC culture was a collaboration with a non-clinical

research laboratory. The preparation of feeders and medium occurred in this labo-

ratory then were transported to Guy’s. Cleaning protocols in this facility consisted

of regular surface cleaning with 70% ethanol, routine aseptic technique for tissue

culture and the wearing of clean overalls, gloves and a facemask for bench work.

However, the laboratory air was unfiltered and up to 15 people at one time were us-

ing one incubator and two culture hoods. Stocks of feeders, cells and media regularly

showed signs of contamination, likely to be from poor tissue culture techniques and

recurring mycoplasma infection. No service agreement was in place with a microbi-

ological laboratory to identify the contamination, instead the cultures were treated

with antibiotics if a contamination was suspected.
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The loss of fresh cultures of new lines due to contamination was unacceptable,

and measures were taken to eliminate the risk as far as possible. Firstly, all derivation

and early culture of lines was contained to the derivation laboratory at Guy’s until

large frozen stocks were established. Therefore all culture, passaging and feeding

was performed personally, including feeder preparation and medium production. All

reagents were ordered separately so that nothing was shared with any other lab.

Contract arrangements were made with the microbiology department of Guy’s

hospital for analysis of media if any contamination or infection was suspected. The

nature of the samples was discussed and the most suitable analysis to perform agreed

(section 2.3.5). Very infrequent bacterial contamination of isolated culture wells

was observed, identified as most likely to be skin contamination with staphylococcus

strains. The requirement for protective clothing was increased following this result

to include sterile sleeves as well as gloves, hat and facemask to minimise the risk of

skin contamination. On one occasion a fungal aspergillus strain was detected, and

further sample analysis confirmed the source as the water bath in the bottom of the

incubator. All removable sections of the incubator were autoclaved and a deep clean

of the incubator body performed. The antifungal agent Aquaguard 1 (Biological

Industries, Haemek, Israel) was added to the water bath, and further samples sent

after these measures to confirm the fungus had been eradicated.

A contract for outsourced routine mycoplasma testing was established with an

accredited laboratory (section 2.3.5), and samples of every culture and medium in

use sent for analysis monthly. Any cells or cell products imported from other labo-

ratories were screened for mycoplasma before use, and withdrawal of any antibiotics

or antifungal agents from imported cultures was performed to enable early identifi-

cation of any contamination. All new feeder batches were extensively tested before

use.

These measures, in combination with stringent sterile tissue culture techniques,

were successful in maintaining the sterility of the cell cultures. Immediate disposal

of any wells displaying signs of contamination (following sample collection for micro-

biological testing) prevented any spread between cultures. The anticipation is that

the move to new clean laboratory facilities and instigation of GMP protocols will

further eliminate problems with culture contamination due to the strict controls and

maintenance of air quality in the laboratory.
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3.3.6 Characterisation of hESC lines

3.3.6.1 Karyotype

Karyotype analysis was outside of routine clinical NHS duties and was therefore

outsourced to an accredited laboratory (section 2.5.3). KCL004 was shown to be

normal 46,XY karyotype by cytogenetic analysis as shown in Figure 3.12. Two

attempts to obtain a cytogenetic karyotype of KCL008-HD2 were unsuccessful, as

no mitoses were obtained by the laboratory. A third attempt with more optimised

cell colonies revealed a karyotype of 68,XXY, -6. This is discussed in detail in Chapter

6.

The karyotype of the embryo that gave rise to KCL009-trans1 was 46,XX,der(7)

t(7;12)(q31.1;p13.1)pat. This meant that the embryo had a 7,der(7),12,12 comple-

ment for chromosomes 7 and 12, with monosomy for 7q31.1 to 7q ter and trisomy

for 12p13.1 to 7p ter. Two attempts to karyotype KCL009-trans1 were unsuccess-

ful, but the third gave an unexpected result, as three separate karyotypes were ob-

served: (i) 46XX,del(7)(q22q32)[9], (ii) 46XX,del(1)(q10),del(7)(q22q32)[1] and (iii)

46XX,del(7)(q22q32),del(9)(q11)[1], as shown in Figure 3.12. However the deletions

of the long arm of chromosome 1 in (ii) and 9 in (iii) began at heterochromatic

breakpoints - areas rich in repeat lengths of chromatin. Breaks in these regions are

common artefacts of preparation techniques. As these karyotypes were only found

in a single cell of the preparation it was likely that the deletions occurred during

processing rather than representing a true karyotypic change. All 11 cells analysed

had a karyotype which contained del(7)(q22q32), suggesting a deleted chromosome

7 rather than a derivative. However, when not specifically looking for a transloca-

tion, and using standard G banding, it is conceivable that a derivative chromosome

could be mistaken for a deletion. It is more than likely that the true karyotype of

the cell line was 46,XX,der(7)t(7;12)(q31.1;p13.1)pat, the same as the embryo diag-

nosis. Karyotype of the remaining lines was not completed, as either propagation

of the lines was not successful, or because they were from exclusion cases and in

cryopreserved storage only.
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Figure 3.12: Cytogenetic karyotypes of (A) KCL004 (B-D) KCL009-trans1
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3.3.6.2 Pluripotency

Immunohistochemical analysis for markers of pluripotency was completed for cell

lines KCL004, KCL008-HD2 and KCL009-trans1. These lines expressed all the stan-

dard markers OCT4/POU5F1, NANOG, SSEA3, SSEA4, TRA1-60 and TRA1-81

and were negative for SSEA1. Figure 3.13 shows representative examples of the cell

line results when grown on MEFs. The remaining cell colonies have not yet been

characterised, therefore should be considered outgrowths or putative lines until this

is completed.

Figure 3.13: Immunocytochemical analysis of pluripotent marker expression. Images
are representative of all cell lines tested. A-F KCL008 stained for (A) DAPI (B)
NANOG (C) POU5F1 (D) Merged image of A-C, (E) DAPI, (F) SSEA4. G-H
KCL004 stained for (G) DAPI, (H) TRA1-60. I-J KCL009 stained for (I) DAPI,
(J) TRA1-81. K-L KCL008 stained for (K) DAPI, (L) SSEA1. All images at x10
objective unless otherwise indicated. Scale bar indicates 100 µm at x10 objective.

PCR analysis for pluripotency genes was performed for KCL008-HD2 and KCL009-

trans1. βactin (ACTB), POU5F1, and SOX2 expression was investigated by the use
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of published primers from previous work in this laboratory. Representative results

are shown in Figure 3.14. A low-level contamination was seen in one RT negative

sample for SOX2, likely to be carry over during the PCR process. Multiple bands

were visible for POU5F1 suggesting DNA contamination or pseudogene or isoform

detection. Initially the conditions for the PCR reaction were altered but this did

not change the outcome. More optimal primers would be necessary to obtain ‘per-

fect’ gels; however the results were sufficient to prove expression of these pluripotent

markers in the cell lines analysed.

Figure 3.14: PCR analysis for the expression of (A) ACTB, (B) SOX2 and (C)
POU5F1 in both KCL008-HD2 and KCL009-trans1. (D) Band sizes for the pBlue-
script II SK+-Hpa II ladder. RTN: reverse transcription negative sample.

3.3.6.3 Freeze-thaw

Successful freeze-thaw of the colonies is a mandatory test before cell lines can be

deposited in the UKSCB. This was attempted at P5 and P10 for KCL008-HD2

and KCL009-trans1. Both passages were successfully thawed for KCL009-trans1,
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but, although P5 KCL008-HD2 cells survived the thawing procedure, the colonies

differentiated almost immediately after attaching to the feeder layer. In contrast,

thawing of P10 cells was successful, with subsequent propagation of morphologically

normal, undifferentiated cells. Subsequent successful thaw of P2 cells was achieved

when thawing into KOSR rather than hESC CM.

3.3.7 Standards data

3.3.7.1 Consensus response

From the 40 groups targeted with this survey, 31 responses were received. The count

of votes placed all but one of the datasets in the essential series; the exception -

the number of days until the appearance of stem-like cells - had been classified as

desirable. None of the datasets were considered as not required. Following the linear

weighting, the rank order of the datasets was plotted as shown in Table 3.10.

Table 3.10: Rank order of datasets following weighting

Dataset for collection Rank
Number of hESC lines established 1
Method used to isolate ICMs 2
Known genetic disorder (if PGD) 3
Day of development of blastocysts used 4
Stage of embryos used 4
Number of ICMs placed on feeder layer/ECM 6
Source of embryos if fresh 7
Number of blastocysts suitable for use 7
Gas phase employed 9
Grade of all blastocysts used 9
Proprietary IVF medium used 9
Number of embryos allocated at the cleavage stage developing to blastocyst 12
Total number of embryos allocated to the research project 13
Karyotype 14
Number of ICMs that attach to feeder layer/ECM 15
Hatched naturally or method of zona removal 16
Number of stem cell-like colonies that arrest in early culture 17
Number of days until appearance of stem cell-like outgrowth 18

Of the respondents, 28/31 agreed that a universal standard for reporting deriva-
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tion was essential, 27/31 of these would adopt the standard, and 23/31 agreed to

provide data for central analysis.

3.3.7.2 Validation

The average experience of the ten embryologists who participated in the grading

validation was 6.1 ± 2.8 years.

Kappa analysis of the expansion status, TE appearance and ICM appearance

assigned by the embryologists to each of the 20 images is shown in Table 3.11. Each

of the components of the grading scheme achieved at least the minimum ‘moderate’

agreement (between 0.41 and 0.60).

Table 3.11: Kappa values calculated from 200 grades (10 embryologists, 20 pictures)
of Expansion Status, Inner Cell Mass Grade and Trophectoderm Grade.

Expansion Status Kappa
1 0.77
2 0.68
3 0.66
4 0.65
5 0.77
6 0.87

Combined 0.74

Inner Cell Mass Grade Kappa
A 0.51
B 0.33
C 0.65
D 0.73
E 0.37

Combined 0.53

Trophectoderm Grade Kappa
α 0.55
β 0.28
γ 0.60

Combined 0.47

Since the grade of the ICM had been deemed the most important variable when

considering derivation attempts, the categories for ICM appearance were combined.

This revealed which grades were least consistent between the observers. This then
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highlighted where the grading system could be improved, either with better photo-

graphic examples or more detailed explanation of the salient features of each grade.

The kappa analysis was re-run, firstly combining grades A and B, and secondly also

combining C and E. The results are shown in Table 3.12. The combination of grades

A and B significantly improved the agreement to ‘substantial’. Combining C and E

did not significantly increase the agreement further.

Table 3.12: Kappa values for ICM grades when grade A and B were combined and
grades C and E were also combined.

Inner Cell Mass Grade Kappa
A+B 0.82

C 0.65
D 0.73
E 0.37

Combined 0.71

A+B 0.82
C+E 0.65

D 0.73
Combined 0.74

3.3.7.3 Data collection

Collection will continue until sufficient data are available for significant conclusions.

Tables 3.13 and 3.14 summarise the responses received so far from external clinics

for central analysis of data, the numbers 1-8 indicating separate responses. When

asked to define ‘established’ for a hESC line, the majority of responses included;

morphology, positive pluripotency markers (SSEA4, TRA-1-60, TRA-1-81, POU5F1,

NANOG), in vitro differentiation into three germ layer derivatives and more than 15

passages in culture without change in growth rate or morphology.
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3.4 Discussion

The aim of this part of the work was to develop derivation methods tailored to

the quality of the blastocyst, and to obtain transparent information regarding the

efficiencies of derivation with respect to manipulation techniques and embryo quality.

3.4.1 Embryo Use

This is the first time that a large cohort of cryopreserved embryos at different stages

and from multiple clinics has been thawed by one person using one method. The

variability of technician skill is therefore eliminated at the thaw step and allows valid

comparison of post-thaw survival and development between clinics. In addition, as

the embryos were kept in culture rather than being transferred to patients, longer-

term monitoring of in vitro development was possible.

There are two main reasons why variability may be observed; the criteria used

for selecting suitable embryos for cryopreservation may differ and there may be dif-

ferences between the in-house cryopreservation techniques used in clinics. When

outcome was compared by clinic, the survival rates ranged from 77% to 30% (me-

dian 60%), continued appropriate development from 61% to 10% (median 46%) and

use for research from 51% to 8% (median 32%). A general trend was maintained,

such that those clinics providing embryos that had a poor thaw outcome also showed

poor continued development and a low rate of use. These figures suggest under-

lying differences between clinics either in selection or cryopreservation of embryos.

There could also be multiple minor differences in techniques used during culture that

accumulate to have a significant effect on embryo viability. The decision on selec-

tion criteria is a balance between maximising cumulative pregnancy chances, but

not offering false hope to patients by cryopreserving embryos which are unlikely to

survive the freeze-thaw process. There may also be a financial imperative as the vast

majority of patients in the UK, whether NHS-funded, self-funded or private have

to cover the cost of cryopreservation themselves, and this is a means to generate

profit. It seems unlikely that a difference in thaw survival from 77% to 30% can be

due only to variations in technique. This is because all clinics providing embryos to

Guy’s were asked to provide cryopreservation information and all used commercially

available proprietary freezing media, and similar iterations of a slow-rate freezing
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protocol. Therefore it is likely that the selection of embryos for cryopreservation was

the most significant variable between laboratories. Future comparisons could include

analysing the pregnancy rate for populations of patients from these clinics to see if

this is reflected in the thaw survival.

When the thaw outcome based on the stage of cryopreservation was considered,

there was no significant difference in thaw survival between stages. However, contin-

ued appropriate development of the embryo stages ranged from 54% for day 1 thaws

to 30% for day 5 thaws. There was no difference between the development of day

1 and day 2 thawed embryos but blastocysts thawed on day 5 had a significantly

lower rate of continued development compared to day 1 and day 2 thaws. Day 3

development was intermediate. Defining survival following thaw and monitoring of

subsequent development (not quality) for cleavage stage embryos is straightforward,

as it simply involves counting the number of cells each day and relating that to the

number appropriate for the age of the embryo. Whilst by no means robust, the

likelihood of further development of thawed cleavage embryos can be inferred from

the peri-thaw morphology. However, applying these criteria to blastocyst thawing is

more difficult, since blastocysts are in a collapsed state during the thawing process

and potentially for several hours after. Thus the assessment of the proportion of

viable cells is subjective and can only be roughly estimated. In order to continue

with development, the blastocoel must re-expand and cell division resume. This is

difficult to predict from the peri-thaw outcome. Whilst mindful of the small number

of blastocysts thawed compared to cleavage embryos, this difficulty with assessing

survival may explain the subsequent sharp drop in blastocyst numbers at the next

stages of development. From 68% survival, only 30% of blastocysts re-expanded and

only 21% developed to be suitable for use. This unexpected discrepancy may be due

to either the initial estimate of survival being artificially elevated due to the diffi-

culty with assessing cell number, or that the prognosis for blastocyst development

is poor following cryopreservation. The latter reason is unlikely given the success

of single embryo transfer in this and other laboratories (Criniti et al., 2005; Khalaf

et al., 2008) with clear evidence of the superior embryo selection when pregnancy is

the end point. However the thawing results imply that an appropriate window of

time should be determined and allowed between thaw and transfer, during which re-

expansion can be expected, in order to confidently select progressive blastocysts for

137



3.4 Discussion

transfer. Collection of thaw data is continuing, and will be re-analysed at a suitable

time point when comparable numbers of cleavage stage and blastocysts have been

thawed. The effect of poor development from blastocyst thaw on clinic-specific out-

come can be discounted, as far fewer blastocysts were thawed compared to cleavage

stage. In addition, the majority were thawed from the two clinics with the highest

overall survival and development rates.

3.4.2 Derivation

In total 7 hESC lines were derived using four methods tailored to the morphology

of the blastocyst. Each of the derivations was distinctive. Although the stage and

morphology of each blastocyst were generally similar in each attempt, the behaviour

of the colonies was unpredictable; colony morphology and development was different

with each attempt. Day 5, 6 and 7 blastocysts were used successfully, and the number

of days until appearance of stem-like cells varied from 4 to 14. Five new hESC lines

were derived without LIF but with the addition of bFGF, confirming the suitability

of bFGF as a supportive factor for derivation and undifferentiated culture. This

also questions the usefulness, if any, of LIF for derivation of human lines as noted

by others (Daheron et al., 2004). Replication arrest was seen in two lines which

had been contaminated from an undetermined source. Following this, procedures

were implemented to minimise repeat incidences. Routine characterisation analyses

were performed on three lines, all of which displayed appropriate marker expression

and survived cryopreservation - thaw cycles. The remaining lines were not fully

characterised either because of poor thaw survival with current techniques, or because

they were not suitable for banking. From the seven lines, four are at various stages

of the deposition process with the UKSCB, one is pending submission and two are

unsuitable for banking due to their HD exclusion status.

Several methods were established with the aim of working towards a GMP com-

patible culture system. The development of alternative methods to isolate the ICM or

stem-like cells was a step towards this as it eliminated the need for animal serum com-

ponents used in immunosurgery. In addition, establishing that murine LIF was not

required for derivation, and the substitution for trypsin by recombinant TryplE
TM

Express in the culture of feeders also reduced the exposure of hESC to xeno prod-

ucts. Whilst the change to KOSR medium did not eliminate all animal components
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for routine culture, the more defined serum replacement (SR) component is substan-

tially better than batches of FCS previously in use. The establishment of Standard

Operating Procedures (SOPs) and the recording of the lot numbers of all consum-

ables and media components used, was a start to the processes required for clinical

grade qualification with respect to the full traceability of every aspect of the cell

line culture. Further culture adaptations towards GMP suitability are discussed in

Chapter 4.

3.4.3 Efficiency of derivation

Nearly 60% of frozen cleavage embryos survived thaw, of which more than half devel-

oped to the blastocyst stage, and 45% were used for one of the 4 derivation methods.

Of the 304 fresh cleavage embryos donated, nearly 40% reached the blastocyst stage

and 26% were manipulated and used. If a blastocyst was not used it was due to a

high proportion of the cells considered degenerate. Of the 162 blastocysts obtained

overall, 72% were suitable for use; an ICM was obtained from 36% and a further

34% were plated whole. 58% of the total blastocysts or ICMs attached to the feeder

layer, and seven lines resulted.

The method of plating resulted in differing efficiencies. Whilst the efficiency per

embryo donated was effectively the same (less than 2% for immunosurgery, mechan-

ical or whole), the efficiency per plated ICM or blastocyst varied with the type of

subsequent manipulation, which was selected depending on blastocyst morphology.

Efficiency was 7% for immunosurgery, 8% for mechanical and 4% for whole plating.

The data for laser is not yet comparable because of very low embryo numbers.

Table 3.9 shows that, as with implantation and clinical pregnancy rates, there

was an association between quality of the ICM and derivation efficiency. Use of grade

A ICMs resulted in the highest derivation efficiency; 25% from fresh blastocysts and

11% from frozen blastocysts. Grade B ICMs were also capable of giving rise to lines,

with an efficiency of 23% from fresh blastocysts, although no success from frozen

blastocysts. A poor efficiency was obtained from fresh blastocysts with grade C

ICMs (4%) but no derivation success from grade D or E ICMs. When considering

clinical pregnancy rates following single blastocyst transfer, the derivation rates seem

low, but as yet there has been no comparison reported. Blastocyst score has been

shown to effect implantation and pregnancy rates (Gardner et al., 2000) but two or
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more blastocysts were replaced and efficiency calculated per blastocyst transferred

so direct comparisons cannot be made.

No two hESC lines seem identical in either pluripotent marker expression, tran-

scriptional profiling, genetic stability or epigenetic stability (Allegrucci & Young,

2007; Skottman et al., 2005); a better understanding of the quality of the starting

material may help to elucidate some of these differences. It is clear that a good qual-

ity product cannot be made from poor quality starting materials. Just as pregnancy

rates are lower with poor quality blastocysts, so derivation rates may be. However,

the number of lines derived in this work is insufficient in isolation to draw conclu-

sions. It may also be that if poor quality blastocysts do generate hESC lines, they

are also of poor quality. Now that a number of derivation protocols have been es-

tablished and proven successful, attention must be turned to making good quality

lines, and establishing characterisation methods to validate this. For example, the

mitochondrial number and function within stem cells should be considered in order

to assess the efficiency of cellular metabolism and the quality of the cells (Cho et al.,

2006; Lonergan et al., 2007).

The numbers of lines generated from each derivation clinic is still too small to

ascertain significance in isolation for any of the variables in the culture systems.

Therefore in order to obtain the maximum information from each embryo used it

is important that data regarding derivation attempts is pooled and shared. Up to

September 2008, 38 lines have been accessioned to the UKSCB from UK clinics.

Table 3.15 details the number of lines at each stage. When deposition paperwork

has been completed but the cell line is not yet received by the UKSCB it is accepted.

A line is accessioned when it is received into the Bank. Following thorough quality

control and cell characterisation studies, pre-master, master and distribution cell

banks are generated and the cell line is released. Once released, with appropriate

paperwork, the lines become available for distribution. Only the UK data have been

included in this instance, as it is not a condition of derivation licences outside of

the UK to deposit each line in the UKSCB, and therefore the proportion of lines

submitted from international clinics is not known.
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Table 3.15: Number of UK-derived lines at the various stages of deposition to the
UKSCB as of September 2008. NYB: Not yet banked (if known).

Clinic Available Released Accessioned Accepted NYB Total
King’s College 1 2 3 1 3 10

Sheffield 7 2 9
Newcastle 1 5 3 9

Nottingham 2 2
Roslin 4 1 1 6

Edinburgh 4 4
Manchester 1 1 2

3.4.4 Characterisation

As there is no definitive marker for stem cell identity, a panel of markers has been

developed and accepted by the community to demonstrate likely pluripotency of

hESC lines. The UKSCB is currently validating semi-quantitative cell surface stain-

ing and transcription factor protocols and developing a characterisation strategy for

‘research’ and ‘clinical grade’ cell lines. KCL004, KCL008-HD2 and KCL009-trans1

demonstrated appropriate expression of pluripotent markers, were karyotyped and

were successfully thawed at early passage.

The ability of hESC to differentiate into cells from all three germ layers is also

part of routine characterisation. The differentiation capability of KCL008-HD2 is

discussed in Chapter 6. Differentiation studies were not performed with the other

lines. The studies are time consuming and a strain on resources and as all char-

acterisation tests are re-run by the UKSCB on accession, only pluripotency assays

were performed on the other lines. Further characterisation studies performed by

the UKSCB include validating comparative genome hybridisation microarray anal-

ysis as an alternative to conventional karyotyping and identifying a test regime for

adventitious agents.

3.4.5 Standards data

The response from the community agreed with the proposed need for international

dissemination of results and collaboration in order to progress the derivation field

as efficiently as possible. All but one of the categories proposed were voted as
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essential for recording in these early days of research and development, with the

final category of number of days until appearance of stem-like cells deemed desirable

for collection. In future modifications of the standard, it may be more useful to

allocate the categories on a continuous scale rather than a discrete scale for more

precise ranking.

Within the feedback generated, participants discussed the importance of includ-

ing all the metadata suggested. For example, the number of embryos used allows

comparisons between protocols, feedback to the IVF clinics on their culture systems,

and more accurate calculation of the efficiency of methods used. It may be the case

that an efficiency for each grade can be established. This will provide accurate in-

formation about the number of embryos needed to fulfill GMP need once derivation

in clean rooms to a clinical grade is commonplace.

3.4.5.1 Standards validation

Many years of clinical IVF experience has allowed grading systems for blastocysts

to be established judged by pregnancy outcome. However the criteria for stem cell

derivation may be different. The possibility of a subset of founder cells within the

ICM (Cauffman et al., 2009), and the role of TE cells in derivation should be con-

sidered. Genotype may be as, or more, influential on the outcome of derivation,

but until this information is reported these interactions may remain elusive. Fur-

thermore, morphological assessment is not the only approach for embryo selection

- the metabolic activity of the embryo may also be a key predictor, with a ‘quiet’

metabolism suggestive of a good prognosis (discussed further in Chapter 4).

From the validation of the grading system performed by ten embryologists, each

component achieved the minimum inter-observer agreement of 0.41-0.60, a ‘moder-

ate’ level. Therefore the system was deemed valid for use for grading blastocysts

for derivation attempts. Kappa analysis was not to determine whether the grades

assigned were correct, but that the embryologists agreed on the grade of each com-

ponent for each image.

There was ‘substantial’ agreement for expansion status, both for each individual

grade and the overall agreement (kappa of 0.73). While both alpha and gamma

grades for TE achieved a ‘moderate’ agreement by the embryologists, there was

some confusion over the beta grade, which only reached a ‘fair’ agreement. There
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was ‘moderate’ agreement overall for the TE appearance. There was ‘moderate’

agreement for ICM appearance (kappa of 0.53). As the overall kappa value increased

to within the ‘substantial’ range (0.71) when A (cells compacted, tightly adhered,

indistinguishable as individual cells) and B (less compacted, loosely adhered, some

visible as individual cells) were combined, this suggests that the observers were dis-

agreeing between these grades when looking at the pictures. Combining C and E

further increased the kappa value (0.74) but not significantly. Therefore, in future

planned revisions of the standard once data collection is complete, the aim is to

include clearer, or more, photographic examples, and to provide a more detailed de-

scription of each grade, particularly so that those scientists without an embryological

background will be able to grade accurately. These modifications are needed in or-

der to make the grades as meaningful as possible, and therefore to extract the most

accurate data from pooled reports.

As those scientists grading blastocysts for derivation will be looking at actual

samples, not pictures, and therefore able to focus throughout the planes of the blas-

tocysts, and rotate if necessary to see each cell component, it is expected that the

agreement will be greater than in this assessment. In addition, the culture of human

embryos to the blastocyst stage as a routine part of clinical IVF is only a recent

development, and common in only a few clinics. As the use of blastocyst culture

and day 5 transfer becomes the norm experience will improve, and it is likely that

agreement when grading will do likewise.

3.4.5.2 Data collection

Derivation data has been submitted up to September 2008 by eight clinics for central

analysis, including information about 36 hESC lines derived from 559 donated fresh

or frozen embryos. Blastocysts at day 5-8 and of a range of grades were used, with

the main plating methods being immunosurgery or whole culture. Stem-like cells

were first seen in culture from between 7 and 21 days. 22 of the lines were derived

on MEFs, 12 on HFF and 2 on hESC-derived fibroblasts. 25 lines were derived

under 5% CO2 in air, the remaining were at 5% CO2 and 8% O2. Of the 34 lines

for which karyotype was reported, 8 were abnormal. Whilst the data received so

far is insufficient to draw conclusions (36 lines represents only approximately 10%
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of the total lines known of), data collection continues, with the hope of providing a

derivation ‘baseline’ to maximise future embryo use.

Whether as a result of the standards publications or not, a number of recent

reports have included far more data than early papers, detailing each embryo used

and the outcome for each derivation attempt (Feki et al., 2008; Strom et al., 2007;

Turetsky et al., 2008). Furthermore, the standard has been incorporated as part

of the efforts of the European Human Embryonic Stem Cell Registry (hESCreg;

www.hescreg.eu), which aims to provide freely accessible information on existing

hESC lines, their derivation, molecular characteristics, use and quality (Borstlap

et al., 2008). The hESCreg also recognises that there is little coordination of hESC

line derivation, and comparative information on the characteristics and quality of

these cells is sparse. The collection of such data is difficult, however the integration

of this derivation standard with other initiatives under the hESCreg should lead to

a common and internationally accepted central reference.

144



Chapter 4

Optimisation of hESC culture
conditions

4.1 Introduction

The main parameters when considering hESC culture are three-fold; the gas phase

composition, the media used and the feeder system employed. The analysis of

whether alternative forms of these parameters are acceptable must be in the light

of successful embryo and hESC culture and qualification under GMP. Each of these

factors will influence the efficiency of derivation. The effect of oxygen tension on

embryo development and stem cell culture is discussed in Chapter 1. The limita-

tions of embryo quality on derivation success is discussed in Chapter 3. The studies

discussed here focused on the medium composition and the feeder cell type with the

aim to improve the derivation and culture of hESC.

4.1.1 Derivation medium

The culture medium used for the growth and propagation of the first King’s College

hESC lines relied upon conditioning of a base medium with Buffalo rat liver (BRL)

cells. BRL cells are a liver epithelial and parenchyma-like cell line. This line has been

used extensively in co-culture or as a source of conditioned medium (CM) to support

the development of mammalian pre-implantation embryos and the growth of ESC.

BRL cell co-culture or CM was first used on mouse one-cell embryos to overcome the

2-cell block in vitro (Hu et al., 1998). It was subsequently shown to confer benefit to

the development of bovine (Funston et al., 1997; Vansteenbrugge et al., 1994), and
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human (Hu et al., 1998; Stojkovic et al., 2004) embryos, and to maintain undiffer-

entiated growth of mESC in culture (Smith & Hooper, 1987). Further investigation

revealed that the cell line produced relatively high levels of insulin-like growth factor

II, transforming growth factor 13, leukemia inhibitory factor (LIF), stem cell factor

(Funston et al., 1997) and colony stimulating factor (Barmat et al., 1997).

The principle factor produced by BRL cells which supported undifferentiated

growth of mESC was identified as LIF (Smith & Hooper, 1987). Activation of

signal transducer and activator of transcription 3 (STAT3) via LIF receptor sig-

nalling appears sufficient for maintenance of mESC pluripotency. LIF is expressed

by endometrial and placental tissue during the uterine secretory phase in humans,

and plays a role in uterine function during pregnancy (Kojima et al., 1994). This

suggests that BRL cells might also be able to support later stage embryo develop-

ment. The addition of human LIF to culture medium has been shown to enhance

the proliferation of human blastocysts showing poor development with low cell num-

bers (Mitalipova et al., 2003). Based on these reports of the beneficial effects of

BRL cells, BRL CM was used in early attempts to derive hESC lines. Successful

derivation with the use of BRL CM has been reported (Pickering et al., 2003, 2005;

Stojkovic et al., 2004). However, human LIF is unable to maintain the pluripotent

state of hESCs despite functional activation of the LIF-STAT3 signalling pathway

(Daheron et al., 2004). It is likely that other growth factors present in the BRL CM

were responsible for the successful derivation of those early hESC lines. Since the

use of BRL CM would be unacceptable for culture of cells destined for clinical use,

alternative media are required.

BRL CM is not the only type of conditioned medium that has been used in hESC

culture. Medium conditioned by both murine and human feeders has been used

extensively in attempts to culture hESC in a feeder-free environment (Choo et al.,

2006; Xu et al., 2001), on human feeders (Richards et al., 2002) and in autogenic

systems (Xu et al., 2004). Whilst published reports discuss the issues arising from

xeno-contamination, little, if any consideration has been given to the components

of the milieu provided by the CM and the effect this may have on experimental

outcomes.
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4.1.2 Alternative feeder cell types

The feeder cells used for the growth and propagation of the first King’s College

hESC lines were MEFs derived from Swiss MF1 mice. The priority for this part of

the work was to validate a human source of feeder cells suitable for hESC derivation

and culture. The use of human feeders is not without concern regarding viral or

infectious agent transmission (Cobo et al., 2005; Stacey et al., 2006). However,

appropriately screened, qualified human feeder cells are currently the best possible

support for clinical-grade hESC (Unger et al., 2008) until feeder-free, fully-defined

systems become available.

4.1.2.1 Amniotic epithelial cells as feeders

Human placentas are routinely discarded following birth. They may be a useful,

readily available, non-controversial and clean source of tissue for feeder cells for

hESC derivation and culture, as long as the donating patients have been screened

in accordance with current GMP and EUTCD standards. Placental tissue expresses

a low level of major histocompatibility complex antigens and is involved in modu-

lating fetal tolerance (Parolini et al., 2008). This may prove beneficial if placental

tissue is approved as a feeder type for the culture of hESC for clinical use. The

amniotic epithelium of the placenta is an uninterrupted single layer of flat, cuboidal

and columnar epithelial cells in contact with amniotic fluid. Under certain high den-

sity culture conditions amniotic epithelial cells (AEC) form spheroid structures that

retain stem cell characteristics such as expression of OCT4/POU5F1 and NANOG

(Miki et al., 2005).

Amniotic epithelial cells have been used as a feeder source for maintaining primate

embryonic stem cells (Miyamoto et al., 2004) and human limbal epithelial stem cells

(Chen et al., 2007), and are able to support the differentiation of adult neural stem

cells towards specialized tissues (Meng et al., 2007; Ueno et al., 2006). AECs have

proved superior to cell-free matrices for primate ESC culture (Miyamoto et al., 2004)

but have yet to be tested as a feeder source for hESC derivation and culture. As the

embryo develops in close contact with extraembyonic membranes in vivo, placental

amnion may replicate the stem cell niche in vitro. AECs were assessed here as feeder

cells for hESC derivation and culture.
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4.1.2.2 Human foreskin fibroblasts expressing basic fibroblast growth
factor as feeders

Fibroblast growth factor (FGF) was originally identified in extracts of pituitary and

brain that stimulated the growth of 3T3 cells (Armelin, 1973; Gospodarowicz, 1974).

During embryonic development FGFs have diverse roles in regulating cell prolifer-

ation, migration and differentiation (Rifkin & Moscatelli, 1989). HESCs express

bFGF receptors (Xu et al., 2005) and bFGF is able to maintain undifferentiated

growth of hESCs in the absence of conditioned medium (Levenstein et al., 2006;

Xu et al., 2005). The action, at least in part, is through modulating the expression

of transforming growth factor beta (Greber et al., 2007). bFGF and insulin-like

growth factor have been described as cooperatively establishing the stem cell niche

(Bendall et al., 2007).

The FGF family are very labile proteins, sensitive to extreme pH, temperature

and proteases (Wolff et al., 1996). Daily supplementation with exogenous bFGF ap-

pears sufficient to support the undifferentiated growth of established hESC, but for

derivation of new lines the culture regime differs. Medium exchange is less frequent

and therefore little, if any, bFGF is likely to remain between medium exchanges.

bFGF-expressing germ layer derived fibroblast cells have been used for the culture

of existing hESC lines (Saxena et al., 2008; Unger et al., 2009). Such cells provide

a continuous source of bFGF for the maintenance of pluripotency, but were not val-

idated for the derivation of new lines. Human foreskin fibroblasts (HFF) expressing

bFGF were assessed here as feeder cells for hESC derivation and culture.

4.1.3 Aims

The next phase of development towards entirely xeno-free derivation and mainte-

nance of hESCs would be; the combination of mechanical or laser isolation of the

ICM, use of human feeder cells derived and cultured in defined xeno-free medium,

and the use of defined xeno-free culture medium in hESC culture. To that end, BRL

CM and a commercially available culture medium were analysed along with feeder

conditioned medium. The suitability of human AECs and HFFs as feeder layers in

the culture of existing hESCs and the derivation of new lines was also investigated.
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4.2 Method development

4.2.1 Growth of mouse embryonic fibroblasts

Before moving the culture of hESC to 5% oxygen, the growth of MEFs was assessed

in this condition. MEFs were thawed, expanded, and plated as described in section

2.2.2. To select the initial concentration for the growth analysis, wells were plated at

1, 2, 3, 4 and 5x104 cells/well and cultured for 5 days. The optimum concentration

was selected such that the cells on day 5 were not over-confluent.

Twenty wells at the selected concentration were prepared. On each of 5 days,

4 wells were fixed and the nuclei stained with DAPI (section 2.5.1). The number

of nuclei in 5 random fields of view were counted for each of the 4 wells, and the

average of the 20 counts taken. The percentage cumulative growth was plotted by

calculating the average cell number each day as a percentage of the number of cells

plated on day one.

4.2.2 Analysis of derivation medium

4.2.2.1 Human embryonic stem cell culture medium

Batch-to-batch stability of BRL CM and the commercially available knock-out serum

replacement (KOSR) was evaluated by measuring the levels of metabolic substrates

and by-products. Freshly made samples from 15 batches of hESC CM and 10 batches

of KOSR were collected and stored at -80◦C until analysis. A different batch was

defined as the use of a different vial of BRL cells or a different batch of SR. Analysis

was performed on the NOVA Bioprofile R© 400 exactly as in section 2.6. Morpholog-

ical and immunocytochemical analysis of hESC grown for a minimum of 10 passages

in KOSR was performed to ensure hESC maintained a stem cell profile in the com-

mercial medium (section 2.5).

4.2.2.2 Analysis of feeder conditioned medium

Representative samples of CM from MEF and HFF feeder cells were collected follow-

ing routine culture for CM preparation. Therefore cell counts were not performed to

plate equal numbers in each culture vessel, but instead thawed vials and subsequent

pellets on passage were split equally between flasks. Feeders were passaged 1 in 3

every 48 h. At this time the CM was collected, centrifuged at 1000 xg for 2 min to
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remove cell debris and stored at -80◦C until analysis. 15 samples were collected from

each cell type. Triplicate samples of the base medium without conditioning were also

collected as a control. Analysis was performed on the NOVA Bioprofile.

4.2.3 Isolation of amniotic epithelial cells

Human placentas were obtained with prior informed consent (National Research

Ethics Service (NRES) approval reference 08/H0802/7) from healthy women un-

dergoing uncomplicated elective caesarean deliveries at St Thomas’ Hospital. Only

those patients negative for HTLV-I, HIV and hepatitis B and C were approached.

Placentas were washed in sterile saline at the birth suite before being transported to

the Department of Women’s Health. All subsequent manipulations were performed

in a sterile class II cabinet or a laminar flow hood. Culture was at 5% CO2 in air at

37◦C.

Before beginning manipulations each placenta was photographed and measured.

The placentas were placed cord side up on a sterile sheet, and the cord cut close to

the surface and discarded. The amnion surface was then cut into quadrants through

the cord stump using a sterile scalpel. The amnion membrane was gently separated

from the chorion, from medial to lateral. The membrane pieces were washed through

several changes of Hank’s balanced salt solution (HBSS; Gibco Invitrogen) to remove

any blood, then placed in HBSS on ice to transfer to the stem cell laboratory at Guy’s

Hospital. The remaining placental tissue was double bagged and placed in clinical

waste for incineration.

The AEC isolation method was modified from two published reports (Miki et al.,

2005; Miyamoto et al., 2004). Four culture conditions were compared to select the

one most suited to the isolation and growth of AEC. For the initial digest of the

membrane the samples were placed in equal volumes of 0.25% trypsinEDTA and

incubated at 37◦C for 30 min. The samples were then washed thoroughly in HBSS

and incubated in 10 mL of 0.05% collagenase type I (Gibco Invitrogen) for 30 min at

37◦C to release the AECs. At the end of the incubation the samples were quenched

with 15 mL of 90% Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco Invitrogen)

with 10% FCS, before being strained through a 100 µm cell strainer (Corning) to

remove any undigested tissue. The cell suspension was centrifuged at 1000 xg for 5

min, the supernatant removed and the separate AEC pellets combined. Viability of
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the cell sample and total cell number obtained were assessed by trypan blue (Sigma

Aldrich) count on a haemocytometer.

4.2.3.1 Validation of culture conditions

The cell pellets were initially placed in one of four culture conditions on gelatin-

coated T25 flasks. Condition 1 was simple medium consisting of IMDM, 10% FCS

and 2% pen/strep. Condition 2 comprised simple medium supplemented with 10

ng/mL epidermal growth factor (EGF; Sigma Aldrich). Condition 3 was enriched

medium consisting of IMDM, 10% FCS, 4 mM L-glutamine, 1% NEAA and 2%

pen/strep. Condition 4 comprised enriched medium supplemented with 10 ng/mL

EGF. Pen/strep supplementation was withdrawn over the initial expansion. Media

was exchanged every 48 h with EGF added fresh to each batch. The initial me-

dia exchanges required an additional wash in PBS to remove residual blood cells.

Statistical analysis was carried out using Stata, version 9.2 (StataCorp, College Sta-

tion, Texas, USA). Linear regression was used to determine significant differences in

growth rates in the conditions.

To validate the isolation procedure, the supernatants were collected following

both the trypsinisation and centrifugation steps and a cell count performed to ensure

no cells were lost during this process. A sample from each amnion was cryopreserved

and then thawed to assess viability after thaw and percentage attachment after

plating.

Growth curves were initiated in each condition to compare the four culture me-

dia. 4x104 cells/cm2 were plated in 12 dishes for each condition. At two-day intervals

three dishes were trypsinised and cell counts performed. The medium on the remain-

ing dishes was exchanged. The number of unattached cells in each condition at the

first medium exchange was counted to assess the impact of cell attachment on the

subsequent growth rate.

The media samples collected at each exchange were analysed in order to confirm

that none of the conditions were growth limiting due to loss of metabolic substrate or

accumulation of toxic by-products. Throughout the isolation and culture, morpho-

logical characteristics of the AECs were monitored and documented photographically.

Once the best culture method was chosen, FCS was exchanged for synthetic

protein serum substitute (SPSS), and trypsin for TryplE Express to remove the
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animal components from the culture system. One half of an amnion was cultured in

enriched medium with EGF, the other half was cultured in enriched medium with

EGF but with substitution of FCS for SPSS. As SPSS is used in human embryo

culture this added no further components to the culture.

4.2.3.2 Pathogen testing

AEC samples from each placenta were submitted to the Microbiology department at

Guy’s Hospital and to Surrey Diagnostics for routine microbiological screening and

mycoplasma testing respectively. Negative viral status for HIV, HTLV and hepatitis

B and C was predetermined by selecting only serum-negative donors.

4.2.3.3 Characterisation of amniotic epithelial cells

The purity of the AEC was assessed after three passages using immunocytochemistry

and FACS analysis (section 2.5). The presence of antigens for cytokeratin (KRT;

indicative of epithelial cells), CD45 (universal marker for nucleated blood cells) and

POU5F1 (indicative of pluripotent cells) was analysed.

4.2.3.4 Preparation of feeder plates

Confluent flasks of AECs were inactivated and plated exactly as for MEFs (section

2.2.3). Efficacy of the inactivation time for this cell type was assessed by negative

staining for KI67 (strictly associated with cell proliferation). For determination of

appropriate cell density for hESC culture, feeders were initially prepared at 2.6x104,

3.9x104 and 5.3x104 cells/cm2. The densities chosen were for coverage of the culture

vessel surface and were based on the relative size of AECs to MEFs.

4.2.3.5 Evaluation of AECs as feeders

Undifferentiated, subconfluent colonies of hESC were manually dissociated and trans-

ferred onto prepared AEC feeder layers. Equivalent colonies were plated onto MEFs

as a comparison. After five days in culture, several plates were fixed and processed

for immunocytochemistry. The remaining hESC were passaged onto freshly pre-

pared AEC plates as required. The morphological characteristics of the colonies

were noted and documented photographically. After 3 months of continuous culture
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on AEC, several plates of hESC were fixed and routine characterisation performed

for pluripotency markers.

4.2.3.6 Derivation of new human embryonic stem cell lines

Cryopreserved embryos were thawed exactly as in section 2.1.2.3 and derivation

attempted by either mechanical isolation or whole plating exactly as described in

section 3.2.1. The feeder layer was the only variable, the technique and medium

used were identical to successful derivations on MEFs. Therefore ten blastocysts

with grade A ICM was set as the preliminary limit for derivation attempts, as this

was within the efficiencies set by derivation on MEFs (2 lines from 8 fresh grade A

ICMs, 1 line from 9 frozen grade A ICMs). Embryos came from three donors to

ensure any failure to derive was not due to the use of a single unsuitable donor.

4.2.4 Production of human foreskin fibroblasts expressing
fibroblast growth factor

A novel line of human feeders was investigated in collaboration with the Department

of Gynaecology and Obstetrics at the Medical School of the University of Geneva.

At the Medical School, by lentiviral transduction and cre-lox recombination, HFF

were modified to secrete human modified bFGF and express a green fluorescent

protein (GFP) selection marker. A fibroblast line was established through subsequent

subculture and manual selection for fluorescent cells. A HFF sample was acquired

from the Medical School for validation at passage 12, subsequent thawing, culture,

expansion and banking was performed exactly as for MEFs, described in section

2.2.3.

4.2.4.1 Pathogen testing

HFFs were received in medium containing pen/strep, gentamicin, amphotericin B

and Fungizone. These supplements were withdrawn from the culture and cell and

medium samples submitted regularly to the Microbiology department and to Surrey

Diagnostics for routine microbiological screening and mycoplasma testing respec-

tively.
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4.2.4.2 Characterisation of HFF

Positive GFP expression was confirmed at regular intervals, and preceding each cry-

opreservation. The concentration of bFGF secreted by the HFFs was 300 ng/ml

of bFGF from 400,000 irradiated cells, the equivalent of approximately 0.75 pg

bFGF/cell .

4.2.4.3 Preparation of feeder plates

Confluent flasks of HFFs were inactivated and plated exactly as in section 2.2.3.

KI67 expression was used to test the efficacy of the inactivation time for this cell

type. For determination of appropriate cell density for hESC culture, feeders were

initially prepared at 1.1x104, 2.1x104 and 4.2x104 cells/cm2. The densities chosen

were based on the relative size of HFF to MEFs.

4.2.4.4 Evaluation of HFF as feeders

Undifferentiated, subconfluent colonies of hESC were dissociated manually and trans-

ferred onto prepared HFF plates and MEF plates as a control. The morphologi-

cal characteristics of the colonies were recorded and documented photographically.

Plates of hESC were fixed after 3 months of continuous culture on HFF, and mainte-

nance of a pluripotent phenotype confirmed by routine characterisation. The deriva-

tion of new hESC lines on HFF was attempted exactly as for AECs.

4.3 Results

4.3.1 Growth of mouse embryonic fibroblasts in 5% oxygen

From the preliminary growth investigation, 1x104 cells/well was selected to compare

growth. Figure 4.1 shows the percentage of cumulative growth of MEFs over 5 days

in 21% vs 5% oxygen tension. There was no difference in growth rates between these

conditions and therefore subsequent embryo and hESC culture was performed at 5%

oxygen.
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Figure 4.1: Cumulative growth of mouse embryonic fibroblasts in 5% and 21% oxygen
tension.

4.3.2 Analysis of culture medium

4.3.2.1 Human embryonic stem cell medium

Simultaneous measurement of the levels of glutamine, glutamate, glucose, osmolality,

lactate, ammonium, Na+, and K+ of different batches of hESC CM and KOSR are

shown in Figures 4.2 and 4.3.

The change in medium for hESC culture to KOSR was successful. Attachment

following passage was equal to that of hESC CM. Initially cells appeared granular

in KOSR compared to the sister colony pieces remaining in hESC CM, but after 3-5

passages the morphology returned to normal. Colonies grew on top of the feeders

rather than pushing them to the side, and tended to form multiple layers as opposed

to the monolayer observed with hESC CM. Passaging was facilitated in KOSR, as

the colony pieces could be gently knocked off from the top of the parent colony,

rather than the cutting and delicate scraping required in hESC CM. Differentiation

following long-term culture without passage occurred mainly at the colony borders,

with occasional differentiated or necrotic cells being observed in the centre of the

colony. At high magnification, the individual cells retained the classic morphology,

that of a cobblestone appearance, high nucleus to cytoplasm ratio and prominent

nucleoli. Immunocytochemical analysis confirmed continued pluripotent status of
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Figure 4.2: Levels of (A) glutamine (B) glutamate (C) glucose (D) osmolality in
batches of hESC CM and KOSR.
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Figure 4.3: Levels of (E) lactate (F) ammonium (G) Na+ (H) K+ in batches of hESC
CM and KOSR.
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the hESC after a minimum of 10 passages in KOSR. Representative images are

shown in Figure 4.15.

4.3.2.2 Feeder conditioned medium

Simultaneous measurement of the levels of glutamine, glutamate, glucose, osmolality,

lactate, ammonium, Na+, K+ of different batches of MEF CM and HFF CM are

shown in Figures 4.4 and 4.5.

Table 4.1 compares the levels of metabolites and catabolites in the CM and KOSR

samples with published reports of the levels found in human serum, blastocoel fluid,

and the data available regarding toxic concentrations in cell culture and embryo

development.

Figure 4.4: Levels of (A) glutamine (B) glutamate (C) glucose (D) osmolality in
batches of MEF CM and HFF CM.
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Figure 4.5: Levels of (E) lactate (F) ammonium (G) Na+ (H) K+ in batches of MEF
CM and HFF CM.

Table 4.1: Levels of metabolites and catabolites found in the media used in ICM and
hESC culture, compared with human serum and blastocoel fluids. Toxic levels in
culture are included if known. Gln; glutamine (mmol/L), Glt; glutamate (mmol/L),
Glu; glucose (g/L), Na+; sodium ions (mmol/L), K+; potassium ions (mmol/L), Lac;
lactate (g/L), Amm; ammonium (mmol/L), Osm; osmolality (mOsm/kg).

Substance Gln Glt Glu Na+ K+ Lac Amm Osm
KOSR 2.33 0.13 4.16 126 4.4 0.00 0.00 326
BRL CM 2.08 0.35 3.47 144 7.3 0.64 0.53 368
MEF CM 4.75 1.04 3.59 114 4.6 1.08 2.00 316
HFF CM 4.72 1.08 3.42 111 4.4 1.46 1.74 313
Serum (approx) 0.57 0.06 0.90 130 4.6 0.07 0.04 290
Blastocoel fluid 0.11 167 32.6 0.20
Toxic - cell culture 1.8 - 2.7 2.0 - 3.0
Toxic - embryo 0.08
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4.3.3 Establishment of alternative feeder systems

4.3.3.1 Isolation of amniotic epithelial cells

NRES approval was sought for the project in January 2008. The application was

returned for revision in early February 2008 and approval granted in late February. In

total 8 couples were approached regarding placental donation, of which 6 consented.

Of the two couples that declined, one cited reasons as religious and one as cultural

(the placenta was to be buried).

Five of the six placentas were collected. For placenta 0801 the incorrect cell type

was isolated, likely to be chorion, and insufficient cells were obtained for culture.

Placenta 0804 was not collected as the caesarean was rescheduled. AECs collected

from placenta 0806 were contaminated with a fungus, possibly as a result of culture

or isolation technique. The cells were discarded the day after collection. Placentas

0802, 0803 and 0805 were obtained, and AEC isolated successfully. 2.3x106 cells were

isolated from 0802, 13.2x106 cells from 0803 and 2.6x106 from 0805. The surface area

of the amnion membrane of 0803 measured 267 cm2 whilst 0805 measured 408 cm2

corresponding to 4.9x104 cells/cm2 and 6.4x103 cells/cm2 respectively.

4.3.3.2 Validation of amniotic epithelial cell culture conditions

At the completion of the isolation procedure 90% of the AECs were viable as assessed

by trypan blue exclusion. Initial validation of the procedure confirmed that no

cells were found in the supernatant following trypsin digestion; subsequent to this

the supernatant was discarded. Just over 2% of the isolated cells remained in the

supernatant following collagenase incubation; increasing the centrifugation step to

10 minutes reduced this to under 2%. Viable cell counts before and after a freeze-

thaw cycle showed that only 5% of AECs lysed during the procedure. 85% of these

cells attached following plating, confirming that the cells were suitably robust for

banking.

Confluent cultures were achieved 6-8 days after plating all the cells from one am-

nion into a T75 flask. Evaluation of glucose, ammonium and lactate concentration

over 48 hours for three media exchanges revealed that the average loss of glucose was

10%, with 3.8 g/L remaining in the medium. Similarly, the average lactate produc-

tion was 1.05 mmol/L and average ammonium accumulation was 1.58 mmol/L.
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The growth of AECs was heavily density dependent, with little, if any, prolif-

eration at low densities. 2.1x104 cells/cm2 were plated for the initial growth curve

comparison. The first count on day two showed fewer than half the cells had attached,

and no further proliferation was observed over the following 6 days. When plating

concentration was doubled (4.2x104 cells/cm2), the culture was confluent in six days

in the EGF-supplemented conditions, and in eight days for the non-supplemented

cultures. To assess whether there was significant difference in the growth rates be-

tween the conditions, linear regression was used to estimate the daily rate of cell

growth in each medium as a percentage. Cell counts were log-transformed, and Nor-

mality confirmed by distributional plots. Censored values due to dishes becoming

confluent were considered as being censored at the largest observed value, and in-

terval regression used (Amemiya, 1973). As all dishes were seeded from the same

cell suspension, a single initial concentration was assumed. There was a significant

increase in cell growth of 10% in the enriched condition compared to the simple

condition (p<0.0001, 95% confidence interval (CI) 1.081-1.126). There was also a

significant increase in cell growth of 10% when the media were supplemented with

EGF (p<0.0001, CI 1.077-1.128). There was no evidence of interaction between the

enriched and enriched plus EGF conditions, instead a simple additive effect was ob-

served. Figure 4.6 shows an example of AEC morphology. Figure 4.7 details the

growth curve results.

The spent medium from the day 2 growth curves was collected to assess the

attachment of the cells in each condition. Table 4.2 details the attachment.

Table 4.2: Percentage of cells attached by 48 h after plating in the four test culture
conditions. Cells; cells plated, Un; unattached, Att; attached.

Medium Cells (x104) Un (x104) Att (x104) % attached
Simple 4 0.5 3.5 88
Enriched 4 0.4 3.6 90
Simple EGF 4 0.3 3.7 93
Enriched EGF 4 0.1 3.9 98

Considering the outcome of the preliminary experiments, enriched medium sup-

plemented with 10 ng/mL EGF was used for all subsequent culture.
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Figure 4.6: Morphology of AECs in the enriched medium with EGF supplementation
(A) Day 1 after plating, the cells are rounded having not yet flattened and spread
on the flask surface. Residual red blood cells can be seen (arrows). (B) Day 2 after
plating, some cells were beginning to flatten while others remained rounded. (C)
Day 3 after plating, the majority of cells flattened to form colonies. AECS remained
circular rather than extended as fibroblasts. (D) Day 7 after plating, a confluent
layer of AECs. Scale bar indicates 50 µm at x40 objective.
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Figure 4.7: Growth characteristics of AECs in the different culture conditions. EGF;
epidermal growth factor.

4.3.3.3 Human foreskin fibroblasts

The protocols and conditions for HFF culture were very straightforward. Enriched

medium without any supplementation was used, and the cells were expanded in

gelatin-coated T225 flasks. The cells grew very rapidly, when the cultures were

split one flask into 6 they were confluent 36-48 h later. A large bank of cells was

cryopreserved from a single starting vial, at between 13 and 16 passages.

4.3.3.4 Removal of animal components of the culture system

Figure 4.8 shows the morphology and growth of placenta 0805 after 6 days of culture

in medium supplemented by either FCS or SPSS.

The use of TryplE Express was equally successful as trypsin in detaching the cells

from the flask for passaging, with all cells released within 5 min using either enzyme.

4.3.3.5 Pathogen testing

Placentas 0802, 0803 and 0805 screened negative for microbacterial and mycoplasma

contamination. The first and last vial frozen in the HFF cell bank were tested and

were also negative. All cells originated from the same first vial so this showed the

cells had remained sterile during the scale-up procedure.
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Figure 4.8: Cultures of AECs in FCS (A-D) and SPSS (E-H) at 5, 8, 11 and 14 days
after plating at the same density. By day 11 the FCS cultures were confluent, and
by day 14 they were over-confluent and had lost their typical rounded morphology.
In contrast, negligible growth was observed in SPSS for the duration of culture. All
images at x4 objective unless indicated otherwise. Scale bar indicates 50 µm at x20
objective.
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4.3.3.6 Characterisation of feeders

The positive GFP status of the HFF was confirmed at regular intervals by FACS

analysis and fluorescence as shown in Figure 4.9.

Figure 4.9: Characterisation of HFF. (A) FACS analysis of hESC on HFF with no
antibody staining. Over 60% of the cells were GFP positive and therefore HFF feed-
ers. (B) Fluorescent image showing uniform expression of GFP. Scale bar indicates
50 µm.

Epithelial origin of AECs was confirmed by positive staining for KRT5 and 14.

This proved lack of contamination by other cell types during the isolation procedure,

such as by amniotic mesenchymal fibroblasts. The cultures were negative for CD45

proving the cells were not of haematopoietic origin. Whilst the AECs stained neg-

atively for POU5F1, they were positive for SSEA4 and the TRA antigens and were

negative for SSEA1. The TRA 1-60 and TRA 1-81 positive cells were solitary and

present throughout the surface of amniotic membrane without a specific pattern of

distribution, whereas SSEA4 was positive on all amniotic epithelial cells. HFF did

not show positive staining for any of the pluripotency markers. The AEC results are

shown in Figure 4.10.

4.3.4 Evaluation of AEC and HFF as hESC feeders

A 2 hour incubation with MMC was sufficient for inactivation of the AECs. This

was shown by negative staining for KI67 whilst hESC colonies cultured on the cells
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Figure 4.10: Characterisation of AECs. Cells were positive for KRT5 and 14, shown
in (A-D). (A) Bright field. (B) DAPI. (C) KRT5,14. (D) Merged image. AECs also
strongly expressed SSEA4 (E) DAPI, (F) SSEA4, and weakly expressed TRA1-60
(G) DAPI, (H) TRA1-60. Occasional cells were weakly positive for TRA1-81 (I)
DAPI, (J) TRA1-81. (K) Positive control for CD45, peripheral blood mononuclear
cells. (L) AECs were negative for CD45. All images at x10 objective unless indicated
otherwise. Scale bar indicates 50 µm at x10 objective in each panel.
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were positive for the proliferation marker. HFF cells required 3 h inactivation as

there was a small population of cells positive for KI67 after 2 hours. The expression

of KI67 after inactivation times are shown in Figure 4.11.

Figure 4.11: A colony of hESC cultures on AECs (A-D) and HFFs (E-F). (A,E)
Bright field, arrow indicates hESC colony. (B,F) DAPI. (C,G) KI67, staining visible
in the nuclei of hESC but not in the nuclei of feeders. (D,H) Merged images. All
images at x10 objective. Scale bar indicates 50 µm.

Three test densities were used to determine a suitable cell density for feeder

plates and assessed by initial hESC colony attachment and growth. Although some

colonies attached in all three conditions, the subsequent growth was variable. At

2.6x104 cells/cm2 the support from the AECs appeared inadequate, with the hESCs

either differentiating or lifting off from the feeders and degenerating in suspension

by 6 days after passage. At 5.3x104 cells/cm2, although some colonies attached, they

remained as a solid clump, and did not spread out over the feeder layer, ultimately

differentiating. However, at 3.9x104 cell/cm2 some colonies attached, spread flat and

exhibited normal growth at this first passage, such that the colonies required passag-
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ing after 5-7 days. Some of these initial colonies were fixed for immunocytochemical

analysis. In an identical approach the most appropriate cell density of HFFs was

selected as 2.6x104 cells/cm2. The morphology of these initial colonies on HFFs is

shown in Figure 4.12 and on AECs is demonstrated in Figure 4.13. All subsequent

feeder layers were prepared at these densities.

Figure 4.12: hESC colonies passaged onto HFF feeders at (A,B) 2.1x104 cells/cm2,
(A) day 1 after passage (B) day 3 after passage. (C,D) 2.6x104 cells/cm2, (C) day 1
after passage (D) day 6 after passage. (E,F) 3.2x104 cells/cm2, (E) day 1 after passage
(F) day 4 after passage. All images at x40 objective unless otherwise indicated. Scale
bar indicates 50 µm at x40 objective.

Once a suitable density had been determined, feeder layers were prepared for the

culture of hESC. On AEC although the growth of colonies that attached exhibited

similar morphology and characteristics to those of MEFs, the attachment rate was

very low for the first 6 passages. A 90-100% attachment rate would be expected from

manual passage of good quality, proliferating, sub-confluent colonies onto MEFs. The

rate of attachment to the AECs was sometimes as low as 10%. At passage 4 there
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Figure 4.13: hESC colonies passaged onto AEC feeders at (A,B) 2.6x104 cells/cm2,
(A) day 1 after passage (B) day 6 after passage. (C,D) 3.9x104 cells/cm2, (C) day 1
after passage (D) day 6 after passage. (E,F) 5.3x104 cells/cm2, (E) day 1 after passage
(F) day 3 after passage. All images at x20 objective unless otherwise indicated. Scale
bar indicates 50 µm at x20 objective.
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was only one colony growing on AEC from all of the original passaged plates. The

colonies showed the typical granular morphology of adapting cells, but were otherwise

normal in appearance as shown in Figure 4.14. The only subtle difference was at

the edges of the hESC colonies where the boundaries on AECs were not as sharp or

defined as on MEFs. Adaptation seemed to occur after approximately 7 passages,

from which point onwards the attachment improved to above 70% and passage was

required every 5-7 days. After 3 months in culture on AECs (10 passages), hESC

growth was indistinguishable from colonies cultured on MEFs and characterisation

was performed.

The hESC adapted rapidly to the HFFs, although the colony passage size needed

to be slightly larger than for MEFs for the first few passages. Attachment and growth

rates were indistinguishable from culture on MEFs. For the first few passages the cells

had a typical granular morphology of adapting cells, but otherwise the morphology

of the cells was normal. In general, colonies of HFF had one of 2 shapes. Whilst some

were round, the majority were long, thin and angular as shown in Figure 4.14. This

was because the HFFs grew in whorls rather than as dispersed cells like MEFs and

AECs. This has been noted by other investigators for a variety of human fibroblast

cells (Genbacev et al., 2005; Richards et al., 2002). The rapid proliferation of the

HFF and the successful adaptation of the hESC enabled the culture to be expanded

rapidly. Feeders were initially made in 4 well plates, but culture was soon expanded

to 3 cm and then 6 cm dishes, greatly facilitating scale-up of cells needed for some

experiments.

At both passage 1 and 10 on AECs, and passage 5 and 15 on HFFs, hESC ex-

pressed all the universally agreed markers of self-renewal and pluripotency. The cells

were positive for POUF51, SSEA4, TRA1-60 and TRA1-81 with negative staining

for SSEA1 as shown in Figure 4.15. Representative images on MEFs are shown in

Figure 3.13.

AECs appeared to reach senescence at P5 in culture, beyond which no signif-

icant growth was observed. Cultures were kept for over four weeks before being

discarded. In contrast, HFF were used at between passage 15-17 and showed no

signs of senescence.
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Figure 4.14: Morphology of hESC on various feeders. (A-C) hESC on AECs, (A)
P1, (B) P3 and (C) P7. Although granular in early culture, by P7 the cells appeared
adapted with normal growth and morphology. (D,E) hESC on HFF, (D) P1 and
(E) P3. The hESC adapted rapidly showing normal morphology and growth by P3,
although granular cells were visible earlier in culture. Comparison of morphology of
hESC colonies grown on (F) MEFs (G) HFF and (H) AECs. Note the round shape
of colonies on AEC and HFF compared with the long, angular shape on HFF cells.
All images at x40 objective unless otherwise indicated. Scale bar indicates 50 µm at
x40 objective.
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Figure 4.15: Characterisation of hESC on HFF (A-J) and AEC (K-T). HFF and
AECs support the growth of the hESC lines in an undifferentiated state, as demon-
strated by expression of markers of pluripotency. (A-E and K-O) DAPI images of
colonies and feeders. (F,P) POU5F1, (G,Q) SSEA4, (H,R) TRA1-60, (I,S) TRA1-81,
(J,T) SSEA1. Note that the green appearance of the HFF is due to GFP transfec-
tion not positive staining for the markers. All images at x10 objective. Scale bar
indicates 50 µm.
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4.3.5 Derivation of new hESC lines

Ten progressive day 5-8 blastocysts with a visible ICM were used for derivation

attempts on HFF feeders. Mechanical isolation of the ICM was used for 7 blastocysts,

and three were plated whole onto the feeders. All ten ICM/blastocysts had attached

to the feeders by 48 h after plating, and spread out on top of the feeders. However,

all ten cultures differentiated rapidly by 2 or 3 days after plating, and no ICM or

stem-like cells were observed at any point. The exception was blastocyst number 2,

but still the cells were not of convincing stem-like morphology. Upon differentiation,

giant cells were visible, and the cells were very granular. Therefore no cells could be

passaged, and all cultures were discarded after 15 d of observation. Figure 4.16 shows

examples of the rapid differentiation of the cultures. No further attempts were made

to derive lines, as the continued use of embryos in a system where no pluripotent cell

morphology had been observed could not be justified.

Ten progressive day 5-7 blastocysts with a visible ICM were used for derivation

attempts on AEC feeders. Mechanical isolation of the ICM was used for 5 blasto-

cysts, and five were plated whole onto the feeders. All ten ICM / blastocysts attached

to the feeders by 48 h after plating, and spread out on top of the feeders. Initial

morphology appeared hopeful, with seven cultures containing cells with typical ‘cob-

blestone’ morphology and prominent nucleoli. However, in three of these cultures,

the TE cells overgrew any cells of interest and the cultures rapidly differentiated. It

appeared from these initial experiments that the AEC were equally supportive to TE

as ICM proliferation. In subsequent derivation attempts, as much TE was removed

as possible in mechanical manipulations, or, more successfully, the whole blastocyst

was plated and then the TE cut completely away once the blastocyst had attached.

To encourage undifferentiated growth the concentration of bFGF was increased to

24 ng/mL. In two further attempts there was no continued growth of any cells, and

the colonies subsequently differentiated. One cell culture proliferated sufficiently to

be passaged to fresh feeder layers, but no further growth was observed and the cells

differentiated over the following days. Examples of these cultures are given in Figure

4.17.
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Figure 4.16: Examples of embryos used for derivation attempts on HFF. Blastocysts
at D5 (B) D6 (A,D) and D7 (C) of development, all with good quality ICM (arrows).
All cells rapidly differentiated and degenerated by D3-D14 of culture. The only
culture which displayed ICM-like cells was (D) on D1, where a dense cluster of cells
was visible (star) but this also differentiated by D13. All images at x20 objective
unless otherwise indicated. Scale bar indicates 50 µm at x20 objective.
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Figure 4.17: Examples of embryos used for derivation attempts on AEC. Blastocysts
at D6 (B,C,D) and D7 (A) of development, all with good quality ICM (arrows). No
cells of stem-like morphology were seen from embryo A, which differentiated and
degenerated by D12. Stem-like cells could be seen in all other cultures as indicated
by the stars. However, none were able to be propagated beyond P1. All images at
x20 objective unless otherwise indicated. Scale bar indicates 50 µm at x20 objective.

On the ninth attempt, a day 5 blastocyst graded as 2Bβ was plated whole onto

AEC feeders. After 24 h the blastocyst was still in suspension having further ex-

panded, so the blastocoele was pierced with a needle to deflate the blastocyst and

encourage attachment. In a further 24 h the blastocyst had attached and spread,

and ICM/stem-like cells were visible. Incisions were made around this cell clump,

and the TE cut and peeled away as far as possible. The following day, the cell clump

had proliferated, but was growing upwards and becoming more dense, rather than

spreading out. Close inspection revealed than some residual TE cells were enclosing

the cell culture and preventing it from spreading. Approximately one quarter of the

colony was cut and moved to a proximal place in the dish. The following day the

passaged portion had attached and displayed stem-like morphology, and the parent
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colony had proliferated and spread. The colony boundary was not defined, just as

observed when culturing existing lines on AECs. The following day the parent colony

was passaged onto fresh feeders, and continued to proliferate with an undifferentiated

morphology over the subsequent days. The stem-like cells were maintained in culture

until passage three, when differentiation occurred and the proliferating colony could

not be rescued. Figure 4.18 details the early morphology of the stem-like colony.

Table 4.3 details the embryo use for all derivation attempts.

Figure 4.18: The morphology of the stem-like colony on AECs during early culture.
(A) D5 blastocyst graded as 2Bα, arrow indicates the ICM. At day 3 after plating,
the expanded TE cells were visible, but the ICM cells had proliferated (star). Stem-
like cells were visible throughout culture until P3, when proliferation ceased and the
cells differentiated. All images at x40 objective unless otherwise indicated. Scale bar
indicates 50 µm at x20 objective.
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Table 4.3: Summary of the use of embryos for derivation attempts on AEC and HFF.
Mech; mechanical ICM isolation, diff; differentiation.

Embryo Grade Day Method Feeder Attach Stem Outcome
1 5Bβ 6 Whole HFF Yes No Rapid diff
2 5Aα 6 Mech HFF Yes Yes Rapid diff
3 5Aα 5 Mech HFF Yes No Rapid diff
4 2Bγ 6 Whole HFF Yes No Rapid diff
5 5Cβ 6 Mech HFF Yes No Rapid diff
6 6Cα 6 Mech HFF Yes No Rapid diff
7 5Bβ 6 Mech HFF Yes No Rapid diff
8 6Aα 7 Whole HFF Yes No Rapid diff
9 6Cβ 6 Mech HFF Yes No Rapid diff
10 6Bβ 8 Mech HFF Yes No Rapid diff

1 5Bβ 6 Mech AEC Yes Yes TE overgrowth, diff
2 5Aβ 6 Mech AEC Yes No No further growth, diff
3 6Cβ 7 Whole AEC Yes No Rapid diff
4 3Bα 7 Whole AEC Yes Yes P1, no further growth
5 3Aα 6 Mech AEC Yes Yes TE overgrowth, diff
6 3Bβ 7 Mech AEC Yes Yes No further growth, diff
7 4Bβ 6 Mech AEC Yes Yes TE overgrowth, diff
8 3Cα 7 Whole AEC Yes Yes No further growth, diff
9 2Bα 5 Whole AEC Yes Yes P3, no further growth
10 4Bβ 7 Whole AEC Yes No TE overgrowth, diff
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4.4 Discussion

4.4.1 Analysis of culture medium

4.4.1.1 hESC culture medium

The variation in levels of glucose, glutamine, glutamate, lactate, ammonium, sodium

ions, potassium ions and osmolality between the 10 batches of KOSR was negligi-

ble. Substrate levels were high, with just over 2 mmol/L glutamine, 0.15 mmol/L

glutamate and just over 4 g/L glucose. No lactate or ammonium was present in any

of the batches, confirming that these components had been removed from the serum

replacement fraction.

In contrast, there was pronounced variability in the levels of substrates between

the different batches of hESC CM. Glutamine levels varied from 1.75 to 3.5 mmol/L,

glutamate oscillated between 0.2 and 0.5 mmol/L and glucose levels varied from 3

to 4 g/L. One result of such elevated substrate levels was the production of toxic

by-products. The minimum lactate level in hESC CM was just under 0.3 g/L, while

the maximum value peaked three-fold higher at 0.9 g/L. Similarly, the lowest level of

ammonium recorded was just under 0.4 mmol/L, while the maximum level peaked

at just under 0.7 mmol/L. Both sodium ion and potassium ion levels were elevated

compared to KOSR, at around 140 mmol/L and 7.25 mmol/L respectively. The

osmolality of the medium was also raised, averaging at 370 mOsm/kg.

4.4.1.2 Analysis of feeder conditioned medium

In a similar outcome to the BRL-conditioned hESC medium, there was significant

variability in measured levels of substrates in the MEF and HFF conditioned medium.

Approximately 2 mmol/L of glutamine was utilised by the metabolising cells, with

a production of between 0.2-0.4 mmol/L glutamate, resulting in levels in the CM

of between 0.9-1.2 mmol/L. Variable catabolism of glucose was evident, with levels

between 2.5-4.0 g/L. The levels of lactate and ammonium were even higher in CM

from the feeder cells, with lactate the range a four-fold difference from around 0.4-

1.5 g/L in MEF CM and just under a two-fold difference of 1-1.8 g/L in HFF CM.

Ammonium concentrations peaked at 2.5 mmol/L in MEF CM, and reached 2.0

mmol/L in HFF CM. Levels of sodium ions, potassium ions and the osmolality of

the media were fairly consistent, with osmolality averaging at around 315 mOsm/kg
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for both cell types, the slight elevation from the base medium is likely to be due to

evaporation of medium over time, as the cultures were not under oil.

4.4.2 Effect of metabolite concentrations on cell cultures

Lactate excretion is due to incomplete oxidation of glucose by the glycolytic pathway.

The end product of this pathway is pyruvate, which is transformed to lactate in order

to maintain the oxidative status of the cell. Lactate can also be formed from sugars

other than glucose, and from glutamine. The toxic action of lactate is probably due

to the effect on pH and osmolarity of the culture medium, although only occurs at

relatively high concentrations of greater than 1.8-2.7 g/L (Hassell et al., 1991). The

concentration of lactate in the feeder CM peaked at 1.8 g/L. If this CM is used to

culture hESC in experiments, it is more than likely that lactate will exceed toxic

concentrations.

Ammonia release by cells is due to amino acid metabolism, mainly that of glu-

tamine. The L isomer of glutamine is routinely added to culture media to stimulate

growth. Glutamine is chemically labile in cell culture media, especially at 37◦C; con-

sequently chemical decomposition of glutamine also contributes to the soluble am-

monium levels. Accumulation of ammonium ions to concentrations of 2-3 mmol/L

has been shown to significantly inhibit the growth of cells in culture (Butler & Spier,

1984). The concentration of ammonium in the feeder CM peaked at 2.5 mmol/L,

therefore the levels of ammonium in some CM batches already exceeded toxic levels

before being used further to culture hESC.

The variation in levels of metabolic by-products in batches of CM raises issues

for interpreting experimental results. For example, were batches 5 and 15 of MEF

CM used when comparing the effect of different variables on the growth of hESC, an

inferior outcome may result from batch 15. This may not necessarily be due to the

effect of the variable, but because the hESC were exposed to levels of ammonium

in excess of those shown to be toxic in cell culture. Poorly defined culture medium

has the potential to cause considerable experimental error and variations in culture

artefacts over time. A key recommendation from the inaugural meeting of the In-

ternational Stem Cell Initiative (ISCI; (Andrews et al., 2005) was to develop a fully

defined generic medium that could be used throughout the field and would provide

a rational foundation for experimentation.
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It is unrealistic to suggest that use of CM in these early stages of research and de-

velopment should be avoided, as currently for many protocols there is no satisfactory

alternative. However, measures can be taken to minimise the variation. Large pooled

batches of CM could be collected so that the same batch is used for the span of the

experiment. Although limiting the volumes obtainable, CM could be collected from

inactivated, rather than proliferating feeder cells, when excretion of ammonium and

lactate is reduced. Less convenient than purchasing commercially available formula-

tions, but ultimately the most physiological approach, would be to develop modified

medium with appropriate substrate concentrations for the cell type.

4.4.3 Effect of metabolite concentrations on embryos during
derivation

Exposure of ruminant and rodent preimplantation embryos to ammonium results

in reduced intracellular pH, altered amino acid metabolism (Orsi & Leese, 2004),

depressed oxidative phosphorylation (Lane & Gardner, 2003), altered developmen-

tal kinetics, fetal retardation, exenchephaly (Lane & Gardner, 1994) and decreased

blastocyst cell number (Gardner & Lane, 1993). A significant reduction in blasto-

cyst cell number was observed at an ammonium concentration of 75 µmol/L. Altering

intracellular pH disrupts development in preimplantation hamster embryos, in part

due to disruption of mitochondrial organisation (Squirrell et al., 2001). Data suggest

that a ‘quiet’ metabolism during early development is consistent with successful em-

bryo development (Leese et al., 2007). Exposure to external stresses in culture may

compromise cell viability. Energy will be expended in an attempt to accommodate

repair processes and manifest in an active metabolism. Free plasma levels of glu-

tamine and glutamate in human plasma measure at 0.57 mmol/L and 0.06 mmol/L

respectively (Bergstrom et al., 1974), far lower for example, than the 2.3 mmol/L

and 0.1 mmol/L in KOSR. L-glutamine acts as an organic osmolyte and significantly

protects the embryo from hypertonic conditions when added to the medium, and

therefore this consideration should be balanced against ammonium production due

to breakdown of this amino acid.

The history of the use of glucose in embryo culture medium is long and con-

tradictory (Summers & Biggers, 2003) (and discussed further in Chapter 1). The

observation that glucose and phosphate caused arrest of 2-cell hamster embryos

180



4.4 Discussion

(Schini & Bavister, 1988b) had a major impact on the subsequent design of culture

media. Evidence now exists to suggest that the stage of embryo cultured and the

background composition of the medium used influences whether glucose inhibits de-

velopment. For example it was determined using mouse embryos that pyruvate is the

preferred source of energy in mature oocytes and zygotes, but that by the 8-cell stage

glucose becomes the preferred source (Leese & Barton, 1984). Similarly, the uptake

of glucose relative to pyruvate increases after the 8-cell stage in human development

(Leese et al., 1993) although pyruvate consumption remains high. However, whilst

glucose is consumed by isolated mouse ICMs (Hewitson & Leese, 1993), high concen-

trations of glucose are known to inhibit ICM development in the rat (De Hertogh

et al., 1991) and hamster (Seshagiri & Bavister, 1991). Enhanced glycolysis in-

hibits respiratory activity. Increasing concentrations of glucose accelerates glycolysis

which results in the production of appreciable amounts of ATP through substrate-

level phosphorylation. This reduces the need for oxidative phosphorylation through

the tricarboxylic acid cycle and the electron transport chain and therefore decreases

oxygen consumption (the Crabtree effect). As oxidative phosphorylation provides

the predominant source of ATP in the developing embryo this may be one reason for

the damaging effects of high glucose.

In vivo most mammalian cells are bathed in extracellular fluid of almost con-

stant osmolarity. In the artificial environment of in vitro culture, embryonic cells

have to avoid excessive alterations of cell volume that jeopardize structural integrity

and constancy of intracellular milieu. Alterations of cell volume and volume regula-

tory mechanisms participate in a wide variety of cellular functions including epithelial

transport, metabolism, excitation, hormone release, migration, cell proliferation, and

cell death (Summers & Biggers, 2003). When the osmolality exceeds 290 mOsm/kg

the development of mouse embryos is severely impaired, at osmolality below 230

mOsm/kg development is not affected. However, hypoosmotic conditions cause sper-

matozoa to swell which can lead to plasma membrane rupture (Jeyendran et al.,

1992). HESC have been shown to proliferate optimally at 350 mOsm/kg (Ludwig

et al., 2006). In the process of hESC derivation, there seem to be two distinct osmotic

environments needed for embryo and stem cell growth. Embryonic development is

optimum at 284±2 mOsm/kg while stem cell culture is optimum at 350 mOsm/kg
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- which impairs embryo development. How continuity is achieved between these re-

quirements needs to be considered. The osmotic shock induced to the embryo or

ICM when placed directly into KOSR or CM for derivation may contribute to the

current low derivation efficiency. The osmolality was around 315 mOsm/kg at the

lowest level in all media tested.

The analysis of concentrations of components in hESC CM confirmed that the use

of BRL CM in derivation attempts was unacceptable when the aim was to optimise

the use of every embryo entering the derivation programme. The variability and ele-

vated levels of metabolites and catabolites within the media can only be deleterious

to the fragile cluster of ICM cells trying to proliferate in an already suboptimal envi-

ronment. In addition, the use of an animal cell line for the production of CM raises

similar issues as the use of animal feeder layers in culture, namely the transmission

of xeno-pathogens to the human cells and the risk of immunological rejection. The

design of a medium that minimises the stress that is inevitably imposed on blasto-

cysts/isolated ICMs during derivation must be an aim for the improvement of hESC

derivation efficiences.

4.4.4 Design of derivation medium

Reports emerging at the initiation of this work cited the successful use of the com-

mercially available KOSR in the culture of hESC lines (Cowan et al., 2004; Inzunza

et al., 2005; Koivisto et al., 2004; Skottman et al., 2006a) and derivation of new lines

in this medium (Genbacev et al., 2005; Inzunza et al., 2005). Whilst still containing

a fraction of bovine serum, serum replacement is far more defined than using batches

of FCS. KOSR proved to be superior to hESC CM in terms of batch stability and

concentration of catabolites. It was also successfully used for the culture of exist-

ing hESC lines, and proved superior to hESC CM in thawing early passage cells.

However it is not necessarily optimum or appropriate for early blastocyst growth.

Considering the composition of KOSR it is evident that scant attention has been

paid to the requirements of the blastocyst/ICM in developing commercial culture

media.

As hESC are derived from the ICM of preimplantation blastocysts, it would seem

prudent when trying to design derivation medium to consider the in vivo niche within

which the ICM develops. The blastocoel fluid forms the microenvironment of the
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ICM and its composition is controlled by the TE cells. The Na+ and K+ concentra-

tions in blastocoel fluid of in vivo produced mouse blastocysts has been measured at

167 mmol/L and 32.6 mmol/L respectively (Borland et al., 1977). Lactate concen-

tration in blastocoel fluid was measured as 2.22 mmol/L and glucose concentration

was found to be 0.59 mmol/L when in vitro matured murine blastocysts were incu-

bated in medium with levels of metabolic substrates close to those found in oviduct

fluid (Brison et al., 1993). In excess external lactate and glucose however, the con-

centrations in the blastocoel reached 14.6 mmol/L lactate and 2.30 mmol/L glucose.

Lactate is accumulated in the blastocoel cavity to high concentrations, probably as a

result of its excretion by the cells of the TE and the ICM during glycolysis. The me-

dia available commercially for the growth of stem cells provide glucose and glutamine

far in excess of physiological concentrations, such that the inevitable outcome is ac-

cumulation of ammonium (from glutamine degradation and cell metabolism) and

lactate (from incomplete oxidation of glucose and cell metabolism).

To minimise the build-up of ammonium and lactate in culture, medium should

be exchanged regularly. This may be detrimental in early derivation stages when

conditioning of the medium is likely to be important, and therefore other approaches

should be considered. Most of the ammonium accumulating in mammalian cell cul-

ture is derived from deamination of glutamine to glutamate catalysed by glutaminase.

Substitution of glutamate for glutamine, or other amino acids, would ameliorate this

problem. The turnover of only three amino acids (asparagine, glycine and leucine)

in human embryos has been significantly correlated with clinical pregnancy and live

birth (Brison et al., 2004). Therefore supplementation of the entire spectrum of

non-essential amino acids in culture medium may not be necessary for derivation.

Alternatively, the excess formation of ammonium due to glutamine catabolism could

be reduced by limiting glutamine and potentially glucose provision to just that ac-

tually required by the feeders and hESC. A system for removal of ammonium from

culture media by in situ enzymatic conversion to glutamate has been suggested as

another means of reducing ammonium toxicity (Lane & Gardner, 1995). However

this method is only effective to the point of equilibrium between glutamate and

ammonium.

Defining the microenvironment to which the cells of the ICM are exposed could

indicate ideal culture components for use in the very early days of derivation, al-
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though it is acknowledged that this is complicated by the requirements of the feeder

cells used for hESC derivation. Indeed neglect of the specific requirements of somatic

cells in co-culture can result in the loss of their in vivo morphological and functional

properties, such as absorption, transcytosis and secretion. This may impact on their

embryotrophic properties (Orsi & Reischl, 2007). Therefore in a co-culture system

both cell types must be considered, although focus on the embryo in the early stages

may be beneficial to derivation efficiency.

The composition of KODMEM and KOSR is proprietary, and the only informa-

tion available in the public domain is that neither contain L-glutamine, the glucose

concentration in KODMEM is 4 g/L and that KOSR is a defined, serum-free for-

mulation. Future work will aim to develop an alternative medium for derivation of

hESC lines based on physiological principles and the minimum need of substrates for

both the embryo and the feeder system, optimising the conditions for the early days

of hESC derivation and thus increasing the chances of obtaining a line from each

embryo used. This work is already underway for the culture of existing lines in the

International Stem Cell Initiative (ISCI) phase two study. Four research laborato-

ries are comparing 10 defined media in order to select three for testing by the whole

consortium. Continuing development of novel media, supplements and substrates is

also ongoing in many laboratories, such as those involved in ESTOOLS - the largest

grouping of hESC researchers in Europe. The collaboration involves 21 academic and

commercial research teams spanning 10 countries, with a focus to develop the tools,

techniques and expertise necessary for eventual medical, pharmaceutical and bioin-

dustrial applications of hESC research. Focussing on the development of medium

specifically for derivation would complement such existing studies.

4.4.5 Alternative feeder systems

Three cultures of AECs were established and characterised including; multiple freeze-

thaw cycles, appropriate marker expression and successful use as a feeder layer to

support the undifferentiated growth of hESC. The surface area of the 0803 am-

nion membrane measured 267 cm2 (4.9x104 cells/cm2) and 0805 measured 408 cm2

(6.4x103 cells/cm2). Whilst no conclusions can be drawn from only two cell counts,

an association between small placentas and increased efficiency of placental nutrient
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transport has been suggested (Sibley et al., 1997) which may account for the higher

cell yield from the smaller membrane.

The culture of HFFs was straightforward with the use of the same protocols as

for MEFs.

4.4.6 Validation of culture conditions

Initial attachment of the AECs seemed to take up to 48 hours, beyond which no

further attachment was evident and subsequent media exchange removed any non-

viable cells from suspension. Confluent cultures were obtained 6-8 days after plating.

Whilst consistent with published results (Miyamoto et al., 2004), this was signifi-

cantly longer than for MEFs which were confluent in 2 days. The growth of AECs

was heavily density dependent, with little, if any, proliferation at low densities. This

has been noted by other researchers (Parolini et al., 2008). Therefore consideration

regarding passaging regimes and split ratios was important. HFFs proliferated very

rapidly and became confluent overnight.

Significantly greater growth rates were observed for AECs in enriched medium

versus simple, and also with the addition of EGF. Higher attachment rates were also

observed in enriched and supplemented media. Enriched plus EGF was therefore

the most favorable condition and used for all subsequent culture. No significant

depletion of metabolites from the medium were observed, therefore substrates were

not rate limiting. EGF may function as a regulatory factor in the migration of

epithelial cells and in the mobility of their cell membranes (Keski-Oja et al., 1981).

This may explain the superior attachment in supplemented conditions, and therefore

more rapid expansion of cells. Further optimisation would be necessary to determine

the most suitable concentration of the growth factor.

4.4.7 Removal of animal components from the culture sys-
tem

Once a successful culture system was established for AECs, SPSS was substituted

for FCS. SPSS is used in human embryo culture during clinical IVF and therefore

introduces nothing new to the culture of hESC. However the attachment and growth

of the cells in SPSS was negligible. As the growth of AECs was dependent on density,

poor attachment could have prevented further growth in this condition. Therefore,
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an AEC sample was plated in FCS, but at the first feed SPSS was exchanged for

FCS. As in the first attempt, no significant further growth was observed during 16

days of culture. The AECs are likely to require a cocktail of growth factors for pro-

liferation as do differentiated adult cells. These are not provided in SPSS which is

optimised for embryo growth that requires little, if any, growth factor supplementa-

tion. Determining the exact growth factor combination required by the AECs may

still enable a synthetic serum substitute to be used.

The derivation of clinical grade lines has been reported (Crook et al., 2007), but

KOSR and FCS were used in various stages of culture. Although these components

were qualified to GMP standards it remains to be seen if culture can be achieved

without any trace of xeno material. In the light of the data available showing incor-

poration of non-human sialic acid by hESC cultured with animal products (Martin

et al., 2005), these clinical grade cells could be rejected if transplanted, therefore a

complete xeno-free system is required.

4.4.8 Pathogen testing

All placentas placed into long term culture were negative for microbacteria and my-

coplasma. It has been suggested that collection of placentas from caesarean sections

may be preferable to placentas following vaginal delivery as the latter have a higher

occurrence of bacterial infection (Parolini et al., 2008). The HFF also screened

negative for microbacterial and mycoplasma contamination.

4.4.9 Characterisation of feeders

The immunocytochemical profile of the AECs was consistent with published charac-

terisation of this cell type (Parolini et al., 2008). The negative result for CD45 ruled

out blood contamination while positive expression of KRT5,14 corroborated the ori-

gin of the cells as epithelial. A stem cell population has been reported within the

amnion and amniotic fluid (De Coppi et al., 2007; Miki et al., 2005). The expression

of POU5F1 and NANOG was enriched in cells maintained over the basal layer of

more differentiated cells (Miki et al., 2005). That style of culture system was not

employed in this instance and the AECs were consistently negative for POU5F1.

The expression of other pluripotent markers on the AECs is in accordance with

published reports (Miki et al., 2007; Parolini et al., 2008). While some placenta
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tissues are derived from trophectoderm, amniotic epithelia are derived from the

pluripotent epiblast. It is reasonable to speculate as AECs retain pluripotent stem

cell characteristics when cultured in a particular three-layer system (Miki et al.,

2005), that when cultured as feeders, they may also express some pluripotent mark-

ers. The seemingly random pattern of TRA1-61 and TRA1-80 positive cells sug-

gested that they did not reside in specific stem cell niches (as clusters of positive

cells would suggest). Rather AECs seemed to express a residual epiblast phenotype.

The SSEA4 antibody may react to a wide-range of epiblast-derived stem cells. The

absence of POU5F1 eliminates confusion between the AECs and the hESC colonies

in co-culture.

The GFP status of the HFF cells was beneficial for FACS analysis, as the feed-

ers could be completely excluded when hESC were stained with a TRITC or PE

fluorophore.

4.4.10 Evaluation of amniotic epithelial cells and foreskin
fibroblasts as suitable feeder layers

Overgrowth of feeders due to inadequate inactivation is unfavorable for hESC cul-

tures, and would be particularly detrimental in the early stages of derivation. There-

fore the time required for complete inactivation of the two feeder types was deter-

mined; 2 hours for AEC and 3 hours for HFF.

AECs appeared to reach senescence in culture at P5. Beyond this no significant

growth was observed even though the cells were kept in culture for four weeks.

Reports of senescence range from 2-6 passages (Parolini et al., 2008). MEFs also

senesce by P5 and this limits the size of bank of these cell types. In contrast,

HFF were used at between passage 15-17 and showed no signs of senescence. The

advantage to this behaviour is the ability to create a very large cell bank from one

batch of starting material, which can then be used for long-term culture. However,

the suitability of genetically modified cells as feeders for the culture of hESC for use

in clinical therapy is questionable.

AECs and HFFs were used successfully to culture existing hESCs in a pluripotent

state for at least 3 months, or approximately 10-15 passages. The hESC expressed

appropriate pluripotent markers after this time. Not all human cell types share
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this property (Genbacev et al., 2005; Richards et al., 2003). However, successful

derivation of new hESC lines is the definitive test for a novel feeder system.

4.4.11 Derivation of new lines

All 10 blastocysts used for derivation attached to the AEC feeder layer. Seven formed

outgrowths containing ICM/stem-like cells. Two could be passaged, and one formed

a putative hESC culture although it arrested at passage 3. Derivation attempts will

continue on AECs due to the early success with this cell type, and the advantages

these cells could offer over MEFs and HFF feeders.

As the embryo develops in close contact with extraembyonic membranes in vivo,

it was thought that placental amnion might replicate the stem cell niche in vitro.

The decision to proliferate and self-renew or differentiate is governed to a great

extent in vivo by the microenvironment in which stem cells reside. The concept of

a stem cell niche originated in the haematopoiesis field (Adams, 2008). Compared

with somatic cells, little is known currently about the specialised microenvironment

that gives rise to the transient stem cell population of the early stage human embryo.

Contact with the extracellular matrix and with other cells is a mechanism for sensing

the microenvironment and making decisions that govern cell fate. The ability of

AEC to support the growth of hESC in an undifferentiated state for at least 10

passages in serum replacement, rather than serum, suggests that the cells secrete

supportive proteins into the culture milieu. Preserved amniotic membrane has been

shown to express mRNA for a number of growth factors and growth factor receptors

including EGF, bFGF, transforming growth factor alpha (TGF-α), TGF-β, TGF-

β2 and TGF-β3 (Koizumi et al., 2000). Of these, bFGF and TGF-β have been

implicated in the maintenance of the pluripotent stem cell state (Greber et al.,

2007). In addition, AEC express no major histocompatibility complex (MHC) class

II and fewer MHC class I molecules, and acute immune rejection does not occur after

the transplantation of human amniotic epithelial cells (Akle et al., 1981). This may

prove a great advantage when considering strategies to produce hESC for clinical

use.

HFF were comparable to MEFs as feeders for existing hESC. As a culture system

they are superior given their robust proliferation and late senescence. However, it was

not possible in this instance to derive novel lines in this system, on these particular
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cells. The reason for this is not known for certain, as other foreskin fibroblast lines

have been used successfully to derive more than 30 lines (Hovatta et al., 2003). It

is possible that the passage number used is critical to success. A similar observation

has been made with MEFs. The expression profile of secreted factors in CM from

a supportive and non-supportive MEF line has been assessed (Chin et al., 2007).

Thirteen proteins were found to be downregulated in the non-supportive MEFs, of

which 4 were soluble factors related to growth stimulation and/or differentiation

and 3 were membrane-associated or related to the extracellular matrix. Therefore

differences in conditioning by human feeders of the same cell type but different

donors may be responsible for the variation in support to derivation and culture

of hESC. One further possibility with the HFF analysed here is the high level of

bFGF secretion by these cells. At the cell density used for culture bFGF secretion

was approximately 300 ng/mL. Whilst addition of bFGF is beneficial in maintaining

undifferentiated growth, generally 4-16 ng/mL is used. bFGF is involved in multiple

signalling pathways, for example, concentrations equal to or above 20 ng/mL are used

in neural differentiation protocols (Hong et al., 2008; Ying & Smith, 2003). During

the early days of derivation it is possible that signals from the HFF may have caused

the ICM cells to differentiate and therefore lose their pluripotent and self-renewing

phenotype. However, it seems that the microenvironment created is conducive to

self-renewal and robust proliferation of established hESC lines. Whilst the HFF

provided an excellent culture system for expansion of hESC for experimentation,

and as a research tool they have many potential applications, they failed to support

derivation. This, combined with the genetic modification of these cells, is likely to

render them unsuitable for future clinical application.

The important but often overlooked point highlighted by these results is that

it is not sufficient to validate a culture system solely by growth of existing hESC.

These cells seem rather indifferent and sufficiently robust to grow on a variety of

feeders. Validation of a new system requires derivation of a new line, maintenance

for at least 10 passages, and fully characterisation. As demonstrated, both AECs and

HFFs supported the undifferentiated and pluripotent growth of existing hESC lines,

but only AECs were able to sustain growth of the embryo and early stem-like cells.

When selecting a feeder system, not only must suitability for derivation be proven

but other considerations should include the ability to document full provenance of
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the cell type and the capacity of the cells to grow without serum. As a summary,

Table 4.4 compares the main features of the three feeder systems investigated and

their suitability for use as clinical grade feeders.

Table 4.4: Main features of MEF, AEC and HFF culture systems. Isolation; ease
of obtaining primary tissue, Validation; likelihood of validation for clinical use, Cell
density; density required for culture of hESC, in cells/cm2, Derivation; derivation of
new hESC lines, blast; blastocysts, GM; genetically modified (immortalised).

Consideration MEF AEC bFGF-HFF
Isolation Moderate Simple (discarded tissue) Difficult
Validation Unlikely Probable (donor screening) Unlikely
Senescence passage P5 P5 >P17
Supplementation None EGF None
Time to confluence 2d 6-8d 1d
Cell density 2.6x104 3.9x104 2.1x104

Supportive to hESCs Yes Yes Yes
Derivation Yes Most likely No
Efficiency 7 lines, 39 blast 1 P3 culture, 10 blast 0 lines, 10 blast
Other Xeno-product Immunoprivileged GM
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Chapter 5

Assessment of pluripotency and
patterning in single human
blastomeres

Current research focuses on the potential uses of stem cells in medicine and how

they can provide effective treatment for a range of diseases. This approach has

resulted in the field of medical practice called regenerative medicine. To attain the

promises of regenerative medicine, it is necessary to fully understand the biology and

properties of stem cells, achieve their successful differentiation into functional tissues,

overcome the barriers related to immune responses after administration, and assess

any oncogenic properties that limit their use. The availability of human stem cells

not only raises hope for cell replacement therapies, but also provides a system for

understanding the mechanisms of embryonic development and disease progression.

5.1 Introduction

The mechanisms that establish patterning and lineage decisions in the mammalian

embryo are a subject of fierce debate. Whether there are axes present in the oocyte

that influence future polarity, or whether the blastomeres of early embryos are naive,

has been studied in a great many elegant and often tenacious experiments with

mouse embryos (Chapter 1). Whilst molecular studies have been attempted with

single blastomeres, as yet there has been no report of a molecular bias with respect

to multiple lineage markers in individual cells of the same embryo. The pluripotent

capacity of single non-human mammalian blastomeres has been investigated by the

production of live offspring as discussed in section 1.10.0.1. Considering that this
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approach cannot be taken with human material, currently the most robust assessment

of pluripotency in human blastomeres is to ascertain the potential of these cells to

generate hESC.

5.1.1 Molecular studies

One theoretical interpretation of the cleavage hypothesis is that the two blastomeres

inheriting the full animal-vegetal (A-V) axis at the second cleavage are precursors of

the ICM, the blastomere inheriting mostly animal cytoplasm gives rise to the TE and

the blastomere inheriting mostly vegetal cytoplasm is the precursor to the germline

(Edwards & Beard, 1997). Whilst not so prescriptive, experimental work has shown

that differential inheritance of cytoplasm from the A-V axis occurs due to meridional

or equatorial divisions of the 2-cell embryo (Gardner, 2002), and the progeny of one

two-cell blastomere contributes to the ICM and polar TE and the other to the mural

TE (Piotrowska & Zernicka-Goetz, 2001). There are several studies addressing the

molecular basis of this differentiation.

The existence of a single TE precursor cell at the human 4-cell stage has been

reported following the identification of βhCG mRNA in only one of the four blas-

tomeres (Hansis et al., 2002). Negative correlation between βhCG and POU5F1

was then demonstrated (Hansis et al., 2004), suggesting a role for βhCG in early

cell allocation. It must be noted however that only abnormally developing human

embryos were investigated. The measurement of POU5F1 expression in individual

blastomeres showed that at the 4-5 cell stage the majority, but not all, of the blas-

tomeres were positive for this pluripotency marker. Expression fell to about one

third of cells at the 7-10 cell stage (Hansis et al., 2001). In a subsequent study us-

ing morphologically normal diploid embryos, variability of protein expression within

embryos and between embryos of the same stage was observed, but all four cells

were positive for POU5F1 in some 4-cell embryos (Cauffman et al., 2005b). The

analysis of POU5F1 expression is complicated by the presence of two isoforms, only

one of which identifies, but not exclusively, pluripotent cells (Cauffman et al., 2006).

Caudal type homeobox 2 (Cdx2) has been proposed as a TE marker in murine de-

velopment. Studies have proposed that Cdx2 mRNA is localised in the oocyte and

becomes exclusively segregated into one of the two cell blastomeres at division (Deb

et al., 2006). One 2-cell contributed solely to the ICM and the other solely to the
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TE. This contradicts observations from both the regulative and prepatterning groups

and therefore warrants further attention.

In normal development each blastomere of the 8-cell embryo acquires clear apical

and basolateral domains - the initiation of cellular polarity. Polarity is retained dur-

ing division to 16 cells so that depending on the orientation of division with respect

to the polar axis, either two polar cells (conservative division) or one polar and one

apolar cell (differentiative division) result. Whether a blastomere undergoes one or

the other forms of division seems to be influenced by the partitioning defective (Par)

proteins in murine development. These proteins were originally identified in model

organisms as regulators of polarity. Both Par3 and its complex with atypical protein

kinase C adopt a polarised localisation from the 8-cell stage onwards; manipulating

these proteins re-directs cell positioning and consequently influences cell fate (Plusa

et al., 2005).

Epigenetic factors also seem to play a role in early lineage segregation. H3 methy-

lation is maximal in the blastomeres at the 4-cell stage that contribute progeny to

the ICM and polar TE in the mouse (Torres-Padilla et al., 2007), suggesting some

level of epigenetic control of lineage determination. Overexpression of H3 methyl-

transferase in individual blastomeres can cause an upregulation of Nanog and Sox2

and direct the fate of the cells to ICM.

Whilst the timing and expression of lineage markers has been investigated in

whole human embryos (Kimber et al., 2008), there has as yet been no systematic

analysis of normal, progressive single human blastomeres. The definitive evidence

of patterning would be to identify a single gene or protein that clearly marks the

fate of different early embryonic cells, like those already identified in the frog or fly

embryos. Analysing multiple markers of ICM, TE and germ line might be one means

to assess whether there appears a bias within a cell to a particular lineage.

5.1.2 Derivation of stem cells from single blastomeres

The derivation of hESC from single human blastomeres is the most robust method

currently available to assess pluripotent status. Derivation from all the individual

cells of the 2-, 4- and 8-cell embryo would need to be attempted in order to address

cell fate questions. Derivation of mESC from single biopsied 8-cell blastomeres has

been reported (Chung et al., 2006). Using a co-culture method with established
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mESC lines, 5 lines were generated from 125 blastomeres (4% derivation efficiency).

Subsequently a more efficient method was described, generating lines from 2-, 4-

and 8-cell blastomeres with an average efficiency of 60%, 30% and 15% respectively

(Wakayama et al., 2007). The reduction in efficiency reflected loss of pluripotency

with cell age. In a smaller subset of experiments this group considered the ability

of each cell within an embryo to give rise to a mESC line. Successful derivation

from both 2-cell blastomeres was demonstrated, but not from all four or all eight.

However, the number of embryos was small and the overall derivation rate far lower

than that described for biopsied cells, perhaps indicating technical problems with

isolating all the blastomeres.

Derivation attempts specifically from all sister blastomeres of mouse embryos has

been reported. From 2-cell blastomeres both cells outgrew in 60% of cultures, and

only one cell outgrew in 25%. From 4-cell blastomeres all four cells outgrew in 6%,

three cells in 6%, two cells in 22% and one cell in 44% of attempts. mESC lines

were only established from individual 2-cell blastomeres (Lorthongpanich et al.,

2008), with 4 lines from 72 blastomeres. However, a strain of mouse known to be

particularly difficult to derive from was used. This complicates the interpretation of

the study with respect to pluripotency of individual blastomeres, while highlighting

the difficulty of comparing results from different mouse strains and extrapolating

mouse results to the human.

Unsuccessful derivation of hESC from conjoined pairs of sister 8-cell blastomeres

was first reported (Fong et al., 2006). Blastomere-derived cell aggregates were grown,

however after these structures were placed on MEFs, they failed to develop past the

initial formation of a small colony of hES-like cells. The hESC medium used by this

group contained fetal bovine serum but no basic fibroblast growth factor (bFGF).

Undefined components of serum can promote differentiation, and bFGF supports

the undifferentiated growth of hESC. The culture medium used in these experiments

may therefore explain why the hESC did not proliferate past initial outgrowths.

This was followed by a report of the derivation of two lines from 91 single 8-cell

blastomeres (2% efficiency) (Klimanskaya et al., 2006). A green fluorescent protein

(GFP)-expressing hESC line was used for co-culture with the blastomeres. Given

the failure to produce viable offspring or derive mESC from four-cell mouse blas-

tomeres, it is somewhat surprising that successful derivation from a human 8-cell
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blastomere has been achieved. It suggests that the effect of co-culture with an ex-

isting hESC line may have proffered an advantage to the cell over and above its

intrinsic potential. Given the premise for the experiment was political not scientific,

these research avenues were overlooked. However, further work from the group re-

ported the generation of hESC with a higher efficiency using co-culture, and also

one hESC from a single 8-cell blastomere without co-culture (Chung et al., 2008).

The addition of laminin to the culture medium was identified as the basis for the

enhanced efficiency and the success without co-culture. This supplement appeared

to depolarise existing hESC inducing them to form a more ICM-like phenotype. It

also induced the formation of ICM-like rather than trophoblastic outgrowths from

single blastomeres. Interestingly, laminin is known to influence the distribution of

cadherins, and E-cadherin redistribution to the inner surface of blastomeres is a key

event in early polarisation (Johnson et al., 1986). To maximise the potential of an

eight-cell blastomere to generate a hESC line, polarisation must be suppressed or re-

versed. Should polarisation proceed, subsequent divisions must be differentiative to

generate the maximum number of apolar inner cells (Johnson, 2008). The increased

efficiency with the addition of laminin suggests that polarisation was altered in these

cultures by this supplementation.

5.1.3 Aims

The demonstration that individual blastomeres can generate pluripotent hESC would

provide a robust assessment of the potential of these cells. According to the cleavage-

driven hypothesis, the potential of individual cells may differ from the 4-cell stage

onwards due to asymmetric inheritance of cytoplasm from along the A-V axis. There-

fore the aim of these experiments was to attempt derivation of hESC from all blas-

tomeres of the 4-cell embryo. Given the paucity of molecular studies to investigate

lineage marker expression in single human blastomeres, the aim was also to validate

a single cell PCR approach and use it to assess a panel of markers for ICM, TE and

germline.
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5.2 Method Development

The study of isolated blastomeres requires robust manipulation techniques such that

the cells retain viability and the ability to continue development. Inevitably the loss

of the protective features of the zona pellucida and absence of cell-cell communica-

tion could have had a detrimental effect on the cells. Thus, the objective was to

select an appropriate method for disaggregation, to optimise culture, and to investi-

gate pluripotency, derivation potential and lineage-specific gene expression in single

human blastomeres.

5.2.1 Embryo Manipulation

5.2.1.1 Day 3 embryos

All embryos cryopreserved on day 1, 2 or 3 were thawed exactly as in section 2.1.2.3.

Disaggregation initially was attempted at the 8-cell stage of development. Following

thawing, day 3 embryos were incubated for a minimum of 2 hours for complete equi-

libration and day 2 embryos were cultured overnight. For disaggregation, embryos

were incubated in warmed calcium and magnesium-free HEPES for approximately

5 min or until any visible signs of compaction were reversed. The embryos were

exposed to acidified Tyrode’s (AT) solution at pH 3.0 until thinning of the zona was

evident. The zona-free cells were washed through four drops of culture medium with

gentle aspiration and expulsion to remove the remaining zona layer and disaggregate

the individual blastomeres. Pulled and polished glass capillaries with decreasing di-

ameters were used if normal handling pipettes were not successful. The separated

blastomeres were cultured in individual 10 µl microdrops of blastocyst medium for

the desired number of days before being fixed for immunocytochemistry (section

2.4.1) or plated for derivation attempts (section 5.2.3).

5.2.1.2 Day 2 embryos

Several alterations were made to the method following the first disaggregation at-

tempts to try to improve the rate of survival and development of the cells. Previously

embryos were first exposed to calcium and magnesium-free HEPES following the

methods used for embryo biopsy. However, on several occasions after zona removal
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the embryos had to be returned to this medium to enable disaggregation, prolong-

ing the exposure of the embryos to sub-optimal conditions. The order of drops was

therefore reversed so that embryos were first briefly exposed to AT. The pH of the AT

used was changed from pH 3.0 to pH 2.5 which dissolved the zona more rapidly and

reduced the time of exposure. A pipette primed with culture medium containing 10%

SPSS was used to flood the AT drop as soon as the zona had dissolved, to inactivate

the acid by buffering the solution. It was also useful to coat the inside of the pipette

with protein-containing medium as the zona-free embryos tended to be sticky. Only

then were the embryos incubated in calcium and magnesium-free HEPES supple-

mented with 10% SPSS for approximately 5 min before being disaggregated, and

then washed and cultured exactly as before.

5.2.1.3 Day 1 embryos

The thaw of day 1 pronuclear embryos not only allowed a minimum of 12 h of

culture before disaggregation, but also addressed the problem of embryos thawing

with not all cells intact. Protease was used to remove the zona after its successful use

during immunosurgery. Late day 1 or day 2 embryos were placed in 0.5% solution

of protease in DMEM under constant observation until the zona was seen to thin

and expand away from the blastomeres. The drop was then flooded with cleavage

medium with 10% SPSS. Embryos were washed through 2 wells of this medium before

being transferred to calcium magnesium free medium supplemented with 10% SPSS.

Modified pipettes were made by pulling a glass capillary to a wider diameter and

then polishing just the tip to be slightly wider than the diameter of the zona-free

embryos. This way the only point the embryos were subject to slight pressure was

on passage through the tip, once in the bore of the pipette the embryos were not

mechanically stressed. The separated blastomeres were then washed through two

drops of cleavage medium before being returned to the original culture drop. In each

drop approximately 300 µm diameter indents in the base of the culture dish were

made using a chimera tool (BLS; Biological Laboratory Equipment, Maintenance

and Service Ltd., Budapest, Hungary). One indent was made for each blastomere

of the same embryo, such that the blastomeres were cultured together but unable to

come into physical contact.
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5.2.2 Single cell immunocytochemistry

Immunocytochemistry was carried exactly as in section 2.4.1. Primary antibod-

ies used were NANOG and POU5F1-iA as detailed in Table 2.2. The epitope of

POU5F1-iA corresponds to amino acids 1-134 and therefore recognised POU5F1-iA

only, not the POU5F1-iB isotope. POU5F1-iA is the only isotope shown to be associ-

ated with pluripotency (Cauffman et al., 2006). Positive and negative controls were

included in each experiment. In positive controls, regular IVF embryos were stained.

In negative controls, the primary antibodies were replaced with isotype controls

(Sigma Aldrich) at the same concentration. Reactions were also performed omitting

the primary antibodies. Cell numbers were recorded by counting total DAPI-stained

nuclei, and the proportion of NANOG or POU5F1 positive cells calculated.

5.2.3 Derivation from single blastomeres

5.2.3.1 Medium selection and exchange

To determine the most suitable period for media conditioning, KOSR was incubated

for 24 h and 48 h on inactivated MEF and HFF, and then assessed with the NOVA

BioProfiler (section 2.6). Ten hESC colony pieces were then added to each well and

the incubation repeated. Samples were centrifuged to remove cell debris and then

stored at -20◦C until analysis. For the control samples, aliquots of KOSR were stored

without incubation, and KOSR alone and under oil was incubated for 24 h and 48 h

before collection and storage.

5.2.3.2 Preparation of microdrop feeder layers

On the day of embryo disaggregation, 20 µL drops of gelatin were placed in a culture

dish for a minimum of 5 min. These were then aspirated and 2.6x104 cells/cm2

inactivated MEF feeders plated on each gelatin base. The cell drops were submerged

in mineral oil and incubated overnight. The following day the MEF medium was

exchanged for 20 µL KOSR and again incubated overnight. Just prior to plating

the blastomeres, the medium was replaced with conditioned KOSR supplemented

with 8 ng/mL bFGF and 2.5 µg/mL laminin. 10 µL of medium was exchanged for

conditioned KOSR every day. Daily photographic records were maintained.
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5.2.3.3 Embryo manipulation

Pronuclear stage embryos were thawed and cultured overnight. Those that had

reached the four-cell stage within an appropriate timeframe were selected for deriva-

tion attempts. These were disaggregated as described above. The individual blas-

tomeres were placed in microwells in microdrops of cleavage medium for a further

24 h. The following day (D2+1) the blastomeres were examined and scored for mor-

phology. The blastomere cultures were transferred to microwells in microdrops of

blastocyst medium for a further 24 h culture. On D2+2 the blastomeres were again

examined and scored. The inferred sequence of division was assessed, with division

defined as broadly orthogonal or broadly parallel to the plane of polarity, as shown

in detail in Figure 5.3. A second embryologist also scored the clusters, but from

photographic images. Clinical constraints prevented concurrent observation, and

the intention for minimum culture disruption precluded the removal of the cultures

from incubation more than once per day. When identical scores were given and the

divisions fell unambiguously into one of the categories the cells were included in the

analysis. The cell cultures were plated individually into the MEF feeder microdrops.

The cultures were left undisturbed for 48 h, after which they were photographed at

24 h intervals, and 10 µL of spent medium replaced daily. After 7 days of culture,

the feeding schedule was determined by culture morphology and growth, with the

concentration of growth factors and serum altered as deemed appropriate.

5.2.4 Gene expression analysis by single cell PCR

5.2.4.1 Embryo selection

Pronuclear or day 2 embryos were thawed and cultured for 12 h, 24 h or 48 h to

obtain viable and progressive 2-, 4- or 8- cell embryos. Those that had developed

appropriately within these timeframes and were grade 4 or 3 (Bolton et al., 1989)

were disaggregated as in section 5.2.1.3. The single blastomeres were placed in lysis

buffer at room temperature (section 2.4.2.1) and stop solution added after between

5 and 20 min. Lysates were stored immediately at -80◦C until processing. Some

embryos that divided following thaw but had not developed normally were used for

reverse transcription negative (RTN) controls and collected in the same way. Whole
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day 6 blastocysts were also collected as positive controls for the gene assays. Multiple

donors were used for each embryo stage to control against any patient-specific effects.

5.2.4.2 Gene target selection

Gene targets identified as known early markers of lineage were selected. Markers were

chosen for the ICM/stem cell lineage, TE, germ line, early transcriptional pathways,

as well as the six genes originally used to generate iPS cells and five housekeeping

genes. In total, 24 gene targets were selected, the details of which are shown in

Table 5.1. Example references discussing the expression and function of the genes

are included.

The Biomark
TM

Fluidigm R© dynamic chip PCR platform was used for analysis,

with preamplification of target cDNA using the ABI Taqman R© Preamplification

Cells-to-cT kit (section 2.4.2.2).

5.2.4.3 Detection threshold

As the Fluidigm platform was being used for the first time for single cell experiments,

preliminary detection tests were performed on both the ‘gold-standard’ ABI 7900 HT

and the Fluidigm. The detection threshold dynamic range of both platforms is 15-30

cycles, below which insufficient target is generated for detection, and above which

the reagents begin to become limiting. Before using human embryonic material,

the validity of the preamplification kit for single cell detection was tested with a

fibroblast dilution. A confluent T175 flask of fibroblasts was trypinised, the cell

number counted, the cells centrifuged, and the pellet resuspended in lysis buffer. The

volume of buffer was calculated to give a suspension of 10,000 cells per microlitre.

This suspension was serially diluted 1 in 10 to give the equivalent of 1,000, 100,

10 and 1 cell per microlitre. cDNA was generated from these samples and target

cDNA for ACTB, B2M and GAPDH preamplified before qPCR was performed on

the ABI 7900 HT. Per sample the reaction mixture consisted of 25 µL Taqman 2x

gene expression buffer, 2.5 µL Taqman 20x target primers and probe (section 2.4.2.2)

and 10 µL nuclease free water. 37.5 µL aliquots of reaction mix were placed in a

96 well plate and 12.5 µL of preamplified cDNA added. Cycling conditions were a

95◦C incubation for 10 min, 40 cycles of 95◦C for 15 s and 60◦C for 60 s, before

cooling to 4◦C indefinitely. Following this, non-preamplified and preamplified cDNA
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from single blastomeres was run on both machines to ensure the signal fell within

the detection range.

5.3 Results

5.3.1 Embryo manipulation

5.3.1.1 Day 3 disaggregation

A total of 23 day 2 and day 3 embryos were thawed for preliminary disaggregation

experiments on day 3. Of a possible 153 blastomeres from these embryos, 109 (71%)

survived the thaw process. 85 (78%) isolated blastomeres were intact following dis-

aggregation. Over a third of these blastomeres completed first cleavage by D3+1,

with almost a fifth having initiated compaction. 40% had begun cavitation by D3+2.

The summary of each stage of development is shown in Table 5.2.

Table 5.2: Summary of development of all embryos disaggregated on D3. Numbers
in brackets indicate the outcome as a percentage of total blastomeres obtained.

Number embryos 23
Total blastomeres available 153
Total blastomeres survived thaw 109
Total blastomeres obtained 85
Number cleaved D3+1 31 (37)
Number compacted D3+1 15 (18)
Number cavitated D3+1 4 (5)
Number initial cleavage D3+2 29 (34)
Number further division D3+2 28 (33)
Number compacted D3+2 11 (13)
Number cavitated D3+2 35 (41)
Number fully expanded (‘mini blastocyst’) 9 (11)
Number clusters 10+ cells but no cavitation 2 (2)

Overall only 3 (13%) 8-cell embryos survived thaw or culture fully intact; in

only two were all 8 blastomeres isolated. Of those, one embryo gave rise to 6 ‘mini

blastocysts’, one uncompacted 4 cell cluster and 1 arrested single blastomere. From

the other embryo, two blastomeres arrested at 1 cell, 5 arrested after the first division

to 2 cells and the remaining blastomere arrested at 3 cells.
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5.3.1.2 Day 2 disaggregation

A total of 43 day 2 embryos were thawed for the preliminary disaggregation ex-

periments from day 2 embryos. Of a possible 163 blastomeres from these embryos,

139 (85%) survived the thaw process. 81 (58%) isolated blastomeres were intact

following disaggregation. Over half of these blastomeres completed first cleavage by

D2+1, with around a quarter having initiated compaction by D2+2. One fifth had

begun cavitation by D2+3. Of the 21 cell clusters kept in culture until D2+4, 12

had degenerated. The summary of each stage of development is shown in Table 5.3.

Table 5.3: Summary of development of all embryos disaggregated on D2. Numbers
in brackets indicate the outcome as a percentage of total blastomeres obtained

Number embryos 43
Total blastomeres available 163
Total blastomeres survived thaw 139
Total blastomeres obtained 81
Number cleaved D2+1 44 (54)
Number initial cleavage D2+2 16 (20)
Number further division D2+2 38 (47)
Number compacted D2+2 22 (27)
Number cavitated D2+2 4 (5)
Number compacted D2+3 13 (16)
Number cavitated D2+3 17 (21)
Number fully expanded (‘mini blastocyst’) 19 (24)
Number clusters 10+ cells but no cavitation 4 (5)

For D2 disaggregations 30 (70%) 4 cell embryos were intact following thaw. All

four blastomeres were isolated from only 4 (13%). Of those, 1 embryo gave rise to 3

‘mini blastocysts’ and one cluster with a minimum of 15 cells, which was compacted

but had not cavitated. The second embryo again gave rise to 3 ‘mini blastocysts’

but one blastomere arrested following an initial cell division. From the third embryo

all four blastomeres arrested at the one-cell stage. From the final embryo, 2 cells

arrested at the single cell stage, one blastomere divided to 5 cells and one to 4 cells,

with the latter cluster beginning the compaction process.
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5.3.1.3 Day 2 disaggregation from day 1 thaws

From 26 thawed pronuclear embryos, 101 from a possible 104 (97%) individual blas-

tomeres were collected on day 2. 83 (81%) completed the first cellular division to at

least 2 cells by D2+1. Of these blastomeres, 62 (61%) had divided further by D2+2,

of which over half had compacted, just as expected for D4 whole embryos. In fact,

5 blastomeres (5%) showed signs of cavitation, with either small blastocoel spaces

visible or the appearance of a cavitation plane within the compacted cell cluster. Of

the 40 blastomeres destined for fixation on D2+3, 31 cleaved further from D2+2 to

D2+3. 16 of these were compacted, and 18 had cavitated, either with blastocoel

spaces, or having formed ‘mini blastocysts’. This disaggregation method resulted

in significantly improved survival and development rates and was used for all sub-

sequent experiments. Table 5.4 summarises the development of the blastomeres to

either D2+2 or D2+3.

Table 5.4: Summary of development of all embryos disaggregated on D2 following
thaw on D1. Numbers in brackets indicate the outcome as a percentage of total
blastomeres obtained for D2+2, or as a percentage of those kept in culture for D2+3.

Number PN embryos 26
Total blastomeres on D2 104
Total blastomeres obtained 101
Number cleaved D2+1 83 (82)
Number initial cleavage D2+2 14 (14)
Number further division D2+2 62 (61)
Number compacted D2+2 35 (35)
Number cavitated D2+2 5 (5)
Number cultured to D2+3 40
Number further division D2+3 31 (78)
Number compacted D2+3 16 (40)
Number cavitated D2+3 18 (45)

From the 26 embryos used, 19 reached the endpoint of either plating or fixation

with all 4 blastomeres intact and having completed at least one cleavage division.

The behaviour of the blastomeres from the same embryo was variable and no definite

pattern could be seen. However, all four blastomeres did not cavitate from any of

the embryos. It was not possible to determine the reason from this experiment.
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Failed cavitation may have resulted from inadequacy of developmental competence

as a result of manipulation, or lack of developmental potential if blastomere fate was

predetermined. Analysis of the expression of epithelial intercellular junction genes

such as zonula occluden protein 1 (ZO-1) may distinguish between these reasons.

Figures 5.1 and 5.2 show two examples of isolated sister blastomere development.

Figure 5.1: Development of individual blastomeres from a disaggregated day 2 em-
bryo. Note the differing morphology of the sister blastomeres. Whilst all cells divided
by D2+1 none had compacted by D2+2. By D2+3 E1.1 and E1.4 had initiated cavi-
tation, E1.3 was cavitated and expanded whereas E1.2 had only reached compaction.
All images at x40 objective unless otherwise indicated. Scale bar indicates 50 µm at
x20 objective.
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Figure 5.2: Development of individual blastomeres from a disaggregated day 2 em-
bryo. Initial morphology was similar, with all sister blastomeres dividing to two cells
by D2+1 and completing further division and compaction by D2+2. However, only
three of the cell cultures had cavitated by D2+3. All images at x40 objective unless
otherwise indicated. Scale bar indicates 50 µm at x20 objective.
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Even from these two examples the variable development is clear. The sister

E2 blastomere cultures had high cell numbers and developed into ‘mini morulae’

and ‘mini blastocysts’ that closely resembled that of whole embryo culture, only of

approximately one quarter size. However the sister E1 blastomere cultures had low

cell numbers, with only E1.3 showing further development on D2+2, but without

compaction. Whilst cavitation was evident in three of the sister blastomeres, only

E1.3 approached anything similar to the structures seen from E2. Nevertheless,

overall the development of the isolated blastomeres was remarkable.

5.3.2 Division pattern

Each blastomere pair was scored for morphology and thereby for the inferred sequence

of division by two independent embryologists 48 h after disaggregation. Division was

defined as broadly orthogonal or broadly parallel to the plane of contact (Pickering

et al., 1988). The number of analysed clusters in each category and example images

of the cells are shown in Figure 5.3. The long axis of polarity lies orthogonal to the

plane of apposition in cell pairs, as shown by the dotted line. If the first division

is orthogonal (conservative), two polar (white) cells are generated. If it is parallel

(differentiative), one polar and one apolar cell (grey) results. At the second divi-

sion three outcomes are possible depending on orientation of division; a cell cluster

containing no apolar cells, a conformation with one apolar cell, or a cluster with

two apolar cells. Not all cell clusters were able to be included in the analysis as the

morphology was indeterminate. Examples of such clusters are shown in Figure 5.4.

Of the 125 single blastomere divisions analysed from all disaggregation exper-

iments, only 19 were unequivocally assigned to a category by both viewers. Of

the remaining, 10 were four cells but unclassifiable, 7 because of a 3D structure.

Twenty-four had completed more than 2 cell cycles and therefore consisted of more

than four cells on D2+2, and 72 consisted of only 2 or 3 cells, 13 of which had begun

compaction.
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Figure 5.3: Schematic adapted from Pickering et al. (1988), demonstrating the
possible sequences of division in the first two cell cycles of isolated blastomeres.
The number of cell clusters scored and the percentage in each category of division
orientation is shown. Representative examples of cell clusters observed are shown
below each category. Images at x40 objective. Scale bar represents 50 µm.
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Figure 5.4: Inability to assign cell clusters to a category of division orientation was
due variable development to D2+2. (A) Cells forming a 3D structure despite absence
of zona pellucida, (B-E) undeterminable morphology, with greater than one round
of cell division the preceding 24 h seen in (C), (F) nuclear division in the absence of
cellular division. All images at x40 objective. Scale bar represents 50 µm.
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5.3.3 Pluripotent marker expression

Six pronuclear embryos providing 24 individual blastomeres on D2 were used for

immunocytochemical analysis of pluripotency markers. Of those 24 cells, 22 either

compacted or reached cavitation, the remaining two arrested at the cellular stage

following the first cell division.

The average cell number for D2+2 and D2+3 was 6.5 and 12.2 respectively,

although the range of cell numbers on D2+3 was greater as shown in Figure 5.5.

Whilst an increased cell number at the time of plating is likely to be an advantage

for derivation attempts, this must be balanced against the pluripotent status of the

cell clusters. Therefore marker expression was also analysed to assess the proportion

of cells positive for POU5F1-iA and NANOG.

Figure 5.5: Average cell number of cell clusters from single blastomeres disaggregated
on D2 and cultured to either D2+2 or D2+3. The maximum cell number at D2+2
was 8, and at D2+3 was 21. Error bars represent ±1 standard deviation.

All of the cells on D2+2 were compacted but not yet cavitating. The average

percentage of POU5F1-iA positive cells at this stage was over 90%, but no cells

were positive for NANOG. At D2+3, almost two-thirds of the cells were positive for

POU5F1-iA but only 1% were positive for NANOG. These results are summarised

in Figure 5.6. At D2+2 half of the cell clusters had all cells positive for POU5F1-iA,

which fell to 15% by D2+3. In no set of sister blastomeres did all four resulting

clusters consist of cells all positive for POU5F1-iA.
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Figure 5.6: Average number of cells positive for POU5F1-iA and NANOG on D2+2
and D2+3. The error bars represent ±1 standard deviation.

Figures 5.7 and 5.8 show representative examples of the blastomere clusters

stained for POU5F1-iA and NANOG on D2+2 and D2+3. Figure 5.9 shows repre-

sentative controls performed alongside the blastomeres.
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Figure 5.7: D2+2 blastomere cell clusters stained for DAPI (blue), POU5F1-iA
(green) and NANOG (red). The arrow in K indicates loss of POU5F1-iA expression
in one cell. Cell numbers; A-D five, E-H seven, I-L six. All images at x40 objective.
Scale bar indicates 50 µm.
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Figure 5.8: D2+3 blastomere cell clusters stained for DAPI (blue), POU5F1-iA
(green) and NANOG (red). The arrow in K indicates loss of POU5F1-iA expression
in one cell. The arrow in L indicates a NANOG positive cell. Cell numbers; A-D
seven, E-H thirteen, I-L seven. All images at x40 objective. Scale bar indicates 50
µm.

213



5.3 Results

Figure 5.9: A-C D4 control morula positive for POU5F1-iA but not NANOG. D-F
D6 control blastocyst with cells positive for both POU5F1-iA and NANOG in the
ICM (arrows). G-I D4 negative control with secondary antibody only. DAPI (blue),
POU5F1-iA (green) and NANOG (red). All images at x20 objective unless otherwise
indicated. Scale bar indicates 50 µm at x20 objective.
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5.3.4 Preliminary plating experiments

In the preliminary derivation experiments, day 3 embryos were disaggregated and the

individual blastomeres plated directly onto MEF feeder layers in hESC CM. A total

of seven embryos were used following day 1, 2 or 3 thaw, providing a potential 42

blastomeres by day 3. 30 (71%) blastomeres were obtained following disaggregation

and plated into MEF microdrops. 16 (53%) cells completed one round of division to

produce at least 2 cells by day 1 after plating, but only one cell pair had attached to

the feeder layer. By day 2 after plating, 4 cell clusters were attached. The first had

compacted and contained at least 2 cells. The second was at least four cells and had

compacted, and was beginning the cavitation process. The third was at least four

cells and had compacted. The final was at least five cells but had not yet initiated

compaction. The majority of the cell clusters displayed multiple blebs extruding

from the cell surface. The cells were kept in culture but they rapidly degenerated

with no further development over the following 4-5 days. Figure 5.10 shows examples

of the blastomere development and Table 5.5 summarises the outcome of the plating

experiments.

Table 5.5: Summary of development of all embryos disaggregated on day 3 and
immediately plated on MEF feeder layers. Numbers in brackets indicate the outcome
as a percentage of total blastomeres obtained.

Number embryos 7
Total blastomeres available 42
Total blastomeres obtained 30
Number cleaved D1 after plating 16 (53)
Number attached D1 after plating 1 (3)
Number further cleaved D2 after plating 12 (40)
Number attached D2 after plating 4 (13)
Number viable D3 after plating 6 (20)
Number viable D5 after plating 0
Number with stem-like cells 0
Number cultures passaged 0
Number lines 0
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Figure 5.10: Disaggregated D3 blastomeres plated immediately onto MEF feeder
layers. E1.1 had divided and fragmented by D1 after plating, and the cells had
begun to degenerate by D2. E2.1 and 2.2 both divided to 2 cells the day following
plating, and both showed signs of further development by D2 after plating. However,
despite attaching to the feeder layer, both were degenerate by D4 after plating. All
images at x20 objective unless indicated otherwise. Scale bar indicates 50 µm at x20
objective.
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5.3.5 Medium and feeding regime

The culture requirements for derivation attempts with single blastomeres was thought

to be potentially more complex than for whole embryo/ICM cultures. Before plating

the blastomere clusters were likely to be more sensitive to culture parameters than

whole embryos due to loss of the protective functions of the zona. In addition the

reduced cell number and altered cell-cell interactions necessitated proliferation sup-

port. From previous work (Chapter 4) is was shown that a culture system utilising

conditioned medium from proliferative feeder cells was likely to be unsuitable for

derivation from whole embryos due to high concentrations of metabolic by-products.

Therefore it was not recommended for single cell attempts either. However, it was

thought that extra encouragement may be needed for the transition of the single cell

through the ICM stage and ultimately to hESC (Klimanskaya et al., 2006), and so

the use of conditioned medium from hESC colonies growing on inactivated feeders

was investigated.

The substrate concentrations remained in excess throughout the time periods

measured. The lowest level of glucose recorded was 3.8 g/L in the 48 h HFF condition.

The minimum level of glutamine was 2.1 mmol/L following 24 h culture on MEF

and 48 h on HFF.

On both MEF and HFF feeders the levels of ammonium increased from around

0.22 mmol/L after 24 h to approximately 0.34 mmol/L after 48 h culture. Lactate

production was variable, detected between 0-0.9 g/L with an average of 0.46 g/L

after 48 h on MEF with hESC, but in no other condition on MEF. On HFF, lactate

was detected at an average of 0.54 g/L after 48 h both with and without hESC.

Figure 5.11 details the levels of these by-products in each condition.
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Figure 5.11: The concentrations of (A) lactate and (B) ammonium in each of the
measured conditions. Error bars ± 1 s.d.
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5.3.6 Derivation of hESC from single blastomeres

For single cell derivation attempts, 21 pronuclear stage embryos from three different

patients were thawed, of which 15 (71%) survived the thawing process. Eleven of the

15 (73%) embryos had reached the 4 cell stage 24 h after thaw, although of varying

quality. One further embryo had five cells by this point. Two of the cells were signifi-

cantly smaller and highly likely to be sister blastomeres, and were therefore cultured

together. Table 5.6 details the embryo quality and single blastomere development of

each embryo used.

Table 5.6: Details of embryos used for single blastomere derivation attempts

Patient Embryo number Number of cells Grade Blastomeres obtained
A 1 4 3 4
A 2 4 3 upper 4
A 3 4 3 upper 4
A 4 4 3 4
B 5 4 3 4
B 6 4 2 4
C 7 4 3 4
C 8 4 3 lower 4
C 9 4 3 upper 4
C 10 4 4 3
C 11 5 3 lower 5
C 12 4 2 4

Following disaggregation, the single blastomeres were cultured in the same drop

in microwells for 48 h to D2+2. On D2+2 the cell clusters were plated onto MEFs in

microdrops. Tables 5.7 and 5.8 detail the development of each cell cluster following

plating.

Two days after plating, 24 (51%) blastomere clusters had attached to the feeder

layer, and a further 5 (11%) had attached by three days. During subsequent cul-

ture, 11 (23%) blastomere clusters outgrew to form clusters where cells of stem-like

morphology were visible. Six (13%) reached at least 7 days in culture whilst still

displaying potential but then arrested with no further proliferation. Four of these

colonies containing stem-like cells were from the same embryo. Examples from the

early cultures displaying stem-like potential are given in Figure 5.12.
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Table 5.7: Details of embryos used for single blastomere derivation attempts. Emb;
embryo number, Blm; blastomere number, D2+1; day 1 after disaggregation, D2+2;
day D2 after disaggregation, D2; day 2 after plating the cell clusters onto feeders,
D3; day 3 after plating, D4-9; day 4-9 after plating. +b; blebs visible, att; at-
tached to feeders, spr; cells spread flat in culture, comp; compacted, cav; cavitated,
ab; abnormal, nuc; nuclei, stem; stem cell like cells visible, D/D; differentiated or
degenerate.

Emb Blm D2+1 D2+2 D2 D3 D4-9 Outcome
1 1 2c 4c att and spr D/D

2 2c +frag 4c att not spr D/D
3 2c 4c att and spr D/D
4 2c 4c att not spr Stem D/D

2 1 2c 4c not att not att D/D
2 2c +b 2c att and spr D/D
3 2c 3c not att att and spr D/D
4 2c +b 4c att and spr D/D

3 1 2c 4c comp att and spr D/D
2 2c 4c comp att and spr D/D
3 2c +b 4c comp att and spr Stem D/D
4 2c 3-4c comp att and spr Stem D/D

4 1 2c 2c not att not att D/D
2 2c 2c not att not att D/D
3 2c 3c not att att not spr D/D
4 2c 4c comp not att att not spr D/D

5 1 4c 5c comp att and spr Stem D/D
2 4c 5c comp att not spr Stem D/D
3 4c 6c comp att not spr D/D
4 2c +b 2c +b att not spr D/D

6 1 2c +b 3-4c not att not att D/D
2 2c 4c not att not att D/D
3 2c ab cells 1c multi nuc not att not att D/D
4 2-3c +b 1c multi nuc not att not att D/D
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Table 5.8: Details of embryos continued

Emb Blm D2+1 D2+2 D2 D3 D4-9 Outcome
7 1 2c 3c (4 nuclei) att and spr Stem P1

2 2c 6+c comp att and spr Stem D/D
3 2c 4+c comp att and spr Stem D/D
4 2c 4+c comp att not spr Stem P2

8 1 1c ab 2c not att not att D/D
2 4c 4c not att not att D/D
3 3c 3c not att not att D/D
4 2c 2c not att not att D/D

9 1 2c 2c not att not att D/D
2 1c +b 2c not att not att D/D
3 2c uneven 2c att not spr D/D
4 2c +b 2c att not spr D/D

10 1 4c ab 5+c comp not att not att D/D
2 3c ab 4+c comp att and spr Stem D/D
3 2c 4+c comp, cav att and spr Stem P3
4 1c degen D/D

11 1 1c 2c +b not att not att D/D
2 2c 1c cav plane not att att and spr D/D
3 2c ab cells 2c att not spr D/D

4+5 2c comp 1c not att att and spr D/D
12 1 2c ab cells 2c comp not att not att D/D

2 2c ab cells 3c but degen D/D
3 2c 4c cav not att not att D/D
4 2c +b 5+c comp, cav att and spr D/D
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Figure 5.12: Examples of blastomere cultures during derivation attempts. Each
culture contained cells with stem-like morphology (indicated by arrows) but subse-
quently either differentiated or arrested and finally degenerated despite addition of
mitogens to the culture. All images at x40 objective. Scale bar indicates 50 µm.
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Three cultures proliferated sufficiently to be passaged onto fresh MEF feeder

layers in microdrops. Two cultures were passaged 7 days after plating and one after

9 days. All three colonies re-attached onto the fresh feeders. The first (E1.1) did not

resume proliferation and no attached cells were visible at day 5 after passage. The

second colony (E1.2) proliferated and pushed the MEFs to the edge of the colony,

and was passaged again. However the re-attached colony grew as a monolayer and

subsequently differentiated. Culture of this colony was abandoned 15 days after the

first passage. The third colony (E2) showed robust proliferation, and was split into

2 pieces and passaged to P2. Only one of the pieces maintained undifferentiated

morphology, and was subsequently split into 2 pieces and passaged to P3. However,

proliferation arrest occurred after the third passage, and 23 days later the colony

contained only differentiated or degenerate cells and the culture was discarded. The

complete culture profile of these three blastomeres are shown in Figures 5.13, 5.14

and 5.15.

A summary of all the derivation attempts, from whole embryo to culture outcome,

is given in Table 5.9.

Table 5.9: Summary of development of all single blastomere derivation attempts.
Numbers in brackets indicate the outcome as a percentage of total blastomeres ob-
tained.

Number embryos 12
Total blastomeres 49
Blastomeres obtained 48
Number cleaved D2+1 44 (92)
Number initial cleavage D2+2 3 (6)
Number further division D2+2 29 (60)
Number compacted D2+2 18 (38)
Number cavitated D2+2 3 (6)
Number attached D2 after plating 24 (50)
Number attached D3 after plating 5 (10)
Number with stem-like cells 11 (23)
Number cultures passaged 3 (6)
Number lines 0
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Figure 5.13: E1.1 divided by D2+1 to give two cells, and further developed by D2+2
when at least four nuclei were visible, likely to be a result of two parallel divisions.
The cells attached by day 2 after plating, and robust proliferation was observed from
day 5 to 7. However, following passage no further growth was observed, and by 5
days no stem-like cells were visible. All images at x40 objective unless otherwise
indicated. Scale bar indicates 50 µm at x40 objective.
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Figure 5.14: E1.2 divided by D2+1 to give two cells, and further developed by D2+2
when at least five nuclei were visible. The cell cluster was compacted but the pattern
of division was undeterminable. The cells attached by day 2 after plating, and robust
proliferation was observed from day 5. Passage of the colony was successful to P1,
and the cells proliferated rapidly. However, when the colony was cut and passaged
to P2, the cells flattened and differentiated, and no further culture was possible. All
images at x40 objective unless otherwise indicated. Scale bar indicates 50 µm at x40
objective.
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Figure 5.15: E2 divided by D2+1 to give two cells, and further developed by D2+2
when at least five nuclei were visible. The cell cluster had already initiated cavitation
but the pattern of division was undeterminable. The cells attached by day 2 after
plating, flattened on day 3, underwent robust proliferation by day 4, then re-flattened
by day 5. Passage of the colony was successful to P1 and then P2. However, when
the colony was cut and passaged to P3, the cells arrested, and no further culture was
possible. All images at x40 objective unless otherwise indicated. Scale bar indicates
50 µm at x40 objective.
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5.3.7 Gene expression analysis by single cell PCR

For single cell gene analysis, 86 pronucleate or day 2 embryos from 13 different donors

were thawed. Of these, 24 were disaggregated and used for analysis, and a further 8

were used as RTN controls. Eight 2-cell, seven 4-cell, one 7-cell, two 8-cell and two

blastocysts were collected. In addition two compacting 8-cell and two 7-cell embryos

were collected, which were not developing optimally but were still stored for future

analysis. The details of the embryos used are shown in Table 5.10. Each individual

cell or whole blastocyst was assayed a minimum of three times against each target

gene, generating approximately 20,000 data points for analysis.

5.3.7.1 Method validation

The suitability of the preamplification kit and the ability of the platform to detect

single cell cDNA levels was assessed using a fibroblast dilution and single blastomeres

from two-cell embryos. Figure 5.16 shows that the detection of the equivalent of a

single fibroblast cell of preamplified cDNA was possible. Threshold cycles (cT) of

approximately 27, 28 and 24 were generated for ACTB, B2M and GAPDH respec-

tively, all within the 15-30 cycle dynamic range.

The detection of embryonic material was then assessed. Figure 5.17 shows rep-

resentative plots that confirmed it was possible to detect preamplified cDNA from

a single blastomere with both the ABI and Fluidigm, with cTs of around 20 for all

targets. However, it was not possible to accurately detect non-preamplified targets.

With the ABI, the amplification plots all had cT values of above 30, therefore beyond

the accurate detection threshold, and the Fluidigm showed no amplification.

To aim to account for biological variability, replicates of each embryo stage were

collected for analysis. None of the negative control reactions amplified during the

PCR step. The extraction negative controls ensured there was no contamination

of the reverse transcription, PCR reagents or consumables with extraneous DNA.

The RTN controls confirmed that the template for the PCR was cDNA, and not

genomic DNA. Although the TaqMan Gene Assays were selected on the basis that

they spanned an exon-exon junction and so should not amplify genomic DNA, the

RTN control was included for completeness. The preamplification negative control

again ensured there was no contamination with extraneous DNA.
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Table 5.10: Details of embryos used for single blastomere gene analysis using the
Fluidigm dynamic PCR platform

Embryo Cell number Grade Use Comments
1 2 3 lower Gene analysis
2 2 4 lower Gene analysis
3 2 4 lower Gene analysis
4 2 3 Gene analysis One cell with 4PN
5 2 3 Gene analysis
6 2 3 Gene analysis
7 2 3 upper Gene analysis
8 2 3 upper Gene analysis
9 4 3 lower Gene analysis
10 4 3 upper Gene analysis
11 4 3 Gene analysis
12 4 3 Gene analysis 4 cell 26h post thaw
13 4 3 upper Gene analysis
14 4 4 Gene analysis
15 4 3 lower Gene analysis
16 8 3 lower Gene analysis
17 8 3 upper Gene analysis
18 8 3 upper Stored for future analysis Compacted
19 8 3 Stored for future analysis Compacted
20 7 3 Gene analysis Slow cleavage
21 7 3 Stored for future analysis Slow cleavage
22 7 3 upper Stored for future analysis Slow cleavage
23 blastocyst 6Cβ Positive control Low cell number
24 blastocyst 6Aα Positive control
25 3 n/a RTN
26 2 n/a RTN
27 4 n/a RTN
28 2 n/a RTN
29 4 n/a RTN
30 3 n/a RTN
31 4 n/a RTN
32 4 n/a RTN
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Figure 5.16: Amplification plots from the ABI using fibroblast cDNA dilutions equiv-
alent to (a) 10,000 cells (b) 100 cells and (c) 1 cell assayed for (A) ACTB (B) B2M
(C) GAPDH.
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Figure 5.17: Amplification plots showing that it was not possible to detect tar-
get blastomere cDNA without a preamplification step. (A) Preamplified and non-
preamplified cDNA from a single blastomere run on the ABI against the housekeep-
ing genes. (B) Non-preamplified blastomere cDNA and (C) preamplified blastomere
cDNA run on the Fluidigm against all 24 target genes. deltaRN: normalised to the
internal passive fluorescence reference ROX.
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RT-PCR with real-time detection of amplification products is a robust and quan-

titative way to measure mRNA levels in biological samples. Whilst the Biomark

literature stated that the platform was optimised for reliable detection from single

cells, both the platform and the preamplification kit were new on the market. No

literature was available detailing the use of this combination for a single cell appli-

cation, although successful use of the Fluidigm platform for tissue samples has been

reported (Spurgeon et al., 2008). Therefore thorough technical validation of each

step of the PCR method was needed due to the sensitivity of detection required to

accurately analyse single cells and the determination of significantly different expres-

sion levels.

As cell lysis to cDNA generation all occurred in a single tube from a single

extraction with no sample splitting, validation of these initial steps was not possi-

ble. Confirmation that the preamplification step was linear was addressed, to rule

that differences in threshold values between samples/genes were not due to relative

abundance changes during this step. Datasheets provided from ABI using universal

reference RNA showed a linear relationship between cT values for non-preamplified

versus preamplified samples, with less than a two-fold change for over 99% of sam-

ples. A repeat of this validation was attempted for the embryo samples. As it was

known that target cDNA could not be detected from non-preamplified single blas-

tomere samples (Figure 5.17), cDNA from whole blastocysts was used. Detection

from non-preamplified cDNA was still not possible as shown in Figure 5.18. There-

fore the limits of sensitivity of the Fluidigm system precluded this assessment with

the embryo samples.

To attempt to assess this another way, the preamplification step was run with

one single blastomere sample probed for three housekeeping targets; ACTB, GAPDH

and CHUK. 1 µl of sample was removed after the completion of each of the 14 am-

plification cycles and cDNA levels quantified using a Nanodrop R© ND-1000 (Thermo

Scientific, Wilmington, USA). Assuming no bias was introduced by the preamplifi-

cation, a linear increase in cDNA quantity was expected, and therefore the ratios

of the genes should have remained constant. However, the measurements showed

no apparent change in cDNA levels, as detailed in Table 5.11. As the preamplifi-

cation step was designed to only amplify target cDNA amplicons, the sensitivity of

the nanodrop did not allow such small changes in concentration to be determined
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Figure 5.18: Amplification plots showing that it was not possible to detect any target
blastocyst cDNA without a preamplification step. (A) Non-preamplified blastocyst
cDNA, no amplification occurred. (B) Preamplified blastocyst cDNA, robust ampli-
fication was seen. The cT values were approximately 17 for the targets, as compared
to approximately 20 for the single blastomere, reflecting the onset of embryonic tran-
scription at the 4-8 cell stage.

232



5.3 Results

above the background of endogenous cDNA and single strand components of the

preamplification mastermix. Therefore, the detection levels of the available equip-

ment precluded the validation of the preamplification step and the information from

the ABI datasheets was accepted in the validation.

Table 5.11: cDNA quantity as measured by the nanodrop after each cycle of pream-
plification. Any increase in cDNA targets was not detectable above noise resulting
from endogenous cDNA and single strand components of the reagents.

Cycle Number GAPDH ng/ul ACTB ng/ul CHUK ng/ul
1 1674.1 1363.1 1545.3
2 1478.3 1715.6 1495.6
3 1495.8 1392.8 1491.1
4 1449.0 1688.6 1505.0
5 1438.6 1505.5 1484.0
6 1522.4 1465.9 1496.2
7 1470.9 1546.5 1523.5
8 1478.9 1499.2 1509.5
9 1482.1 1519.4 1506.0
10 1491.9 1491.5 1544.5
11 1480.3 1477.1 1524.7
12 1483.9 1479.4 1538.8
13 1485.7 1488.4 1506.6
14 1524.1 1514.2 1546.1

5.3.7.2 Data collection

Eight chips were run for data collection. One chip included highly replicated obser-

vations on one gene for 4 samples for chip performance evaluation. The remaining

chips included data for 24 genes, each observed in duplicate on each chip.

A failed amplification with no detectable fluorescence resulted in cT values of

‘999’ which were excluded from the statistical analysis rather than treated as cen-

sored observations. Validity of this approach was confirmed with several consid-

erations. Firstly, each of the 999 points showed no amplification curve, and were

therefore marked as failures by the quality control algorithm in the Fluidigm soft-

ware. Secondly, the distribution of cT values for the majority of genes was otherwise

approximately symmetric and far from the maximum cycle number, indicating that

the failures were not due to low DNA content within the typical population. Finally,
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while the failure rate was clearly variable from one chip to the next, it was less vari-

able from one treatment condition to the next giving little cause to expect serious

bias from removal of failed reactions. The failure rate represented by the proportion

of successes is shown in Figure 5.19 per chip, Figure 5.20 per developmental stage

and Figure 5.21 per gene.

Figure 5.19: Proportion of successful amplification reactions per chip.

Figure 5.20: Proportion of successful amplification reactions per developmental stage
of the embryo.
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Figure 5.21: Proportion of successful amplification reactions per gene.
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5.3.7.3 Data analysis of a single chip

The chip with high levels of replication of GAPDH against only four cell samples

was assessed to provide an indication of within-chip variance. Figure 5.22 shows

the cT values by location. In general, cT values were consistent for a given sample,

with no visible evidence of trends across the chip. However, there was an indication

of column, and perhaps also row, effects, visible as regular ‘banding’ across the

chip. Failures appeared most often in whole rows or columns, possibly corresponding

to mechanical failures in well loading during the Integrated Fluidic Circuit (IFC)

controller steps. Possible outliers could be seen by colour anomalies, such as the

well at row 24, column 2 in Figure 5.22. The water sample at row 22 shows high cT

values indicating apparently successful amplification. However, the water row was a

requirement as a loading reference rather than as a control.

For subsequent analysis of single-chip performance, rows 20, 22 (water), 25, 26,

and 44 and column 30, all of which showed visibly anomalous results in Figure 5.22,

were removed prior to analysis. Remaining outliers identified on the basis of extreme

linear model residuals (Row 5 column 1, Row 23, column 2, coinciding with those

identified by colour inspection) were also removed.

Analysis of variance (ANOVA) was applied as a preliminary check on the sizes

of the different effects. The model assumed row nested in sample (cell), sample

nested in embryo and column as a main effect only. The resulting ANOVA table

is shown as Table 5.12. As all effects were random and some were nested, simple

comparisons of mean squares with the residual term was not appropriate except

for the row and column effects. The F statistics and corresponding p-values were

therefore recalculated as follows: embryo was compared with sample mean square,

sample was compared with the row mean square, and all others were compared to

the residual mean square.

Analysis of the data revealed a small residual mean square, which corresponded

to a residual standard deviation of approximately 0.2 cycles. However, the row and

column mean squares were substantially larger, implying that these effects were im-

portant in explaining the variation between technical replicates. The corresponding

p-values indicated that the row and column effects were very strongly significant.
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Figure 5.22: Replicated GAPDH assay. Colours show observed cT on four test
samples (AP, BP, EP, FP), each a single cell. AP and BP were two cells from a
single two-cell embryo; EP and FP two cells from a single two-cell embryo from a
different donor. Rows correspond to sample aliquots; columns to the column ID
for the chip. White squares indicate missing values (usually due to amplification
failure). A water sample was included at the position shown.

Table 5.12: ANOVA table for the replicated GAPDH assay. Df; degrees of freedom,
Sum Sq; sum of the squares, Mn Sq; mean square, NS; not significant, VSS; very
strongly significant.

Effect Df Sum Sq Mn Sq F value p value Significance
Embryo 1 14.5 14.52 0.02 0.9 NS
Embryo:Sample 2 1388.7 694.35 346.21 <2x10e-16 VSS
Embryo:Sample:Row 39 78.2 2.01 69.6 <2x10e-16 VSS
Column 46 209.1 4.55 157.74 <2x10e-16 VSS
Residuals 1930 55.6 0.03
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The embryo mean square was much smaller than the sample mean square and

therefore did not contribute significantly to the variance; the associated p-value shows

no statistically significant effect for embryo in this experiment. However, there was

a very large sample mean square, again very strongly significant, indicating that the

between-cell variation was probably a dominant effect.

Since all the effects were random, variance components are appropriate measures

of the relative sizes of the effects. Variance components were estimated using mixed

effects modelling. The model assumed row nested within sample, and sample nested

in embryo; column was included as a main effect only, and was crossed with embryo,

row and sample. Outliers identified above were omitted. Modelling used restricted

maximum likelihood estimation to provide reliable variance estimates. The variance

components for the replicated GAPDH assay are plotted in Figure 5.23. The sample

(cell) effect was clearly the largest. Row and column effects, with standard deviations

of 0.21 and 0.33 cycles respectively, were broadly similar to the residual term at 0.17

cycles, and the embryo effect was negligible.

Figure 5.23: Variance components extracted by restricted maximum likelihood esti-
mation and expressed as standard deviations in units of cycles.
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5.3.7.4 Data analysis of multiple chips

Following analysis of within-chip variance, the complete data set from the seven

multi-gene assay arrays was analysed by chip and by developmental stage. Figure

5.24 shows the assay data by gene and chip number. Figure 5.25 shows the assay

data by gene and developmental stage.

Figure 5.24: Multi-gene assay data by chip and gene. The figure shows cT response
for all chips plotted by gene (y-axis) and chip number (x-axis).
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Figure 5.25: Multi-gene assay data by development stage of the embryo and gene.
The figure shows cT response for all chips plotted by gene (y-axis) and development
stage (x-axis).
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Contributions to dispersion across multiple chips were assessed by mixed effects

modelling using restricted maximum likelihood estimation. The model took devel-

opment stage as a fixed effect, chip as a random effect, and treated donor, embryo

and cell as nested random effects. The variance components for each gene are listed

in Table 5.13, expressed as standard deviation in cT response. The median of the

variance components is included to provide an indication of relative importance.

Table 5.13 shows that donor and embryo effects were small or negligible for most

of the genes studied. The dominant effects were, in approximately decreasing order

of importance, residual variance, between-chip variance then between-cell variance.

Some genes showed high residual variance due to outliers, but the impact was modest;

variance components did not change relative order on eliminating extreme values.

Comparison with the single-chip data in section 5.3.7.3 revealed substantially

greater within-chip standard deviation (based on the median residual standard de-

viation of 2.3) for the multiple-chip experiment than for the single-chip experiment,

for which the within-chip residual standard deviation was found to be approximately

0.2 cycles.
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Table 5.13: Variance components by gene expressed as standard deviation for cT
response. Cell was considered nested within embryo, in turn nested in donor. Chip
was partly crossed with donor/embryo/cell; all cells appear on at least two chips
but not all cells appear on all chips. For all the genes listed, group sizes were: Cell:
67; Embryo: 18; Donor: 8; Chip: 7 except for B2M, for which only 66 cells showed
valid cT. The total numbers of individual observations for each gene is listed in the
final column of the table. The median standard deviation is included to provide an
indication of relative importance.

Gene Cell Embryo Donor Chip Residual Number
B2M 1.2 0 0 3.4 2.7 322
ACTB 0.9 0 0 0.8 2.3 428
CDX2 1.6 0 0 2.4 3 359
CHUK 0.8 0 0.4 1.4 2 427
CLN1 1.2 0 0 2.7 2.9 371
CMYC 0.9 0.9 0.5 2 2.1 390
DAZL 0.9 0 0 1.9 1.8 431
FGF2 1.3 0 0 3.4 2.5 362
GAPDH 0.9 0 0 1 2.2 410
GATA6 0.9 0.8 0.5 3.4 2.4 371
HCGb 1.6 0 0 1.6 3.3 383
HPRT 1 0 0.4 1.7 1.7 433
KLF4 1.3 0 0.7 1.9 2.8 385
LEPTIN 1.4 0 0 2.8 3.1 358
LIN28 0.9 0.5 0.5 0.4 1.5 437
MAPK 1.6 0 0 1.1 2.3 404
NANOG 1 0 0.1 1.8 2.6 382
NOTCH1 1.1 0 0 0.9 3 352
OCLN 1.7 0.6 0.4 0.9 2.7 393
OCT4 1 0 0.7 0.6 1.7 428
REX1 0.8 0 0.3 1.8 2 438
SOX2 0.9 0 0 2 2.6 380
TAF8 1.2 0 0.9 1.2 1.8 430
TJP1 0.8 0 0.5 1.2 2.2 427
Median 1 0 0.1 1.7 2.3
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5.3.7.5 Gene expression changes with development

Tests for the significance of development stage effects were complicated by two issues.

First, the presence of crossed random effects influenced the estimation of p-values

from models; p-values for complex, unbalanced random-effects models can be unre-

liable and may be optimistic. Second, cells for the later developmental stage (7/8

cell) were run on only two chips. This made it necessary to allow for the random

chip effect in comparisons involving the 7/8-cell stage to avoid confusing chance

chip effects with the effects of development stage on measured cT. The following

strategy was therefore adopted. First, the significance of changes in cT with devel-

opmental stage was assessed for the 2-cell and 4-cell chips. Since all the cells from

the 2-cell and 4-cell stage were studied on all of five chips the 2/4-cell experiment

could be treated approximately as a blocked experiment with chip as the blocking

factor. The analysis used mixed effects modelling with donor, embryo and cell as

nested random effects; and chip, gene and developmental stage as fixed effects, with

a gene:development stage interaction included. Array 1131094093 was excluded as

having a high failure rate, though reanalysis including this array made no practical

difference to the results. The initial analysis for differences between the 2-cell and

4-cell stage therefore used arrays 1131094094-7. The resulting analysis of deviance

is shown in Table 5.14. The data showed that all the main effects were very strongly

significant, while the interaction term was marginally significant. The implication is

that while there was a marked change in cT in development stage across all genes,

there was only marginal indication of differential change between the 2-cell and 4-cell

development stages.

Table 5.14: Significance of effects on cT at the 2- and 4- cell stage analysed as a
mixed-effects model. numDF; degrees of freedom for the fixed effect, denDF; density
degrees of freedom for the random effect against which the fixed effect is tested.

Effect numDF denDF F-value p-value
Chip 3 5526 127.22 <0.0001
Gene 23 5526 89.17 <0.0001
Devstage 1 9 29.13 0.0004
Gene:Devstage 23 5526 1.5 0.0602
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The 2/4-cell analysis was followed up by analysis of the whole data set, covering

the 2-, 4- and 7/8-cell stages. Since the 7/8-cell samples were run on only two chips,

this necessitated analysis using a mixed effects model with chip treated as a random

effect (treatment as a fixed effect does not affect significance of other effects in a

blocked experiment as above, as all important comparisons are made within each

chip). The resulting analysis of deviance is shown in Table 5.15.

Table 5.15: Analysis of deviance for a mixed-effects model for all developmental
stages, in which chip, gene and development stage (Devstage) were taken as fixed
effects, and chip, donor, embryo and cell as random effects with the latter nested in
the order donor/embryo/cell.

Effect DF Sum Sq Mean Sq F-value
Devstage 3 172.6 57.5 7.9
Gene 23 29363.9 1276.7 174.3
Devstage:Gene 69 5123.7 74.3 10.1

The table does not include an indication of significance, because the distribution

of the calculated F-value is not well understood, and the degrees of freedom for the

associated random effects also unclear. However, the analysis includes seven arrays

and the between-chip effect is generally larger than donor or embryo effects. Taking 6

degrees of freedom for the F-value denominator degrees of freedom returns a p-value

of 0.004 for F=10.14 and 69 degrees of freedom for the numerator. Provisionally,

therefore, there was significant differential expression across the range of development

stages.

Profile changes were examined using principal components analysis (PCA). PCA

is an exploratory technique which is effective for identifying clustering or other struc-

ture in data sets. In the present context, principal components represented changes

in gene expression profile, so objects close together in PC space had similar expression

profile and objects far apart had different profiles.

Initial studies showed that PCA results were dominated by the comparatively

strong between-chip and cell variances. The data were accordingly standardised

(normalised) by chip by subtracting the median for the chip and dividing by the

median absolute deviation estimate of standard deviation (to minimise outlier effects

on standardisation). The data were then reduced by taking cell medians across
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chips, again to minimise outlier impact, and PCA applied to the resulting median

cT for each gene and cell. The scree plot in Figure 5.26 shows that the first two

principal components (PC1 and PC2) accounted for approximately three quarters

of the variance. The results were subsequently compared with PCA using data

standardised by housekeeping genes only, with no material change to the PCA results.

Figure 5.26: Scree plot showing that the first two principle components (PC1 and
PC2) accounted for approximately three quarters of the variance of the entire data
set standardised by chip.

Figure 5.27 shows a biplot of individual cell scores on PC1 and PC2, together with

the direction of changes in cT for each gene (arrows). Cells are labelled according to

development stage.
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Figure 5.27: Scores for the first two principal components for individual cells (labelled
by developmental stage). Arrows show the direction of changes in cT for each gene
in PC coordinates. Coloured ellipses denote nominal gene function as shown in the
key.
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The loadings plots for the PCA analysis are shown in Figure 5.28. These show

clearly that in PC1, essentially all the genes changed cT value together (and nega-

tively with increasing PC1); PC2, by contrast, shows strong differences in expression

between genes. PC1 was therefore associated with an overall change in cT response;

PC2 with differential changes.

Figure 5.28: Principle components analysis loadings for PC1 and PC2. PC1 was
associated with an overall change in cT response, whereas PC2 was related to differ-
ential changes.

In order to assess between-cell differences by embryo, systematic profile group-

ings within embryos were analysed. Plots of principal components scores for cells in

each embryo are shown in Figures 5.29 and 5.30. No consistent grouping structure

was evident for either of the first two principal components. This was essentially

as expected given that residual variation was at least as large as between-cell varia-

tion; random effects on individual cell cT responses may therefore mask underlying

structure of the same order of magnitude.
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Figure 5.29: Principle component scores for individual cells grouped by embryo for
PC1.
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Figure 5.30: Principle component scores for individual cells grouped by embryo for
PC2.
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The individual variance scores for the embryos were calculated in order to see

if there was any suggestion that the variance increased with developmental stage.

These are shown in Table 5.16. The 2- and 4-cell embryos all showed variances

broadly between 0-5, whilst the 8-cell embryos had variance scores of 13 and 18,

indicating that between-cell differentiation of the target gene expression had taken

place by this developmental stage. However, as the 7-cell sample had a variance of

3, and only two 8-cell embryos were analysed, no firm conclusions could be drawn at

this stage.

Table 5.16: PC1 variance scores per embryo

Sample Cell number Variance
Donor 8 Embryo 1 7 3.25
Donor 7 Embryo 1 8 17.88
Donor 6 Embryo 1 8 12.51
Donor 5 Embryo 2 2 2.51
Donor 5 Embryo 1 2 0.01
Donor 4 Embryo 1 4 2.37
Donor 3 Embryo 6 4 2.35
Donor 3 Embryo 5 2 2.18
Donor 3 Embryo 4 2 5.57
Donor 3 Embryo 3 2 0.88
Donor 3 Embryo 2 4 1.45
Donor 3 Embryo 1 4 0.44
Donor 2 Embryo 2 2 0.53
Donor 2 Embryo 1 2 2.05
Donor 1 Embryo 4 4 4.45
Donor 1 Embryo 3 4 1.84
Donor 1 Embryo 2 4 4.97
Donor 1 Embryo 1 2 0.94
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5.4 Discussion

Optimal human embryo development in vitro has been established as reaching the

mid-stage of development to 2 cells by 31-35 hours post insemination, 4 cells by 47-51

hours, 8 cells by 63-67 hours, 16-32 cells that compact 78-99 hours post insemination

and cavitation to blastocyst with over 100 cells by 110-116 hours (Edwards & Brody,

1995). However, the point at which preimplantation cells lose their totipotent poten-

tial is still unknown. The regulative capacity of early embryos enables overtly normal

development following perturbations in organisation such as cell loss. Whether pat-

terning information is intrinsic to the oocyte, zygote or a result of sperm entry, it

has been suggested that partitioning of this information during typical cleavage re-

sults in three distinct types of blastomere (Edwards & Beard, 1997; Gardner, 2002).

The significance of the differential inheritance can be assessed both by testing the

developmental potential of the individual blastomeres and by investigating the gene

expression profile at each division. Disaggregating early cleavage blastomeres and

culturing each one individually, whilst inevitably placing some degree of duress on

the cells, allows each cell to be studied in isolation. Understanding totipotency dur-

ing development will have a great impact on the current knowledge of development,

the derivation of hESC, and cell loss by fragmentation, cryopreservation, and PGD.

5.4.1 Isolated blastomere development

Thawing pronuclear stage embryos, culturing for the required time, using protease

to remove the zona and gentle pipetting in calcium and magnesium-free HEPES

proved a robust method to obtain viable individual blastomeres for study. One

report describes an approximate 46% development rate to 8 or more cells on day 3,

34% compaction rate on day 4 and a 44% cavitation rate on day 5 (Van Landuyt

et al., 2005). The data are not directly comparable as embryos for the experiments

presented here were selected on the day of disaggregation and therefore likely to be

of an overall higher quality than a non-selected group. A general judgment however

reveals that the capacity for overtly normal timed development of single isolated

blastomeres was as least as good as that for unselected whole IVF embryos.

The development of each blastomere was tracked so that the behaviour of sister

cells could be compared. Not all four sister cells always continued development in
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vitro, either not dividing, not compacting, or not forming blastocyst-like structures.

The arrest of blastomeres at each stage could be due to damage by manipulation, the

probable transient stress caused by zona removal and disaggregation, or the absence

of any protective function that the zona might perform during development, partic-

ularly from sub-optimal components of the culture system (Fleming et al., 1987).

In addition, impaired development could also be due to the loss of normal cell-cell

signalling, particularly as the majority of divisions resulted in 2D cell clusters before

compaction and then progressed three-dimensionally, whereas normal development

proceeds in 3D due to the confines of the zona. Culturing the single cells in donor

zona pellucidas might increase the developmental success of these cells, as shown in

mouse experiments (Illmensee et al., 2006).

A number of blastomeres completed the mechanics of development, i.e. they

compacted or cavitated, but with severely reduced cell numbers. In some cases

cavitation could be seen in a 2-cell blastomere cluster on D2+3, when further cell

division had failed. In mouse embryos cleavage at the 2- or 4- cell stage can be

artificially arrested for a number of hours by several agents, such as cytochalasin

D or colcemid. Cytokinesis does not resume when the agent is removed, but the

embryos compact and then cavitate with the same timing as untreated embryos

to form blastocyst-like vesicles consisting of only two or four highly polyploid cells

(Pratt et al., 1981). This is suggestive of the existence of an ‘embryological clock’ that

regulates development by time rather than the number of cell divisions. Monitoring

the passing of time has been suggested to be by either cyclic or sequential mechanisms

linked to various features of the cell cycle - a ‘clock’, or linear increases or decreases

in a factor - a ‘hourglass’ (Johnson & Day, 2000). Cyclic oscillations in K+ channel

activity, which parallel cell cycle and circadian rhythms, have been suggested as

involved in the timing mechanism (Day et al., 2001). The isolation of the blastomeres

did not interfere with division timing, suggesting that each individual cell has a

mechanism for monitoring the timing of development, rather than some master cell

control. Similarly zygotic genome activation has been shown to be regulated by

time following fertilisation rather than by progression through the cell cycle in the

mouse (Poueymirou & Schultz, 1987). Failure of genome activation was therefore

unlikely to occur solely due to blastomere isolation. The cleavage arrest observed in
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some clusters was therefore not necessarily a result of failure to initiate embryonic

transcription.

Some cells showed evidence of nuclear division in the absence of cellular division,

with the appearance of two nuclei on D2+1 in a one-cell blastomere. As polyploid

cells can be generated following artificial cleavage arrest (Pratt et al., 1981; Surani

et al., 1980) cyto- and karyo-kinesis can occur independently of each other. In the ab-

sence of cell division or normal intercellular interactions, DNA can be replicated with

the same timing as in normal embryos. Whether it was damage to the cytoskeleton

of these cells during manipulations, loss of cell signalling, or reduced developmental

competence that caused division to fail is unknown. These cells did not resume de-

velopment nor attach to the feeder layer and eventually degenerated in culture. The

simple explanation for some cellular arrest could be that the results presented here

reflect normal in vitro development as observed in the IVF laboratory, in that not all

embryos are of good quality or progressive, with only around 14% of IVF embryos

developing into top quality blastocysts by day 5 (Van Landuyt et al., 2005).

5.4.2 Isolated blastomere potential

In normal development each blastomere of the eight cell embryo acquires clear apical

and basolateral domains. Polarity is retained during division to 16 cells so that de-

pending on the orientation of division with respect to the polar axis, either two polar

cells (conservative division) or one polar and one apolar cell (differentiative division)

result (Figure 5.3). Which way a blastomere divides is not determined randomly

since in mice early dividing cells tend more frequently to divide differentiatively, and

hence contribute proportionately more cells to the ICM than later dividing cells as a

consequence of their more extensive intercellular contacts (Surani & Barton, 1984).

Later dividing cells divide conservatively more frequently, and therefore the ratio of

polar cell (TE) to apolar cells (ICM) is maintained (Fleming, 1987). The correlation

with division type and polarity has been shown to be in excess of 80% as defined by

surface microvilli distribution (Pickering et al., 1988). Subsequently the intercellular

components of compaction (cell flattening, increase in intercellular contact and the

formation of epithelial cell junctions) are primarily associated with formation of the

fluid transport system and blastocoel generation (Watson, 1992). The intracellular

component of polarisation is associated with directing lineage segregation to TE and
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ICM (Johnson & Ziomek, 1981b). These components of compaction can be disso-

ciated from each other (Pratt et al., 1982), and form a hierarchy of sensitivity to

external influence, of which polarisation is the least disturbed by any treatment.

Disaggregation clearly affects cell-cell apposition as the number of cells in the

clusters is reduced from that of normal embryo development. This in turn is likely

to affect flattening and junctional formation, and ultimately cavitation. Polarisation

on the other hand, is likely to occur, albeit not necessarily as normal (Pratt et al.,

1982). Indeed, when mouse 4-cell blastomeres are isolated and cultured individually

to pairs, the polar region of the cell surface is approximately twice that of intact

embryos (Pickering et al., 1988) presumably arising from a lack of intercellular con-

tacts. A consequent lower incidence of differentiative divisions from isolated pairs

of cells could be predicted, as the greater the region of polarity, the more likely

that a division, however orientated, will bisect it. This would result in cell clusters

with fewer numbers of apolar cells - the future ICM. In order to assess whether re-

duced differentiative division occurred from isolated single blastomeres, the pattern

of division was monitored and scored if unambiguous. For hESC derivation, it was

hypothesised that those single blastomeres that completed two rounds of differentia-

tive division to produce the maximum apolar cells would have the highest potential

for successful derivation.

When the division patterns of isolated pairs of mouse blastomeres were analysed,

95% of divisions were unambiguous (Pickering et al., 1988). The division of human

cells was far less consistent, a category was only assigned for 19 blastomere pairs

(15%). As predicted, only 4/19 of these cell clusters had completed two rounds of

differentiative divisions to give rise to the maximum apolar cell content, whilst 13/19

completed two conservative divisions to produce only polar cells. Further analysis is

needed given the high rate of ambiguous divisions. Nevertheless this is likely to have

had an effect on the derivation outcome.

Lack of developmental potential could also have contributed to the failure of

derivation. As well as assessing the morphology of development, expression of

lineage-specific markers was analysed. Initially a TE lineage marker in concert with

an ICM marker was desired for the staining experiments. In mice, Cdx2 is expressed

in the nascent TE from the late morula stage and is tightly restricted to the TE lin-

eage, especially in its proliferating population (Beck et al., 1995). Cdx2 is initially
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co-expressed with Pou5f1 and they form a complex for the reciprocal repression of

their target genes in ES cells (Niwa et al., 2005). The association of Pou5f1 with

the pluripotent cell type has been well established in the mouse (Pesce & Scholer,

2001; Yeom et al., 1996). During the pre-implantation period, a residual cytoplas-

mic maternal Pou5f1 expression is found in unfertilised oocytes and in subsequent

cleavage stages (Palmieri et al., 1994). Embryonic Pou5f1 expression is initiated at

the 4-8 cell stage and is concomitant with an abundant expression in the nuclei of all

blastomeres. At initiation of blastocyst formation, Pou5f1 is down-regulated in the

TE and becomes restricted to the ICM (Mitalipov et al., 2003) where it is required

for the maintenance of the pluripotent state (Nichols et al., 1998).

However, in human development the story is not so clear. Human oocytes and

cleavage stage embryos reveal a variable POU5F1 expression pattern with a pure

cytoplasmic localisation of the protein. During compaction, the variability in ex-

pression is reduced, indicating embryonic POU5F1 expression. The protein appears

in the nucleus implying biological activity (Cauffman et al., 2005b). In blastocysts,

POU5F1 transcripts and proteins are present in the ICM and the TE revealing

that it is not restricted to pluripotent cells (Cauffman et al., 2005b; Hansis et al.,

2000; Huntriss et al., 2004). However, subsequent work has discriminated between

the POU5F1-iA and -iB isoforms, and shown that the stemness properties are at-

tributed to the -iA isoform only as this is expressed by hESC (Cauffman et al., 2006).

Despite this distinction, POU5F1-iA positive cells could still be seen in the TE, im-

plying that this isoform cannot sustain pluripotency alone, but probably functions

in concert with other factors. In addition the ICM cells of human blastocysts, unlike

those of mice, retain the ability to generate TE cells, as hESC can differentiate down

this lineage either spontaneously through embryoid body formation or following the

addition of bone morphogenetic protein 4 (Xu et al., 2002). CDX2 transcripts are

not detected in humans until the blastocyst stage (Kimber et al., 2008), and there-

fore this marker is expressed too late in development for this experiment. Leptin

and STAT3 have been shown to be expressed at higher levels in the TE than ICM

(Antczak & Van Blerkom, 1997), but were used as markers of polarity rather than

of lineage. Functional markers of TE such as CLDN1, OCLN and ZO-1 can be visu-

alised from the blastocyst stage, but are generally variable and weak in the human,

and dependent on blastocyst quality (Ghassemifar et al., 2003; Sheth et al., 1997).
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A definitive marker pair for both the ICM and TE could not therefore be iden-

tified for early day 4 and 5 human blastomere derived cell clusters. Instead two

markers indicative, although not completely exclusive to, the ICM lineage were used;

POU5F1-iA and NANOG (Van de Velde et al., 2008). NANOG transcripts have

been detected in the pronucleate human embryo, and then from the eight-cell stage

onwards (Kimber et al., 2008), although the protein is not detectable until the blas-

tocyst. NANOG is expressed in both human and mouse ESC and down-regulation

leads to significant down-regulation of POU5F1 and loss of hESC cell-surface anti-

gens (Hyslop et al., 2005). Whilst expression was not expected in the D2+2 clusters

it was possible that some cells might have been positive for this marker by D2+3.

Low expression of NANOG was seen at D2+3; only 2 cells were positive in total.

This is reflected by whole embryo data when NANOG expression is most evident in

the ICM of expanded day 6 blastocysts (Hyslop et al., 2005). However, the greater

loss of POU5F1-iA by this stage as compared to D2+2 suggested an overall loss of

stem cell potential. While D2+2 clusters had an average of only 6.5 cells compared to

12.2 at D2+3, 50% of the D2+2 clusters consisted of cells all positive for POU5F1-iA

compared to only 15% at D2+3. It was therefore decided to plate the cell clusters

onto MEFs and therefore into conditions conducive to derivation at the earlier stage

of D2+2.

5.4.3 Medium selection and exchange

KOSR conditioned by 24 h or 48 h contact with both MEF and HFF feeders, with

and without hESC was analysed to determine the most suitable conditioned medium

(CM) for single cell derivation attempts. Regardless of feeder type, the presence

of cells, or the time in incubation, the levels of substrate remained in excess in

the collected CM. The lactate and ammonium levels displayed a time-dependent

relationship which was not affected by the presence of hESC colonies. When the cell

conditions were averaged, there was an 50% increase in ammonium concentration

from 24 h to 48 h culture on MEFs; from 0.23 mmol/L to 0.34 mmol/L. There was

an even more marked difference on HFFs, with a greater than 70% increase from

0.14 mmol/L to 0.24 mmol/L. There was minute or no detection of lactate at 24

h for both feeders. On MEFs, there was also no lactate produced after 48 h of

feeders alone, whereas 0.46 g/L was present when the hESC colonies were added.
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On HFFs after 48 h culture, the lactate concentration had reached 0.54 g/L with

and without hESC colonies. Based on these observations, CM was collected after

24 h incubation on MEF feeders, and a pooled batch created for use for all the

derivation attempts. A further consideration in the feeder type choice was that ten

derivation attempts on HFF had failed (section 4.3.5) and therefore the feeders

were not validated for derivation, compared with seven lines successfully established

on MEFs. As the reason for collecting CM was to obtain the unidentified factors

secreted by the feeders that induce stem cell development from the ICM, the use

of HFF feeders was judged to be inappropriate. In order to minimise the effect of

toxic build-up but to maximise conditioning in derivation attempts, medium was

prepared which was 50% fresh KOSR, 50% 24 h conditioned KOSR from MEF with

hESC. This was used in all single cell derivation attempts. 50% of the medium in the

microdrops was changed daily for the first 7 days, beyond which the feeding regime

was tailored to the morphology of the cell culture.

Osmolality increased 2% from 326 mOsm/kg in KOSR, to 334 mOsm/kg after

24 h on MEFs with hESC colonies, and to 348 mOsm/kg (6% increase) after 48

h. Similar increases were observed on HFF and hESC colonies after 24 h and 48 h

respectively. This rise could be attributed to evaporation, as it was generally not

observed when KOSR was placed under oil. However it is not feasible to culture

hESC under oil in wells due to the need for frequent media exchange, and the risk

that oil would attach to the cells upon contact as the media was aspirated from

under the layer. However evaporation of culture medium is a serious consideration

when preparing microdrop dishes. 4 µL drops in air at 22◦C have been shown to

evaporate at 99 nl/min, resulting in 5% change in volume over 2 min and an increase

in osmolarity of 5%, from 288 to 302 mOsm (personal communication, H. Leese). For

this reason, each microdrop dish was prepared individually by adding the medium

aliquots and covering them in oil immediately before preparing the next dish. It

may be noteworthy that the common practice in IVF labs of distributing all the

microdrops for the total number of dishes needed and then adding oil to them all at

the end may be having a detrimental effect on in vitro culture of embryos.

The levels of substrates available in KOSR can be compared with the only pub-

lished report where a medium has been designed for hESC derivation and culture

and the formulation made freely available with the publication (Ludwig et al., 2006).
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In this medium, designated TeSR1, glucose was added at 2.5 g/L compared to 4.2

g/L in KOSR. TeSR1 contained 2.1 mmol/L L-glutamine, comparable to the 2.3

mmol/L in KOSR. No glutamate supplementation was made in TeSR1 compared

to 0.13 mmol/L in KOSR. Furthermore, the optimum osmolality was determined

experimentally as 350 mOsmol compared to 284±2 mOsmol for optimum embryo

development, and measured on average at 326 mOsm/kg in KOSR. Compared to

the use of KOSR, the lower glucose level in TeSR1 will reduce the lactate production

during incubation, and the lack of glutamate and lower glutamine concentration will

reduce the build-up of ammonium. However, these substrate levels are still far in

excess of the estimated need of the ICM when placed directly in culture. There is a

need for optimisation of the medium used for the first few days of derivation, when

the cells are still considered embryonic. From derivation experiences, the earliest ap-

pearance of stem-cell like cells in the derivation of seven new lines was four days after

plating, but the latest was fourteen. It could be argued that before the appearance

of these cells, the culture conditions need to be optimised with the ICM in mind, and

a gradual change to the higher substrate concentration/higher osmolality with time.

The proliferation, and therefore need for metabolic substrates of newly-derived stem

cells is far lower than when the line is established. From experience, passages 1 to 2

to 3 can be as far apart as 10 days each, and therefore there is no concern that with

the feeding strategies commonly employed substrates would be limiting.

With the requirement for GMP grade facilities and cell culture consumables,

it would be prudent to combine the search for xeno-free culture supplements with

the optimisation of medium for derivation. The time, effort, and specialised man-

power required to correctly run GMP facilities has led those with experience to

comment that only those embryos with the greatest potential should be entered

into the derivation program (personal communication, A. Coleman). In addition,

the need is to produce high-quality hESC lines, not just any hESC lines. Clearly

derivation efficiency is not solely about embryo quality, but also culture conditions

and highlights the need for further consideration of the medium used.

5.4.4 Single blastomere derivation

Successful derivation of hESC lines from single blastomeres of 8-cell human embryos

has been reported (Klimanskaya et al., 2006). Whilst technically laudable, the

258



5.4 Discussion

motives for the work were political, and therefore important scientific questions were

overlooked. The developmental interest with the experiment is whether all eight cells

are capable of forming pluripotent hESC, or whether some are already committed

to a multipotent fate.

Taking isolated blastomere development into consideration the inherent chances

of derivation from four-cell blastomeres is possibly lower than those from eight-cell

embryos. Upon disaggregation, eight-cell blastomeres are likely to have an estab-

lished polarity, which is then stable. Therefore, whilst subsequent manipulation may

affect intercellular compaction and the ability of the clusters to cavitate may be

compromised, segregation to produce both polar and apolar cells should proceed. In

contrast, disaggregated four-cell blastomeres have not yet established polarity, and

hence do so in the artificial environment of clonal culture. As discussed, this can re-

sult in abnormal polarisation, and a greater proportion of conservative divisions and

hence fewer apolar cells destined to become ICM. As the efficiency of single eight-cell

derivation was 2% (Klimanskaya et al., 2006), it is not unreasonable that from 48

attempts described here, a line has not yet been established. However, the culture

of stem-like cells to P3 is certainly encouraging, and efforts will continue with this

approach.

Initial plating experiments in which the isolated blastomeres were placed imme-

diately onto feeder layers were unsuccessful, with only 13% of cultures attaching, all

of which had degenerated by day 5 after plating. In contrast, when the blastomeres

were kept in sequential culture until D2+2 and then plated, 60% of the cell cultures

attached, 23% produced outgrowths with stem-like cells visible, and 6% proliferated

sufficiently to be passaged. Four of these colonies containing stem-like cells were

from the same embryo, suggesting, but by no means proving, that all cells at the

four cell stage have pluripotent potential. Of the eleven cultures with stem-like cells,

one cell culture was assumed to have completed two conservative divisions following

isolation and three appeared to have completed two differentiative divisions. Of the

remaining, five clusters consisted of greater than four cells, and the final two were

four cells but unclassifiable. Whilst the number cultures was low, the results imply

that differentiative divisions may enhance derivation potential, as well as the plating

of higher cell numbers.

259



5.4 Discussion

While undertaking these experiments, a report was published confirming that

single blastomeres from a 4-cell human embryo could develop autonomously into

blastocyst-like vesicles one quarter the size of regular blastocysts (Van de Velde

et al., 2008). In one from six disaggregated embryos, all four blastomeres formed

blastocyst structures by day six of development that contained cells positive for

nanog. Subsequently the same group successfully derived two hESC lines from iso-

lated four cell blastomeres, although one was karyotypically abnormal (Van de Velde

et al. 2008, manuscript under revision). One of the lines was generated from a cell

that underwent two differentiative divisions producing a linear arrangement of cells

(Van de Velde, personal communication). The morphology of the other blastomere

at D2+2 was unknown. The methods used by this group were similar to those

presented here, although four well plates were used rather than microwells. The

group attribute their success, at least in part, to the use of fresh donated gametes

to produce top quality cleavage embryos for the derivation attempts. Subsequently,

a hESC line from a single blastomere of a cryopreserved embryo was reported (Feki

et al., 2008). These successes prove that derivation is possible, but until hESC lines

are derived from all four blastomeres, no conclusions can be drawn that all cells

are equally pluripotent or plastic. Any potential factor(s) relating to lineage de-

cisions and derivation potential that could become differentially distributed during

early cleavage divisions should not necessarily be thought of as determinant however.

This is because blastomere fate remains flexible and development is regulative in the

cleavage stages.

5.4.5 Single blastomere gene expression

Taking the cleavage-driven hypothesis to the extreme as described by Edwards

& Beard (1997), the two-cell blastomeres resulting from meridional division of the

zygote should be identical. Should the second round of cleavage produce two ICM,

one TE and one germline precursor, localisation of the earliest lineage markers should

be observed. Therefore a high level of pluripotent markers should be seen in two from

four cells, a low level in one cell and a probable intermediate level in the fourth and

so on. Certainly this clear-cut description is an over-simplification, but was the basis

for investigation into gene expression in the 2- 4- and 8- cell embryos. Whilst global

gene expression profiling studies by microarray have been reported for both mouse

260



5.4 Discussion

(Hamatani et al., 2004, 2006) and human (Adjaye et al., 2005) whole embryos, gene

profiling with single cells has not been reported.

Only good quality, progressive and appropriately developing embryos were used in

the study, in an attempt to assess gene expression in normal embryos. The morphol-

ogy of the embryo can be an indicator of developmental capacity, with post-meiotic

abnormalities associated with an increase in dysmorphism leading to delayed develop-

ment, multinucleation, fragmentation and uneven cell size (Munne, 2006), therefore

such embryos were excluded. Eight 2-cell, seven 4-cell, one 7-cell and two 8-cell em-

bryos were disaggregated to 67 individual cells and assessed for expression of genes

associated with lineage decisions in early development.

In previous publications, some of these targets have not been detected at early

cleavage stages (Kimber et al., 2008). In order to address this, unamplified cDNA

from cleavage stage blastomeres or whole blastocysts was run on a chip in parallel

with the same samples following preamplification. No detection was seen for any

targets without the preamplification step, which could explain the failure to detect

these targets in early stage embryos. Therefore at the single cell level preamplification

is required at least with this platform to detect both low and high abundance targets.

The distribution of amplification failures across chips, genes and developmental

stage was checked to assess the possibility of selection bias. Given the large num-

ber of observations, it was not surprising to find that the variation in proportion

of failures was very strongly significant (chi-squared test, p<2x10e-16 for all three

cases). The variation across chips was particularly affected by a single comparatively

poor chip (1131094093). It was also found that amplification failure rate tended to

rise with increasing mean cT across genes, likely to be due to the presence of less

target cDNA in these samples. The effect was less pronounced after removal of the

poorest chip (chip 1131094093). Correlation between removal rate and response po-

tentially raises the possibility of selection bias; specifically, changes in mean cT due

to selective removal of observations which would, if successful, have exhibited high

cT. Censoring due to low levels of cDNA will tend to decrease mean cT by remov-

ing values higher than the censoring threshold. The result would be to reduce the

significance of comparisons based on cT. Selection bias in this instance is therefore

unlikely to lead to spurious significant differences in cT; rather, it would tend to lead
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to reduced apparent significance. These considerations led to the ‘999’ failed results

to be removed from further analysis.

The analysis of the highly replicated single-gene chip revealed that the sample

effect was highly significant but the embryo effect was insignificant. This was initially

encouraging, as it indicated that there was more variance between cells of the same

embryo than between different embryos. With human embryos being notoriously

variable in morphology and behaviour, this result implied that it may be possible to

use biological replicates to extract meaningful data. However, the row and column

effects were also strongly significant. The implication of row- or column-wise failure

for future statistical analysis is that identification of anomalous rows and columns

is likely to be at least as important as individual outlier identification. From an

experimental design point of view, a modest probability of clearly identifiable row-

or column-wise failure can be accepted, as clear failures can be identified, removed

and repeated as necessary. The appearance of anomalies like column 30 in Figure

5.22, none of which are marked as failures, is more difficult to address, suggesting

that replication might be prudent to avoid misclassifying a single sample. As all

samples were replicated within and across chips this issue was addressed. However

the experimental design was not truly balanced, as not all samples appeared on

all chips, and the genes were always loaded in the same order, and therefore the

same columns. Failures and anomalies that can affect whole rows and columns as

well as occasional single wells may question the suitability of this instrument in the

application to single cell experimentation when the quantity of starting material and

generated cDNA is limited.

The multi-gene chips showed substantially larger within-chip variance than the

replicated GAPDH chip. In approximately decreasing order of size, the effects on cT

dispersion were residual variance, between-chip variance then between-cell variance.

This may simply be due to the fact that it is far easier to load a highly replicated

rather than a heterogeneous chip. There were very strongly significant differences in

cT response between different genes and between development stages after controlling

for chip effects indicating differentiation of the samples.

This was further analysed by principal component analysis (PCA). PCA is a

common technique using mathematical algorithms to find patterns in data of high

dimension where simple x,y,z graphical representation is not possible (Ringner, 2008).
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It reduces the dimensionality of the data while retaining most of the variation of the

data set by identifying directions - principle components - along which the variation

in the data is maximal. The principle components are linear combinations of the

original variables; in this case for each cell the variables were the cT values of the 24

genes. It is possible to use components that, for example, correlate with a genotype

of interest or to use enough components to include most of the variation in the data.

Once PCA reveals the gradients of the data, a biological interpretation is needed

to explain them. With this data set, the first two principle components accounted

for over three quarters of the variation, and subsequent analysis was based on these

components.

PCA is designed to identify directions with the largest variation and not neces-

sarily the directions relevant for separating classes of samples. Nevertheless although

there was substantial overlap, cells from the different development stages clustered

naturally in three largely separate areas, indicating shared gene profiles within stage.

Genes with similar functionality also tended to cluster; all the housekeeping genes

were in the same quadrant, as were the TE genes. Pluripotency genes showed closely

associated changes in cT except for REX1. PC1 was largely associated with a general

decrease in cT (increase in product) (Figure 5.27), broadly related to the gradient

from 2/4-cell to 7/8-cell. PC2 was associated with increase in cT (decrease in prod-

uct) of some genes, especially GATA6, CMYC and NANOG. Gata6 is expressed

in the ICM of murine blastocysts (Koutsourakis et al., 1999) and is essential for

survival past the blastocyst stage. Reciprocal inhibition of Gata6 and Nanog is

thought to establish cell fate in mouse development, determining the divergence of

the primitive endoderm and epiblast lineages (Ralston & Rossant, 2005). Retrovi-

ral insertion of C-MYC along with POU5F1, SOX2, and KLF4 into human dermal

fibroblasts has been shown to reprogramme the cells into a pluripotent state (Taka-

hashi et al., 2007). PC2 was also associated with a decrease in cT of some genes

for example, HPRT, DAZL and REX1. DAZL is thought to function in the devel-

opment of primordial germ cells, and expression has been demonstrated throughout

preimplantation human development and in hESC (Cauffman et al., 2005a). It

shows a quality-dependent expression in blastocysts, which may imply other func-

tions for DAZL beyond germ cell development. HPRT is X-linked housekeeping gene

involved in purine salvage, constitutively expressed in all cells and tissues (Taylor
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et al., 2001). Some genes showed no significant change on either the 2- to 4-cell

gradient or the 2/4-cell to 7/8-cell gradient, such as MAPK and OCLN. The MAPK

pathway is the major mitogenic pathway in preimplantation mouse embryos. Mapk

protein has been detected in trophoblasts in E3.5 embryos when it is involved in me-

diating growth factor signals (Wang et al., 2004). Components of MAPK pathways

are present throughout the whole of mammalian preimplantation development (re-

viewed in (Zhang et al., 2007)). OCLN is associated with tight junction formation,

expressed ubiquitously thoughout human preimplantation development (Ghassemi-

far et al., 2003), although it appeared susceptible to failure of detection indicating

low levels of expression. The significance of expression by function cannot be anal-

ysed at this point due to the experimental limitations, but further studies could focus

on those genes that show developmental changes rather than those that remain rel-

atively constant.

These observations, taken together and considering the apparent statistical sig-

nificance of gene/development stage interaction by mixed effects modelling, implied

that broad changes in gene expression profile were occurring with development stage.

The primary difference between 2- and 4-cell developmental stages was a general in-

crease in cT (decrease in transcript) with moderate association with pluripotency

genes. The transition from maternal to embryonic control is known to occur during

the third mitotic cell division (Braude et al., 1988). In general, mature oocytes

contain sufficient maternal transcripts to support development through the first two

cell cycles. At the time of the third cell cycle, these transcripts are down-regulated

and/or degraded and specific embryonic mRNAs are synthesised. This process is not

necessarily synchronised in each cell of an embryo, although transcripts present after

the eight cell stage are assumed to be encoded by the embryonic genome. The gen-

eral decrease in transcript levels from the 2- to 4-cell stage can therefore be explained

by the halving of cytoplasm during division before the initiation of embryonic tran-

scription. The 7/8-cell stage was chiefly distinguished from the 2- and 4-cell stages

by higher cT for housekeeping genes and lower cT for pluripotency genes, indicat-

ing novel transcription of these latter factors. The 7/8-cell group was also strung

out along the TE direction. REX1 expression did not appear to be associated with

other pluripotency genes. REX1 shows highly-specific expression in mouse and hu-

man ESC (Eiges et al., 2001; Rogers et al., 1991) and as such is one of the most
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commonly used markers in characterisation. However, recent studies suggest that

REX1 function is dispensable for both the maintenance of pluripotency in ES cells

and the development of embryos (Masui et al., 2008), therefore should perhaps be

regarded just as a marker of pluripotency without functional significance.

However, no consistent grouping structure for cells within embryos was observed

in the PCA plot, and no convincing pattern was seen when considering the individual

embryo variance scores. Whilst the sample effect was significant, it was not clear

whether this was truly due to differentiation of the cells or due to experimental er-

ror. The between-chip, row and column effects precluded any firm conclusions being

drawn regarding within-embryo differential expression of lineage-associated genes.

Given that the lysis to cDNA generation cannot be replicated within a sample, only

the later steps of the method can be improved. The biological vs. methodological

variability could be addressed by increasing the number of embryos in the experi-

ment. Given that the embryo effect was insignificant, using a larger group of human

embryos should be suitable, although clearly using murine embryos would be an

easier way of increasing the sample set. If murine cleavage embryos are ‘more’ differ-

entiated than human this would also facilitate the detection of differences between

cells. Furthermore, whole embryos of a particular developmental stage could be com-

pared just as for the individual cells. If the variance decreases between the whole

samples, this may imply that the observed individual cell sample variance is true

biological variability, assuming that the detection of the individual cell cDNA levels

was not limiting. Higher replication per chip would address the chip-to-chip variabil-

ity. From this experiment a smaller group of genes of interest that showed a change

in expression with developmental stage could be selected, and therefore fewer genes

with more replicates per chip used. These approaches should enable conclusions to

be drawn regarding whether or not the Fluidigm platform is sufficiently sensitive for

the study of single mammalian blastomeres during the early stages of development.
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Chapter 6

Human embryonic stem cells as
disease-in-a-dish models

6.1 Introduction

The potential of hESCs with clinically relevant mutations has generated substantial

interest, as the cells offer an unlimited source of material to study the mechanisms of

genetic diseases (Stephenson et al., 2009). A line derived from an embryo containing

the HD expansion (KCL008-HD2) was used to generate a neuronal population of

cells with the aim of studying pathologic features of the disease. This addressed the

question of whether hESC are suitable as ‘disease-in-a-dish’ models for research.

6.1.1 Huntington disease

The classic description of HD was by George Huntington in 1872 (Huntington,

1872). HD is an late-onset autosomal dominant, lethal, progressive neurodegenera-

tive condition characterised by irrepressible motor disturbance, cognitive decline and

progressive dementia (Martin & Gusella, 1986; THsDCR, 1993). It affects around

1 in 10,000 individuals of European descent.

Cloning of the HD gene (THsDCR, 1993) has led to rapid advances in under-

standing of the molecular events underlying the disease. The HD gene mutation is a

CAG repeat expansion that results in long stretches of polyglutamine in the encoded

protein Huntingtin (HTT). HTT is a large scaffold protein involved in many cel-

lular functions. Wild-type HTT is ubiquitously expressed therefore the expression

profile does not account for the characteristic pattern of neuropathology found in

the brains of HD patients. The disease does not manifest below 35 CAG repeats,
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incomplete penetrance is observed between 36-39 repeats and patients with, as well

as without the disease have been described, and above 40 the disease is fully pene-

trant, showing the typical features of the disorder. The vast majority of adult onset

cases have expansions ranging from 40 to 55 repeats; expansions of 70 and above

are uncommon and invariably cause the juvenile onset form of the disease. Very few

cases have been described with a repeat length exceeding 100 (Davies et al., 1997).

An association between apolipoprotein E (APOE) and age of onset of HD has been

reported. Whilst length of CAG repeat is the most significant predictor of onset

age, APOEε2ε3 genotype is associated with significantly earlier age of onset in males

than in females (Kehoe et al., 1999). APOE genotype is known to also influence

onset age in Alzheimer’s.

The mutant protein misfolds and aggregates to form intranuclear inclusions,

which are typically, but not exclusively found in those brain regions that are pre-

dominantly affected by the disease. Full-length HTT may be cleaved to form a

N-terminal fragment containing the glutamine repeat. This fragment is more toxic

and more prone to aggregation compared to the full-length protein. The mutation

predominately acts by imparting a gain-of-function to the mutant HTT protein, al-

though loss-of-function of wild-type HTT may also contribute to the disease process

(Cattaneo et al., 2001). Neuronal dysfunction and degeneration affects many brain

regions including the striatum, cortex and hypothalamus. Diffuse, severe atrophy of

the striatum is the pathologic hallmark of HD. Medium sized spiny striatal neurons

containing gamma amino butyric acid (GABA) are extremely vulnerable (Watase &

Zoghbi, 2003). Brain atrophy progresses after the clinical onset of HD with the inten-

sity and rate of progression more pronounced in patients with larger expanded CAG

repeat sequences (Ruocco et al., 2008). The early symptoms include slight, uncon-

trollable muscular movements, stumbling and clumsiness, lack of concentration and

short-term memory lapses. Almost all patients exhibit neuropsychiatric symptoms

as the disease progresses, the most prevalent being dysphoria, agitation, irritability,

apathy, and anxiety (Paulsen et al., 2001). Reviews of psychiatric symptoms in HD

have suggested that depression, apathy, aggression, and disinhibition are common,

with suicide rates over four times those of the general population (Di Maio et al.,

1993). Subclinical obsessive compulsive symptoms (checking, cleanliness, compulsive
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rituals, hoarding, and pathologic impulses) are present in pre-HD patients compared

to controls (Beglinger et al., 2008).

It is not only in the genetic sense that HD is a family disease. As the average

age at onset of symptoms is between 35 and 45 years, HD begins when childbearing,

child-rearing, and career development are all significant (Vamos et al., 2007). There

may be many members affected in one family unit and also in the extended family.

There may be inter-sibling envy, regret and guilt if not all siblings inherit the disease.

Marked family pathology in terms of low cohesion and expressiveness and high levels

of conflict have been reported (Vamos et al., 2007). Genetically unaffected spouses

are likely to be almost equally affected by the illness in terms of concerns for the

future and the future of subsequent generations, including the ability to function as

a carer and a parent. The genetic implications of HD, coupled with the lack of a

cure or reliable treatment to ameliorate the disease, means that avoidance is one of

the main coping strategies deployed by carers. Secrecy about the disease is manifest

in HD families (Lowit & van Teijlingen, 2005).

6.1.2 Models for Huntington disease

There are several approaches to develop models for human disease. Primary cultures

of relevant cell types can be isolated from patients, but are generally difficult to ob-

tain. Samples obtained post mortem only represent a single point in the disease and

are commonly advanced disease stages; pre-symptomatic or early stage specimens

are rare. There is a limited range of tissues from which primary cells can be ob-

tained and the replication span of the cells can be brief before senescence is reached

or before unwanted transformation occurs.

Alternatively, genetically engineered animals are used to generate research mod-

els, the most popular of which is the mouse model. Knock-in models have varying

lengths of CAG repeats inserted into the mouse HD gene (hdh) (Shelbourne et al.,

1999). Transgenic models can have a mutated version of an N-terminal fragment of

the human HD gene (Mangiarini et al., 1996) or full length human cDNA (Reddy

et al., 1998). In transgenic models, the age of onset and progression of the dis-

ease can be manipulated by changing the size of the repeat or transgene expression

level (Bates & Hockly, 2003) but the transgene integrates randomly into the mouse

genome, which may have unwanted downstream effects. In knock-in models, the
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CAG repeat is inserted into the correct place in the genome so models the disease

more precisely, but manipulation of age of onset and progression of disease is limited

to the size of the CAG repeat and breeding pairings.

Key insights into HD pathogenesis have resulted from the use of mouse models.

For example, R6/2 mice transgenic for exon 1 of the human HD gene were used

to show that pronounced neuronal intranuclear inclusions develop in the brains of

the animals prior to developing a neurological phenotype. These inclusions con-

tained HTT and ubiquitin proteins, thus implicating mutant HTT aggregation as

a neuropathological hallmark of HD (Davies et al., 1997). Similarly, transcription

dysregulation was identified as an early event in disease onset by studying striatal

gene expression changes in the R6/2 model (Luthi-Carter et al., 2000).

However, the extent to which mouse models fully replicate the molecular patho-

genesis of HD is unknown. Many of these models do not faithfully represent the

abnormal phenotype as manifested in humans (Watase & Zoghbi, 2003), and ther-

apeutic achievement in animal models is not always successfully repeated in human

studies. This is partly due to inherent species differences and also to the difficulty in

identifying comparable outcome measures (Ferrante et al., 2002; THsDCR, 2001).

Therefore it has been recommended that a compound of interest should show efficacy

in two different mouse models in two different laboratories before being considered

for clinical trials (Bates & Hockly, 2003). The use of transgenic mice which over-

express HD gene fragments dramatically shortens the time to symptom onset and

development of disease pathology, but conversely the pathologic specificity is de-

creased (Menalled & Chesselet, 2002). These considerations have led to a search for

alternative, but complementary disease models for HD.

6.1.3 Embryonic stem cells as disease models

Embryonic stem cells carrying genetic disease are an alternative disease model. With

the fundamental attributes of pluripotency and self-renewal, they hold promise for

an unlimited supply of cells with which to study the mechanisms and development

of the disease. This is on the proviso that robust and reproducible protocols are

developed. MESC expressing long CAG motifs are able to differentiate into neurons,

but are characterised by stunted neurite outgrowth, low efficiency of neuronal forma-
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tion, decreased survival during differentiation and redistribution of polyQ containing

proteins (Lorincz et al., 2004).

As a model of disease progression, naturally occurring mutations in hESC from

PGD embryos represent a far more relevant model than genetically engineered mESC

as the mutant protein is expressed in its normal physiological context and range of

expression pattern. HESC models may not be identical to differentiated adult cells

in vivo, but nor do they need to be; their phenotypes will be close enough to provide

much improved pharmacological models. However, it is important to address basic

but crucial questions with regard to the use of hESC in disease research. Bearing

in mind the late onset of diseases such as HD, it is essential to assess whether

neural progenitors and neurons differentiated in vitro from HD-hESCs faithfully

express the HD phenotype as assayed by cell-based analyses, transcriptomics, and

proteomics. The judgement can then be made as to whether these cells are equivalent

or superior to animal models. If superior, this may reduce the need for whole-animal

experiments. It then remains to be seen whether such cells accelerate clinically

relevant drug discoveries, while reducing toxicity, since the initial screen is performed

with human (rather than typically rodent) cells.

6.1.4 Neuronal differentiation protocols

Protocols for producing neuronal derivatives from ESC were initially designed for

mESC and subsequently modified for application to hESC. Six main differentia-

tion pathways have been used with varying success; retinoic acid (RA) induction,

conditioned medium (CM) induction, serum-free embryoid body selection, stromal

co-culture, low density clonal neurosphere and monolayer serum-free induction (re-

viewed in Cai & Grabel (2007)).

Stromal cell culture approaches are based on attempts to recapitulate the stem

cell niche. When combined with serum removal and low density plating it has

proven successful with mESC. Neuronal markers such as neural cell adhesion molecule

(NCAM) and nestin (NES) have been reported after one week in culture (Barberi

et al., 2003; Kawasaki et al., 2000). Advantages of this protocol include; the require-

ment for relatively low ESC numbers for initiation, induction of a relatively pure

neuronal population, and the absence of an undefined EB step. In collaboration

with I-Stem, Evry, Paris, a mouse stromal co-culture protocol (Barberi et al., 2003;
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Perrier et al., 2004) was modified and used in attempts to induce neuronal differ-

entiation in the HD-carrying human ESC line, KCL008-HD2. The pre-adipocytic

mesenchymal murine bone marrow-derived stromal feeder cell line MS-5 was kindly

donated by I-Stem.

6.1.5 Aims

Preimplantation genetic diagnosis provides a novel source of embryos for hESC re-

search that carry clinically relevant genetic disorders (Stephenson et al., 2009).

Donation of these these embryos does not compromise patient treatment in any way.

In addition these embryos may be superior to those donated from IVF programmes

since most patients are fertile and undergoing IVF purely to prevent disease trans-

mission. The aim of this work was to develop a relevant population of cells for HD

investigation, and so test the hypothesis that hESC can be used as alternative models

in genetic disease research.

6.2 Method Development

6.2.1 Embryo culture and derivation

KCL008-HD2 was used throughout the neuronal differentiation study. The details

of the methods for derivation and characterisation of this line are given in sections

3.3.3.5 and 3.3.6 respectively.

6.2.2 Repeat analysis

The length of the CAG repeat of the mutant HTT gene was monitored throughout

the study. The length was determined just after derivation, upon initiation of the

differentiation protocol and once a stable precursor population had been obtained.

The method used was exactly as described in section 2.5.5.

6.2.3 Cytogenetic and molecular karyotype

Cytogenetic and single nucleotide polymorphism (SNP) analysis did not fall under

routine NHS clinical load and were therefore outsourced to suitable laboratories.

Cytogenetic analysis was performed by TDL (section 2.5.3). SNP analysis was

outsourced to the biotechnology company Integragen. The service offered highly
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multiplexed SNP genotyping assays processed in an automated, production-scale en-

vironment based on the Illumina high-throughput BeadArray
TM

platform technology

(Illumina Inc., San Diego, CA, USA). Genotyping was performed by Integragen using

a HumanHap300 chip containing 318,237 SNPs hybridised to 750 ng of genomic DNA

(Simon-Sanchez et al., 2007). Genomic DNA was extracted as described in section

2.5.2.5. KCL008-HD2, at passages 2-4 and 12-14, and a control line at passage 90

with known diploid karyotype (VUB05-HD) were analysed together.

6.2.4 Microsatellite analysis

Microsatellite analysis of the PGD products from the biopsied cell and the parents,

and subsequent analysis of KCL008-HD2 and human foreskin fibroblasts (HFF) was

performed by Guy’s ACU PGD scientists according to their published quantitative

fluorescence PCR protocol (Mann et al., 2004). In the procedure the chromosome

markers were co-amplified in one multiplex PCR assay. PCR products were analysed

on 310 and 3100 capillary based genetic analysers (Applied Biosystems, Foster City,

CA, USA). Genotyper version 2.5 was used for sizing and labelling alleles.

6.2.5 Pre-differentiation characterisation

Several steps were taken before initiating the differentiation protocol. In prepara-

tion for the cell numbers required in the differentiation protocol, routine culture of

KCL008-HD2 on HFF feeders was expanded gradually, first into 3 cm and then into

6 cm dishes (BD Biosciences). KCL001 was used as a control cell line through-

out. MS-5 cells were expanded to form a bank exactly as described for MEF cells

(section 2.2.2). In order to establish baseline expression of both pluripotency and

differentiation markers KCL008-HD2 cells were fully characterised by FACS analysis

(section 2.5.4) and immunocytochemistry (ICC) (section 2.5.1). Negative controls

were performed with each experiment by omitting the primary antibody or using

isotype controls. The antibodies used for all FACS and ICC analysis are either in

Table 2.4, section 2.5.4 or Table 2.2, section 2.5.1, or shown here in Table 6.1.

6.2.6 Neural induction

MS-5 cell feeders were plated at 2.6x104 cells/cm2 following mitomycinC inactivation.

hESC were manually cut into pieces as for routine passaging, and a maximum of five
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Table 6.1: Primary antibodies used for characterisation. SOX2; SRY-related HMG-
box-2, NES; nestin, TUJ1; β III tubulin, GFAP; Glial Fibrillary Acidic Protein,
MSI1; musashi-1, PAX6; Paired box-6, MAP2; Microtubule Associated Protein-2,
AFP; α Fetal Protein. Dako; Dako Denmark A/S, Glostrup, Denmark.

Name Isotype Clone Company Dilution
SOX2 Mouse IgG mAbcam 23960 Abcam 1 in 200
NES Rabbit IgG Polyclonal Chemicon 1 in 250
TUJ1 Mouse IgG2a TUJ1 Covance 1 in 500
GFAP Rabbit IgG Polyclonal Dako 1 in 200
MSI1 Rabbit IgG Polyclonal Chemicon 1 in 200
PAX6 Rabbit IgG Polyclonal Santa Cruz 1 in 200
MAP2 Mouse IgG1 HM-2 Sigma 1 in 500

Brachyury Mouse IgG2a 4G7 Chemicon 1 in 200
AFP Mouse IgM 167H.4 Chemicon 1 in 200

colony pieces plated per 3 cm dish or 15 pieces per 6 cm dish. The cells were cultured

in KSR medium on these stromal feeders for 14 days. KSR medium consisted of

KODMEM with 15% KOSR, 1% NEAA, 4 mM L-glutamine, with no growth factor

supplementation. Medium was exchanged every two or three days, and photographic

records kept to document the differentiation. Wild-type hESC line KCL001 was also

cultured in parallel.

At day 14 after plating onto MS-5 feeders, the medium was exchanged for N2

comprising DMEM F12 with Glutamax (Gibco Invitrogen) and 1% N2 supplement

(Gibco Invitogen). 20 ng/mL brain-derived neurotrophic factor (BDNF; R&D Sys-

tems, Minneapolis, MN, USA) was added fresh to each medium aliquot at exchange.

The hESC remained on the MS-5 feeders in N2 medium for a further seven days,

with medium exchange every two or three days.

After 21 d on MS-5 the hESC colonies were manually passaged into pieces ap-

proximately 1.5 times the size of routine passaging and placed into one of three

conditions. The dishes were coated in one of two ways; with polyornithine-laminin

(POL) or gelatin (Gel). For POL conditions, culture dishes were incubated with 15

µg/mL polyornithine (Sigma Aldrich) in PBS for a minimum of 4 h at 37◦C. The

dishes were washed twice with PBS and then 1 µg/mL laminin (Sigma Aldrich) in

PBS added for a minimum of 1 h at 37◦C. Gel plates were prepared by adding 0.1%

gelatin for a minimum of 5 min at RT.
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In the first condition the hESC were passaged onto POL dishes and remained

in N2 medium supplemented with BDNF. In the second, the hESC were passaged

onto POL dishes and the medium exchanged for N2B27, a 50:50 composition of

DMEM F12 with Glutamax and Neuralbasal medium (Gibco Invitrogen) with 1%

N2 and 2% B27 supplementation. At each medium exchange the medium aliquots

were supplemented with 20 ng/mL BDNF, 10 ng/mL epidermal growth factor (EGF;

R&D Systems) and 10 ng/mL bFGF. In the third condition the cells were passaged

onto Gel dishes in N2B27 with the same supplementation as before. From then

on, the dishes were passaged with 0.25% trypsin when confluent, until no further

growth was seen or the cells were used for FACS analysis, ICC or cryopreserved to

form a bank. Cells that were successfully passaged several times were cryopreserved

and thawed exactly as for MEFs (section 2.2.2) to assess post-thaw viability. CAG

repeat (section 2.5.5) and western blot (section 2.5.6) analyses were performed when

stable populations of cells were obtained. The experimental protocol is summarised

in Figure 6.1.

6.2.7 Characterisation of differentiated cells

6.2.7.1 Growth rate

One vial of P4 KCL008-HD2 and KCL001 cells on POL in N2B27 was thawed, and

1x105 cells plated in 3 dishes exactly as for routine culture. At each passage the cell

number was counted in triplicate for each cell line, for each dish. For both cell lines

three dishes were then re-plated for the next passage and cell count. The total cell

number at each passage was calculated by averaging the cell counts and multiplying

by the theoretical total number of dishes had all the cells been plated.

6.2.7.2 Marker expression

FACS analysis was performed at each step of the protocol to monitor differentiation.

ICC was used once a stable cell population was generated to identify the cell type

obtained. Cell cycle analysis was performed exactly as in section 2.5.4.1 to assess

the chromosome content of KCL008-HD2, and compared with HFF cells as a control.
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Figure 6.1: Summary of the differentiation stromal cell co-culture protocol, with the
three conditions tested after the co-culture period.
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6.2.7.3 Protein analysis

Western blots were run with KCL008-HD2 cells both when undifferentiated and once

the cells had been differentiated into neural precursors. Each time HFF feeders were

used as negative control cells, and immunoprecipiate of full length mutant HTT

from the transgenic R6/2 hdh mouse model (150 CAG repeats) used as the positive

control (kindly donated by C. Landles, Medical and Molecular Genetics Department,

King’s College). The protein content of the cells was isolated as in section 2.5.6.1

and stored at -80◦C until use. The gels were set up and the samples prepared and

run as in section 2.5.6.3. Immunohistochemical analysis to detect the HTT protein

was performed exactly as in section 2.5.6.4.

6.2.8 Neuronal and astrocytic differentiation

Differentiation of the neural precursors to neurons was attempted by low-density

plating and mitogen withdrawal. In preliminary experiments, the cells were plated in

POL coated dishes at 100, 500, 1000, 2000, 3000, 4000 and 5000 cells/cm2. Culture

was in N2B27 medium, but without BDNF, FGF2 or EGF supplementation, and

with medium exchange every 2-3 days. At day 7 the concentration of the cells

was inspected. At 100 cells/cm2 growth was negligible, but at 2000 cells/cm2 and

above, the cultures were confluent, or over-confluent, with increasing proportions of

cells lifting off into suspension. As the differentiation step was a minimum of 14

day protocol, 500 cells/cm2 was selected for neuronal differentiation. Differentiated

KCL008-HD2 and KCL001 were plated in triplicate in these conditions at both P4

and P12. After 14 and 28 days in neuronal differentiation conditions, the cells were

fixed and stained for MSI1, MAP2, PAX6, TUJ1 and NES.

To induce astrocytic differentiation, P4 cells were plated in triplicate at 500

cells/cm2 in N2B27 medium without growth factor supplementation, but with 20%

fetal calf serum (FCS). After 7 days in astrocytic differentiation conditions, the cells

were fixed and stained as before.
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6.3 Results

6.3.1 Derivation and early culture

The embryo used for the derivation of KCL008-HD2 was donated with informed

consent by a 39-year-old woman undergoing IVF/PGD. In the treatment cycle, five

oocytes were collected, of which four were mature and suitable for injection; one

germinal vesicle oocyte was discarded. Sperm parameters were normal, with 32%

normal forms, 20 million per mL density, and good to fair progression. At the time

of ICSI, embryo one (E1, subsequently KCL008-HD2) was at metaphase II, with a

large fragmented polar body, a thick zona and dark granular cytoplasm. No break

of the membrane was observed on aspiration during ICSI. At fertilisation check E1

had two visible pronuclei although they appeared faint. On day 2 E1 was 4 cells and

grade 3, but with uneven cell size. At biopsy on day 3, E1 was an eight cell graded

as 3. Although not conclusive, two structures resembling polar bodies were visible

within the ZP as shown in Figure 6.2.

Figure 6.2: Morphology of E1 on day 3 just prior to biopsy. Two structures that
were possibly polar bodies could be seen (arrows). Original image at x20 objective.

E1 was diagnosed as carrying the HD expansion following preimplantation ge-

netic haplotyping (PGH) microsatellite analysis. Microsatellites are highly variable

tandemly repeated sequences commonly used for mapping, linkage analysis and to

trace inheritance patterns. The repeating unit is generally 1 to 4 nucleotides long
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and variation in the number of repeats affects the overall length of the microsatellite.

When being used as a diagnostic tool as in PGH, the specific number of repeats in

a given microsatellite is not important, but rather the difference in the number of

repeats between alleles, allowing the origin of the allele to be tracked. Following

diagnosis for HD the embryo was unsuitable for transfer to the patient. The embryo

compacted late on day 4, and was used for derivation on day 5 when it had devel-

oped to a hatching blastocyst. The derivation of KCL008-HD2 is detailed in section

3.3.3.5.

Early culture of the line proved difficult. The colonies proliferated slowly, and

showed very poor attachment following passage. Culture was therefore restricted to

4-well plates, with reduced medium volume to aid attachment. 2.5 µg/mL laminin

and 16 ng/mL bFGF were added to encourage attachment and undifferentiated

growth. Replication crisis occurred several times, when only one or two undiffer-

entiated colonies would remain, and of necessity attempts to expand were cautious.

Transfer of the line to KOSR improved cell survival and attachment, and following

adaptation to HFF feeders, routine culture methods could be used from approxi-

mately passage 15.

6.3.2 CAG repeat analysis at derivation

At the first passage of each HD line, single hESCs were collected and analysed to

confirm the disease inheritance. Electrofluorograms generated from the Huntington’s

assay were used to calculate the number of repeats in each allele for each HD cell

line. The peak size was measured using the Genotyper 2.5 programme software. The

size of the primers (37 base pairs) was subtracted from the peak size, and the result

divided by three to give the number of CAG repeat units. The longer the repeat size,

the more likely it was to manifest a ‘hedgehog’ effect in the electrofluorograms, due

to the Taq polymerase slipping while reading the template and therefore producing

additional smaller peaks. In these cases, the average of similar peaks was taken and

used to calculate the expansion size. The electrofluorograms for KCL005-HD1 and

KCL008-HD2 are shown in Figure 6.3.

The analysis of KCL005-HD1 confirmed that the cell line carried the expanded

HTT gene. One allele had a peak size of 92.5 base pairs, therefore the repeat length

of the gene was 18, corresponding to the normal allele inherited from the paternal
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Figure 6.3: Electrofluorograms generated for CAG repeat analysis of (A) KCL005-
HD1 and (B) KCL008-HD2
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side. The maternal allele had an average peak size of 178.5 base pairs, therefore a

repeat length of 47. Both the buccal and negative controls were appropriate, with

the buccal samples giving a repeat length of 17 as expected, and no peak in the

negative control.

The analysis of KCL008-HD2 confirmed that the cell line carried the HD expan-

sion. One allele had an average peak size of 92.8 base pairs, therefore a repeat length

of 21, corresponding to the normal allele inherited from the maternal side. The pa-

ternal allele had an average peak size of 173.6 base pairs, therefore a repeat length of

46. The repeat length was 44 in the male patient, and therefore an elongation of the

repeat by 2 units had occurred. Paternal inheritance of the HTT gene is unstable

and increases in repeat length through generations are not uncommon. Both the

buccal and negative controls showed the appropriate outcome.

6.3.3 Cytogenetic and molecular karyotype

Cytogenetic karyotyping suggested that the chromosomal content of KCL008-HD2

was abnormal at 68,XXY,-6 as shown in Figure 6.4.

Figure 6.4: Cytogenetic karyotype of KCL008-HD2, showing abnormal chromosomal
content of 68,XXY,-6 from two cell metaphases.

However, despite three separate attempts at karyotyping, only the third produced

any result. Disappointingly, only two mitoses were suitable for analysis from approx-

imately 50 colonies. Furthermore the karyotype of two cells analysed appeared to
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disagree with the original microsatellite analysis of the biopsied cell. Although PGH

is not designed to specifically detect aneuploidy, the analysis of the biopsied blas-

tomere indicated normal chromosome content, with only ever one (due to drop-out

or a non-informative marker) or two alleles present, never three, as shown in Figure

6.5.

Figure 6.5: PGH results for chromosome 4 from both parents and the biopsied
blastomere. The size of the microsatellites for both alleles are shown. The affected
paternal allele is shaded green, and the corresponding markers found in the biopsied
cell are also shaded. There are only ever zero, one or two marker results, which
indicated a maximum of two alleles.

In the light of these results, it became necessary to confirm the karyotype of

KCL008-HD2, and as an alternative to cytogenetic means single nucleotide poly-

morphism (SNP) analysis was attempted. SNPs are single-base pair variations in

the DNA sequence and represent by far the most common source of genetic varia-

tion. The human genome is thought to contain over 10 million SNPs, about one in

every 300 bases. SNP genotyping is the process of determining which point mutations
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are present in the copies of a gene in a human (or model organism) genome.

Biallelic SNPs were used for the analysis, therefore only two bases are detected

with each probe. Hence, if the two bases in question were A and T, the combinations

possible at each SNP position in diploid cells would be AA, AT, TT. Therefore for

heterozygous SNPs the expected ratio of allele 2 to allele 1 would be 50% (AT and

TA). For any homozygous regions, the frequencies would lie at either 0% (AA) or

100% (TT). For a male line, no heterozygous bands should be visible in the X or Y

analysis. For a female line, the majority of SNPs on the X chromosome are likely to

be heterozygous, therefore a band at 50% frequency would be expected. Figure 6.6

shows the analysis of the diploid HD-derived male line, VUB05-HD, where the vast

majority of hybridised SNPs were heterozygous and formed a band at 50% frequency,

with no band visible in either sex chromosome.

Figure 6.6: SNP analysis of the control line VUB at passage 90. The vast majority
of SNP were heterozygous, showing as one band at 50% ratio of allele 2 to allele 1.

However, for triploid samples, the possible combination of bases becomes AAA,
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AAT, ATT, TTT. Therefore the outcome ratios of allele 2 to allele 1 would be 0%

(AAA), 33% (AAT), 67% (ATT) or 100% (TTT). The SNP analysis for KCL008-

HD2 showed heterozygous regions at 33% and 67% for each somatic chromosome

apart from 6, which showed only a heterozygous band at 50%. Hence this confirmed

the triploid status of the cells (apart from chromosome 6) and substantiated the

cytogenetic results. The analysis also showed a large area of homozygosity in the X

chromosome. This could either be explained by a paternal diploid contribution if the

parents were related, or a maternal diploid contribution with crossing over during

meiosis. Figure 6.7 details the SNP analysis of KCL008-HD2.

Figure 6.7: SNP analysis of KCL008-HD2 at passage 2-4. The triploid karyotype is
confirmed by bands at the 33% and 66% allele ratios. The exception is chromosome
6 which is diploid.

With the inheritance of an extra set of chromosomes by KCL008-HD2, the pos-

sible mechanisms giving rise to triploidy were considered. Non-mosaic triploidy can

arise from either the combination of one maternal and two paternal chromosome

283



6.3 Results

sets (diandry) or one paternal and two maternal sets (digyny). Table 6.2 details the

possible combinations at fertilisation.

Table 6.2: Details of the possible events at fertilisation, the resulting number of
visible pronuclei and the parental genetic contribution. Pronuclei; number visible at
fertilisation, Maternal; maternal component, Paternal; paternal component.

Event Pronuclei Maternal Paternal
Normal fertilisation 2 n n
Diandry - two haploid sperm 3 n 2n
Diandry - one diploid sperm 2 n 2n
Digyny - nondisjunction at meiosis I 2 or 3 2n n
Digyny - nondisjunction at meiosis II 2 or 3 2n n
Digyny - diploid (giant) oocyte 2 or 3 2n n
Digyny - endoreduplication 2 2n n

The presence of a third pronucleus is normally clearly seen at fertilisation check,

an example is given in Figure 6.8. Similarly ‘giant’ oocytes are clearly abnormal and

are generally discarded (Furuya et al., 2005; Rosenbusch et al., 2002). Therefore it

was unlikely that the mechanism giving rise to the triploidy was either fertilisation

by two haploid sperm or fertilisation of a ‘giant’ oocyte. To determine the origin of

the triploid inheritance pattern of the cell line further investigation was performed

by microsatellite analysis.

6.3.4 Microsatellite analysis of ploidy

To determine the mechanism of triploidy in the cell line, the original PGH products

from the parents and the biopsied cell, and genomic DNA extracted from KCL008-

HD2 hESC were compared. HFF feeders were also analysed to ensure no feeder

contamination was present or to account for the presence of any anomalous alleles.

Panels of microsatellite markers were used for chromosomes 13, 18, 21, X and Y,

the results are shown in Figure 6.9. In addition, chromosome 6 was investigated to

determine which copy was absent, the results are shown in Figure 6.10.
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Figure 6.8: Images of fertilised oocytes with arrows indicating: (A) No pronuclei (B)
one pronucleus (C) two pronuclei (D) three pronuclei. All images at x20 objective.
Scale bar indicates 50 µm.

For the parental samples, 6 of the 13 sex chromosome, and 5 of the 16 somatic

chromosome markers were fully informative. However for the biopsied cell, none of

the sex chromosomes were conclusive. For all markers except one, none or only one

allele was detected. This was likely to be due to allele drop out or homozygosity. The

only locus where two alleles were detected (AMEL) was for a non-informative marker

from the parents. Similarly the cell line was inconclusive. At the only locus where

two alleles were detected for an informative marker (DXS7423), one microsatellite

size was shared with the feeder cells. Whilst there was generally very little evidence

for feeder contamination in the samples, this prevented a firm conclusion regarding

inheritance, although it was suggestive of maternal diploid content.

The somatic chromosome analysis confirmed the inheritance as maternal diploid.

For KCL008-HD2, informative microsatellite sizes were detected with markers D13S634,

D13S325 and D18S386, where inheritance of both maternal chromosome copies and

a single paternal copy were detected (grey boxes). Therefore the cell line carried

one mutant copy of HTT from the father, and two normal copies from the mother.

Analysis of chromosome six confirmed that the cell line carried one copy from each

parent, with the loss of the second maternal copy occurring at an undetermined point

in development.
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Figure 6.9: Microsatellite results for 27 markers on the PGH product from the biop-
sied blastomere, the donors, KCL008-HD2 hESC line and HFF feeders. The markers
are shown grouped for sexing, chromosomes 13, 18 and 21. A blue box indicates an
informative marker, a purple box indicates a suggestive result for the biopsied cell
and a grey box indicates a conclusive result for the cell line.

Figure 6.10: Microsatellite analysis showing inheritance of one copy of chromosome
6 from the father and one from the mother. The second maternal copy is absent. A
blue box indicates an informative marker, a purple box indicates a conclusive result
for the biopsied cell and a grey box indicates a conclusive result for the cell line.
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For the single biopsied blastomere, the results were not so clear. From the 16

somatic markers used, none or one allele only was detected in 11. For the remain-

ing five markers two alleles were detected, but three were at non-informative loci.

The last two markers (D13S325, D21S1437) showed normal diploid inheritance of

one chromosome from each parent - consistent with both the original PGH result

and the two pronuclei visible at fertilisation. Given the high drop-out rate it was

not possible to conclude that the biopsied cell was truly diploid, therefore further

microsatellite analysis was performed. The panel of markers chosen previously were

disease specific, clustered closely together and mostly distal on each chromosome.

Therefore recombination could have reduced the number of informative alleles, and

the subsequent failure to detect triploidy in the single biopsied blastomere.

A panel of markers on chromosome one was consequently selected as they were

concentrated around the centromere and therefore loss of heterozygous markers

through recombination was unlikely. The results are shown in Figure 6.11. Of the

total of 6 chromosome one markers, 3 were fully informative for the parental samples,

of which two were conclusive for the cell line, with two maternal and one paternal

alleles present. For the single cell, marker D1S2885, despite paternal dropout, con-

clusively showed two maternal alleles for chromosome 1, confirming diploid maternal

inheritance in the single cell and therefore the triploid status. Marker D1S495 was

also suggestive of diploid maternal inheritance, but allele drop out in the paternal

parental sample prevented an unequivocal conclusion.

Figure 6.11: Microsatellite analysis for 6 markers for chromosome one on the PGH
product from the biopsied blastomere, the donors and KCL008-HD2 hESC line. A
blue box indicates an informative marker, a dark purple box indicates a conclusive
result for the single cell, a light purple box is suggestive. A grey box indicates a
conclusive result for the cell line.

Taken together, these results confirmed that the cell extracted for biopsy was

triploid (with the exception of chromosome six), an identical karyotype to the cell
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line generated from the embryo.

6.3.5 Pre-differentiation characterisation

Pre-differentiation characterisation confirmed that undifferentiated KCL008-HD2 cells

were positive for POU5F1, SSEA3 and 4, TRA1-61 and 1-80, as shown by immuno-

cytochemistry in Figure 6.12.

Figure 6.12: Predifferentiation characterisation of KCL008-HD2 showing positive ex-
pression for the common pluripotency markers: (A) DAPI, (B) POU5F1 (C) Merged
imaged; (D) TRA1-60 (E) SSEA4 (F) Merged image; (G) TRA1-81 (H) SSEA4 (I)
Merged image. All images at x10 objective. Scale bar indicates 50 µm.

Further quantitative analysis by FACS confirmed 97% of cells were positive for

CD9, over 80% of GFP negative cells stained positive for SSEA4, and all cells were

negative for SSEA1. Although the majority of cell samples were negative for NCAM,

occasionally a small sub population of cells were positive. The intensity of the

staining was always low in these samples. These results are shown in Figure 6.13.
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Figure 6.13: Predifferentiation characterisation of KCL008-HD2 showing quantita-
tive analysis of the pluripotency markers SSEA4 and CD9 and the differentiation
marker SSEA1. (A) Control sample of HFF and KCL008-HD2 without staining
showing that 60% of the sample was FITC positive corresponding to the GFP feed-
ers (B) The same sample stained for SSEA4-PE, showing 60% GFP positive feeders
and over 80% of the GFP negative cells positive for SSEA4 (C) HFF feeders stained
for SSEA1-FITC with around 60% of the sample positive (D) Sample of HFF and
KCL008-HD2 stained for SSEA1-FITC. As again around 60% of the sample was pos-
itive, therefore the KCL008-HD2 cells were negative for SSEA1. (E) Around 36% of
the undifferentiated cell culture was positive for CD9, the remaining likely to be feed-
ers, which were negative in the control. (F) Some sub-populations of undifferentiated
cells were positive for NCAM, but the surface level expression was low.

289



6.3 Results

The undifferentiated colonies were also negative for NES, MAP2, PAX6 and

SSEA1 as shown in Figure 6.14. As the HFF feeders used were GFP positive, it was

possible to exclude them from analysis when the antibodies were conjugated with

a red fluorochrome (cy3 or PE). However, when the fluorochrome used was green

(FITC) the percentage of positive cells was calculated by comparing with the result

from HFF alone.

Figure 6.14: Predifferentiation characterisation of KCL008-HD2 showing negative
expression for the common neural markers: (C,G,J) DAPI; (A) NES, (B) MAP2,
(D) Merged image; (E) PAX6, (F) positive expression of POU5F1-iA, (H) Merged
image; (I) the differentiation marker SSEA1. All images at x10 objective. Scale bar
indicates 50 µm.

6.3.6 Neural induction

The differentiation protocol was initiated at seven time points consisting of 19 exper-

iments with KCL008-HD2 and 7 experiments with KCL001. The hESC were plated

in small pieces and with only a few pieces per dish to encourage low density growth
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and to minimise cell-cell interactions and intercellular signalling. The two hESC

lines behaved differently in the early stages, as shown in Figure 6.15.

Figure 6.15: Morphology of (A) KCL008-HD2 and (B) KCL001 during the stromal
co-culture period of the induction protocol from D1 to D21. Scale bar indicates 50
µm at x40 objective.

KCL008-HD2 routinely showed robust proliferation, forming dense colonies that

differentiated initially in the centre, and then in additional pockets throughout the

colony. The colonies were very large by day 14 when the medium was changed to

N2. By day 21, a few cells with potentially neural morphology could be seen, but

most of the cultures were so dense it was not possible to discern cell type. KCL001

also showed robust proliferation, but did not form dense colonies. Instead very large

colonies only a few cells thick were observed, and individual cells with long processes

of possible neural morphology could be seen as early as 10 days on MS-5. Whether

this distinction was due to inherent behavioural characteristics of different cell lines,

or due to the effect of the triploidy or mutant HTT gene could not be established
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from the two lines used in this analysis. This could be investigated in the future

with the use of multiple normal and mutant lines.

An increase in NCAM positive cells was seen during this early induction stage.

With KCL008-HD2 around one fifth of cells were positive at day 14 which rose to over

half at day 21. A concomitant decrease in SSEA4 expression from around 70% to

30% was observed at the same time points, as shown in Figure 6.16. With KCL001,

NCAM expression increased from around 45% to 55% from day 14 to 21, with a

simultaneous decrease in SSEA4 expression from 40% to 10%.

Figure 6.16: FACS analysis of KCL008-HD2 cells during the stromal co-culture pe-
riod to assess NCAM and SSEA4 expression levels. A concomitant increase in NCAM
and decrease in SSEA4 expression from day 14 to 21 was observed.

6.3.6.1 N2 medium on a POL surface

For both cell lines excellent attachment on initial passage to the POL surface was

observed, although a wide range of cell morphology was seen, as shown in Figure 6.17.

Despite the variable morphology, almost half of the cells were NCAM positive and less
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than 3% were CD73 positive. This ruled out mesenchymal induction. Proliferation

was poor, and in each of the replicate experiments for both cell lines there was

extremely low attachment by P2. The cells therefore became low density cultures

regardless of plating density. This resulted in replication arrest, and culture of these

cells was not achieved beyond P2.

Figure 6.17: Examples of typical KCL008-HD2 culture morphology on POL in N2
medium at (A) P1 and (B) P2, commonly only two or three cells were visible in a
low magnification field of view. All images at x4 objective. Scale bar indicates 100
µm. (C) FACS analysis at P1 showing (C) low CD73 expression and (D) moderate
NCAM expression, implying differentiation of the cells to the neural lineage, but loss
of proliferation prevented the continued culture of the cells.

6.3.6.2 N2B27 medium on a Gel surface

Initial attachment in the gelatin condition was variable. Generally small cell clusters

proliferated and spread on the gelatin surface, although a high level of cell death was

evident. Subsequent passage to P2 and P3 was possible. Increasing homogeneity
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of cell morphology was seen and around one third of the cells were positive for

NCAM at P1. However, attachment was poor, and further attempts at passage were

unsuccessful. Figure 6.18 shows typical KCL008-HD2 cell morphology at P1-3.

Figure 6.18: Examples of typical KCL008-HD2 culture morphology on gelatin in
N2B27 medium at (A) P1, P2 and P3, with reduced attachment at each passage.
All images at x4 objective. Scale bar indicates 100 µm. (B) FACS analysis showing
moderate NCAM expression at P1, suggesting differentiation of the cells to the neural
lineage, but loss of proliferation prevented the continued culture of the cells.

6.3.6.3 N2B27 medium on a POL surface

Initial attachment and proliferation of the cells plated on POL in N2B27 was ro-

bust and rapid. Diverse cell morphology was observed in early culture as shown in

Figure 6.19. The morphology could be characterised broadly into four types, (A)

attachment of EB-like clumps with subsequent diverse outgrowth (B) cells with non-

neural morphology (C) low density cell attachment, some process extension (D) high

density attachment of cells with neural-like morphology and long cellular processes.
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Cells with non-neural morphology were used for differentiation experiments for other

lineages.

Figure 6.19: Examples of diverse culture morphology of P1 KCL008-HD2 cells on
POL in N2B27 medium, broadly grouped into four categories (A-D), see text for de-
scriptions. All images at x4 objective unless otherwise indicated. Scale bar indicates
50 µm at x20 objective.

The population of neural-like cells became more homogeneous with subsequent

passage. By P4 for KCL001 and P5 for KCL008-HD2 one distinct cell type had

emerged. The population was identical in morphology for both cell lines and is

shown for KCL008-HD2 in Figure 6.20. The proliferation of the cells was highly

dependent on cell density, with low-density cultures arresting and no further passage

possible. Following this observation, split ratios were kept low, the first one to ten

passages were split 1:2 or 1:3. By P10 passage was required daily and the ratio was

increased. Several vials were cryopreserved at regular intervals following a successful

freeze-thaw cycle, with the method exactly as for MEFs.

Of the 13 experiments with KCL008-HD2 in N2B27 medium on POL dishes, two
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Figure 6.20: Examples of KCL008-HD2 cell culture morphology at P2, 4 and 5 on
POL in N2B27 medium. By P5 a homogeneous population of cells was obtained,
showing robust proliferation and survival following cryopreservation. Scale bar indi-
cates 50 µm at x20 objective.
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resulted in a stable cell line with the characteristics of robust proliferation, very

high homogeneity by P3, ability to be passaged between a 1:5 and 1:10 ratio, and

excellent freeze-thaw survival. These cells were extensively characterised to confirm

neural lineage. Comments regarding efficiency of the differentiation protocol cannot

be made as refinements to the details of the protocol were made throughout. For

example plating density and split ratios were changed between and within experi-

ments. As hESC show poor low density/clonal survival, passage of undifferentiated

cells onto MS-5 feeders was initially performed as for routine culture. However, clonal

or low density passage onto stromal co-culture systems has been shown to be key

for reliable differentiation (Barberi et al., 2003; Kawasaki et al., 2000). Therefore

in later experiments, the colonies were cut into the smallest pieces possible still en-

abling attachment and proliferation. The proliferation of the neural stem-like cells

was extremely density dependent, with robust propagation only achieved initially at

high density passage. In some experiments, there was either insufficient cell number

to passage at high density, or the split ratio was too high too early in the induc-

tion phase. These low density cells stained positive for the neural precursor marker

NES as demonstrated in Figure 6.21. However, no further growth was evident, the

the cells did not assume neural-like morphology. The two experiments where neural

lines were established were initiated with the plating of very small colony pieces, and

passage at high density until the line was established, thereafter split ratios could be

increased to between 1:5 and 1:10.

6.3.7 Characterisation of differentiated cells

6.3.7.1 Growth rate

Passage 4 KCL008-HD2 and KCL001 cells were cultured for 22 days which included

six passages. The initial plating number for the growth analysis was 1x105 cells in a

6 cm dish. From a single dish of KCL008-HD2 around 6.0x108 cells were obtained -

a 6000-fold increase in cell number in just over three weeks. Similarly for KCL001,

around 8.8x108 cells were obtained - a 8800-fold increase. The growth curves are

shown in Figure 6.22.
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Figure 6.21: Examples of a low proliferative population of cells positive for nestin.
(A) Bright field (B) DAPI stained nuclei (C) Cytoplasmic nestin staining (D) Merged
image. All images at x40 objective. Scale bar indicates 50 µm.

Figure 6.22: Expansion curve of KCL008-HD2 and KCL001 derived neural precursor
cells for six passages (P4 to P10) with initial plating number of 1x105 cells in a single
6 cm culture dish.
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6.3.7.2 Marker expression

Despite the initial morphological heterogeneity, NCAM expression was consistently

high on POL in N2B27 conditions. At P1 and P3 NCAM positive KCL008-HD2 cells

exceeded 80% and 90% of the population respectively. Less than 5% CD73 positive

cells were consistently observed. SSEA4 expression had decreased to around 3% by

P3. Results for KCL008-HD2 are shown in Figure 6.23. Occasionally cell populations

were assessed throughout the various experiments which were positive for non-neural

markers or negative for NCAM. For example, at the end of 21 d on MS-5 one cell

population expressed NCAM at only 7%, compared over 50% as shown previously.

In a further cell population, over 80% of cells were positive for the epithelial marker

K18. In general however, proliferating populations showed high levels of NCAM and

appropriate expression of other markers.

Figure 6.23: FACS analysis showing the gradual acquisition of the neural surface
marker NCAM during neural induction, with concomitant decrease in the pluripotent
marker SSEA4. The consistent low expression of CD73 confirmed mesenchymal
induction had not occurred.
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Thorough characterisation was performed on the cells once stable proliferation

was established. Positive staining for NES, SOX2 and MSI1 confirmed the neural

lineage of the cells. The proliferative phenotype was reflected in the high proportion

of cells that were positive for KI67. FACS analysis confirmed positive expression of

CD9. This characterisation for KCL008-HD2 cells is shown in Figure 6.24.

Figure 6.24: Differentiation of KCL008-HD2 cells to the neural lineage was evidenced
by positive expression of (A-C) NES, (D-G) MSI1 and KI67 (H-J) SOX2 and (K)
CD9. (A,D,H) DAPI nuclei, (B) NES, (C) merged image. (E) KI67, (F) MSI1, (G)
merged image. (I) SOX2, (J) merged image. All images at x20 objective unless
otherwise indicated. Scale bar indicates 50 µm at x20 objective.

The differentiated cells were negative for POU5F1, confirming loss of pluripotent

status. Negative expression of cytokeratins 5,14 and 18 ruled out epidermal induc-

tion. Mesodermal differentiation was excluded by negative staining for brachyury

and mesenchymal differentiation by negative expression of CD73. Induction into the

endoderm lineage was ruled out by negative staining for AFP. Surprisingly, levels of

SSEA1 did not appear to be expressed in the time frame of the experiment. At P3 on
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POL the level of SSEA1 was below 1%. This questions the routine use of this marker

for characterisation of differentiation. Negative expression of HNK-1 and P75 ruled

out the differentiation to neural crest cells. This characterisation is shown in Figure

6.25.

Figure 6.25: Loss of pluripotency of KCL008-HD2 cells was shown by negative ex-
pression of (A) POU5F1-iA and differentiation to non-neural lineages was ruled out
by negative expression of (B) KRT5, 14 (C) brachyury (D) AFP (E) CD73 (F) P75
(G) HNK-1. (H) SSEA1 expression was not induced in the timeframe of culture. All
images at x20 objective. Scale bar indicates 50 µm.

6.3.7.3 Cell cycle

In the interval between receiving the cytogenetic karyotype and waiting for the SNP

analysis to be completed, cell cycle analysis of the KCL008-HD2 cells was performed.

This was in the attempt to confirm the triploid chromosome content of the cells

as suggested by the cytogenetic karyotype. Analysis of the replication state of a

population of cells can be achieved by FACS following fluorescence labelling of the
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nuclear DNA. In a diploid population, quiescent and G1 cells will have one copy of

DNA (2n) and will therefore have 1x fluorescence intensity. Cells in G2/M phase

of the cell cycle will have two copies of DNA (4n) and accordingly will have 2x

intensity. Since the cells in S phase are synthesising DNA they will have fluorescence

values between the 1x and 2x populations. In a triploid population, the 1x and 2x

peaks correspond to 3n and 6n chromosomes respectively. Cell cycle analysis was

performed for KCL008-HD2 exactly as described in section 2.5.4.1. HFF were used

as a euploid control.

Initially the aim was to gate out the HFF feeders dues to their GFP expression.

However, the permeabilisation step affected detection of GFP and gating was not

possible. Therefore, the HFF cells were analysed alone, and then KCL008-HD2 cells

on HFF feeders were examined. Figure 6.26 shows the results of the analysis.

Figure 6.26: FACS analysis of cell cycle characteristics of (A) HFF (B) KCL008-HD2
and HFF.

Analysis of HFF feeders showed a peak at 2n and 4n as expected. From a total

of 500,000 analysed cells, over 300,000 were quiescent or in G1 with a corresponding

2n complement. This is likely to be due to contact inhibition by neighbouring cells

when the culture is grown to confluence. The HFF were harvested for analysis prior

to passage and therefore were almost fully confluent. Despite this, a small peak

of approximately 150,000 cells contained a 4n content corresponding to the G2/M

phase. The remaining cells were assumed to be between the two peaks in S phase.

302



6.3 Results

No further peaks were visible. The analysis of a total of 500,000 KCL008-HD2 cells

and HFF together displayed three peaks. Approximately 70,000 HFF were found to

be in the G1 phase at 2n intensity, but the 4n peak could not be distinguished. As

KCL008-HD2 cells in S phase would lie between 3n and 6n, it was likely that they

were masking the 4n peak. However, this peak could be inferred from the HFF alone

analysis. Approximately 100,000 KCL008-HD2 cells were in G1 or the quiescent

phase with a chromosome content between that of 2n and 4n. Approximately 40,000

cells contained a 6n content corresponding to G2/M. The peak was not exactly at

twice the area of the 3n peak. This could be because there were insufficient cells

at the 6n stage to form a true peak above background noise in the experiment.

Modifications to the protocol, the number of cells analysed and the isolation method

failed to produce a more accurate result.

6.3.7.4 CD30 expression

The early culture of KCL008-HD2 was difficult (with poor attachment and prolifera-

tion arrest) but the line appeared to successfully adapt to culture by P10. Therefore

it was investigated whether the cells were chromosomally unstable having undergone

spontaneous transformation. CD30 is a member of the tumor necrosis factor su-

perfamily which has been identified as a marker for transformed hESC (Herszfeld

et al., 2006). It is expressed on transformed but not normal undifferentiated hESC.

CD30 expression is associated with a protective mechanism against apoptosis. Each

sample of undifferentiated KCL008-HD2 cells was split and stained for SSEA4 and

CD30. A comparison sample of KCL001 was also analysed. The HFF feeders were

gated out of the analysis by GFP expression, and 100,000 events collected in the

hESC gate only. The results are shown in Figure 6.27.

Approximately 85% of KCL008-HD2 cells were positive for SSEA4, confirming

the undifferentiated status of the majority of the cells at the time of analysis. Less

than 5% of the cells were positive for CD30. The KCL008-HD2 cells, despite be-

ing triploid, were neither transformed nor had acquired growth or anti-apoptotic

advantages through the mechanisms associated with CD30 expression. It might be

that three copies of those genes controlling cell division and pluripotency could con-

fer some advantage to the cells and enable culture adaptation despite the HD and

triploid status. 65% of KCL001 cells were positive for SSEA4 but almost half of
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Figure 6.27: FACS analysis of hESC after gating out of feeders the GFP expression.
(A) SSEA4 expression on KCL008-HD2 cells (B) CD30 expression on KCL008-HD2
cells (C) SSEA4 expression on KCL001 cells (D) CD30 expression on KCL001 cells.
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these cells were also positive for CD30. This was unexpected as it suggested that

approximately half of the KCL001 cell population was transformed, despite normal

cytogenetic karyotype at a similar passage to that used for the analysis. However, it

is highly likely that G-banding is not sensitive enough to pick up minor deletions or

duplications that may contribute to a transformed phenotype (Pera, 2004). There-

fore, SNP and CGH analysis is planned with this cell line to confirm or question the

validity of CD30 as a marker of transformed cells.

6.3.8 CAG repeat analysis

The CAG repeat analysis was performed on the undifferentiated KCL008-HD2 cells

just prior to neural induction, and also on P12 POL cells at the end of the protocol.

The undifferentiated cells had the same CAG repeat unit sizes as at derivation, with

the maternal allele carrying 18 repeats and the paternal with 46 repeats. While the

normal allele was unchanged following differentiation, the mutant repeat length had

increased from 46 to approximately 70 CAG repeats. The trace is shown in Figure

6.28.

Figure 6.28: CAG repeat analysis of KCL008-HD2 at P12 on POL, enlarged from
the whole trace. (A) The size of the peak was around 244 bases, corresponding to a
repeat size of approximately 70 CAG repeats. (B) A control sample with 45 repeats.

305



6.3 Results

6.3.9 Protein analysis

Western blot analyses of KCL008-HD2 cell lysates were performed to confirm the

translation of the paternally inherited mutant HTT gene into mutant protein. For

each immunodetection, the samples were run in triplicate and the gels were probed

with each of the three antibodies - 2166, S830 and MW1 (section 2.5.6.4).

Several early attempts were unsuccessful. For experiment one, undifferentiated

KCL008-HD2 cells were used with HFF as the negative control. The concentration

of protein in the cell lysates is shown in Table 6.3, and a total of 20 µg of protein

was loaded in to the gel wells. The lysates were made in RIPA buffer. The gel was

not run for long enough to separate the HTT protein and no bands were visible on

the exposed film for the test samples. Mutant HTT is a very large protein, with a

molecular weight of around 350 kDa. The gel needed to be run for much longer than

the normal 2-3 h which is sufficient for the majority of other proteins.

In experiment two, the same samples were run on the gel for 5-6 h, but again

no bands were visible on the exposed film. The cell lysates were prepared again

but in KCl buffer. This was recommended by staff at the Medical and Molecular

Genetics laboratory at King’s College as potentially better for running western blots

for mutant HTT.

In experiment three, both undifferentiated KCL008-HD2 and the differentiated

neural cells were used to make lysates in KCl buffer, with HFF as the negative

control. The concentration of protein in the cell lysates is shown in Table 6.3. A

total of 20 µg of protein was loaded into the wells, and the gel was run for 5-6 h.

Again, no bands were visible in the test lanes on the exposed film. It was possible

that if the cells were only expressing low levels of HTT, loading 20 µg of protein

might not be sufficient for detection. A larger culture of cells was grown for protein

extraction. An over-confluent T75 flask of KCL008-HD2 neural progenitors was used

and the lysates were made in KCl buffer. The concentration of protein in the cell

lysates is shown in Table 6.3. A total of 50 µg of protein was loaded into the gel

wells. Once again, nothing was seen on the exposed film. A reversible Ponceau red

stain confirmed there was protein present however. The final step was to use fresh

batches of antibodies for the immunodetection, and to run the gel for 3-4 h to enable

bands of other proteins/mutant HTT fragments to be seen. The final attempt was
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successful in detecting normal HTT with the 2166 antibody in both the KCL008-

HD2 cells and the HFF feeders, as well as the positive control. Mutant HTT was

detected in the KCL008-HD2 cells and the positive control using the MW1 antibody.

The western blot traces are shown in Figure 6.29.

Table 6.3: Concentration (conc.) of protein in all the lysates made from undifferen-
tiated (HD2) and differentiated (AGP) KCL008-HD2 and the HFF feeder cells.

RIPA buffer
Standard µg/uL 0 4 8 16 32 mean HD2 HFF
Optical Density (OD) 0 0.097 0.168 0.318 0.596 0.057 0.089
OD/Standard µg/uL 0 0.024 0.021 0.019 0.019 0.021
Protein conc. µg/uL 2.7 4.2

KCl buffer
Standard µg/uL 0 2 4 8 mean HD2 AGP
Optical Density (OD) 0 0.05 0.09 0.16 0.077 0.216
OD/Standard µg/uL 0 0.025 0.0225 0.02 0.0225
Protein conc. µg/uL 3.4 9.6

KCl buffer
Standard µg/uL 0 4 8 16 32 mean AGP HFF
Optical Density (OD) 0 0.085 0.165 0.312 0.573 1.061 0.281
OD/Standard µg/uL 0 0.021 0.021 0.0195 0.018 0.0199
Protein conc. µg/uL 53.3 14.1

307



6.3 Results

Figure 6.29: Western blot analysis of mutant HTT protein expression. (A) Detection
of wild type HTT in KCL008-HD2, HFF feeders and positive control with the 2166
antibody. (B) Detection of mutant HTT in KCL008-HD2 and positive control with
the MW1 antibody, but no detection in the HFF. Position indicated by the arrows.

6.3.10 Neuronal and astrocytic differentiation

To establish whether cell populations obtained with this protocol were a neuronal pre-

cursor population, further differentiation down the neuronal lineage was attempted.

Neuronal differentiation was assessed by positive MAP2, PAX6 and TUJ1 expression.

Astrocytic differentiation was assessed by GFAP, MSI1 and NES expression. Cells

were cultured in triplicate in each condition with the aim of assessing the proportion

of cells expressing each marker and analysing any differences in the behaviour of the

two cell lines.

Following 14 d of culture without growth factor supplementation, KCL008-HD2

and KCL001 cells developed morphology suggestive of neuronal lineage differentia-

tion. Cells were visible with long processes with multiple branches. Following 7 d of

culture in 20% FCS without growth factor supplementation, the cells became bipolar

as typical for astroglial cells. These morphological changes are shown in Figure 6.30.

Despite morphology indicative of neuronal cells as shown however, the cells were

negative for TUJ1, PAX6 and MAP2, but positive for NES as shown in Figure

6.31. The differentiation protocol was repeated for 28 d but again no neuronal

differentiation occurred.
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Figure 6.30: Morphology of KCL008-HD2 P12 POL cells in neuronal conditions
without growth factor supplementation (A-F) and in astrocytic conditions with the
addition of FCS (G-L). (A) Day 1 of growth factor withdrawal at 500 cells/cm2. (B)
Day 2. (C) Day 8. (D) Day 9. (E) Day 12 (F) Day 14. Cells developed multiple
branched long extensions in this condition, characteristic of neuronal cells. (G) Day 1
of serum addition. (H) Day 2. (I,J) Day 6. (K,L) Day 7. Cells became bipolar, with
two predominantly unbranched extensions, typical of astroglial cells. All images at
x40 objective unless otherwise indicated. Scale bar indicates 50 µm at x40 objective.
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Figure 6.31: Failure of the neural cells to differentiate to the neuronal lineage was
evidenced by negative expression of (A) TUJ1, (B) PAX6, (C) MAP2 and continued
positive expression of NES (D) DAPI nuclei, (E) NES, (F) merged image. All images
at x20 objective. Scale bar indicates 50 µm.
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Following astroglial differentiation, the entire population of cells in all experi-

ments were GFAP, MSI1 and NES positive, as shown in Figure 6.32.

Figure 6.32: The astroglial phenotype of the KCL008-HD2 cells was evidenced by
positive expression of (A-C) GFAP, (D-F) MSI1 and (G-I) NES. (A,D,G) DAPI
nuclei. (B) GFAP, (C) merged image. (E) MSI1, (F) merged image. (H) NES, (I)
merged image. All images at x20 objective. Scale bar indicates 50 µm.
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6.4 Discussion

6.4.1 Early culture of KCL008-HD2

Difficulty with early culture and passage of hESC lines carrying HD has been experi-

enced in other laboratories (personal communication, K. Sermon, Brussels). There is

some evidence to suggest that wild-type HTT plays a role in intracellular trafficking

of proteins required for construction of the extracellular matrix or involved in cellular

adhesion (Strehlow et al., 2007). This may ultimately affect the overall stability and

ability of a cell to interact with its neighbours, and suggests a basis for the difficulty

in the culture of KCL008-HD2. In addition, attempts to thaw and further culture

KCL005-HD1 have been unsuccessful. Reports concerning the derivation of triploid

lines make no mention of abnormal culture behaviour. One even describes faster

doubling times in triploid verses diploid lines (Baharvand et al., 2006). Taken to-

gether, these observations suggest that the early culture problems experienced with

KCL008-HD2 seem likely to be as a result of the mutant HD gene not the triploid

status.

6.4.2 Karyotype

Triploidy is one of the most frequent chromosomal abnormalities affecting human

conception with a prevalence amongst all pregnancies of 1%-3% (Rosenbusch, 2008).

The birth of a triploid child is rare, with death normally occurring in the early

postnatal period. However, a few cases of unusually long survival have been reported

(Iliopoulos et al., 2005).

There have been a small number of reports of triploid hESC lines arising from

both bi- and tri-pronucleate embryos (Baharvand et al., 2006), and also from em-

bryos donated at the blastocyst stage where information on the pronuclear status

was not available (Heins et al., 2004; Sun et al., 2008). The triploid line from a

binucleate embryo was reported as a 69,XXY mosaic, but no further analysis of the

inheritance mechanism was discussed. Generally the in vitro behaviour, marker ex-

pression and morphology of the triploid lines were comparable to those of diploid

lines, which is in agreement with the results presented here. However, in vivo differ-

entiation may be impaired. The generation of only fluid-filled cysts upon injection

of the cells into SCID mice has been reported (Heins et al., 2004). However another
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group successfully generated teratomas with all three germ layers from a triploid line

(Sun et al., 2008). Whilst the in vitro differentiation attempted here was successful,

teratoma formation was not attempted.

Initial microsatellite results confirmed that the cell line was triploid, but diploid

results were obtained for the biopsied cell, which was in agreement with the original

PGH diagnosis. This, coupled with the presence of only two visible pronuclei at fer-

tilisation, suggested that the embryo was mosaic. The origin of non-mosaic triploids

generally arise from simple digyny or diandry, but the origin of mosaic triploids

is more complex. Case reports of triploid/diploid mosaics are available with the

most likely mechanisms including chimerism originating from fusion of diploid and

triploid zygotes, delayed dispermy by incorporation of a second sperm pronucleus

into an embryonic blastomere, postzygotic maldivision of a triploid or diploid zy-

gote, or incorporation of the second polar body into one blastomere at the cleavage

stage (Brems et al., 2003; Daniel et al., 2003; Muller et al., 1993). The first two

mechanisms could be disregarded in this case; the first because fertilisation and de-

velopment took place in vitro in individual embryo culture, and the second because

fertilisation was by ICSI and the line had a normal haploid paternal chromosome con-

tent. Postzygotic maldivision of a maternally derived triploid zygote would result in

expected loss of both maternal and paternal chromosomes randomly which was not

observed for the chromosomes investigated for KCL008-HD2. Incorporation of the

second polar body into a cleavage blastomere could have occurred at any cleavage

stage to give rise to a population of triploid cells. The predominance of these cells

from very early passage of the stem cell line suggested that if this was the causal

mechanism, incorporation was early in division. Although two structures resembling

polar bodies were visible just before biopsy, they could have been cellular fragments.

However, the relatively low frequency of reports of triploid/diploid mosaicism cou-

pled with the inconclusive microsatellite data required further investigation of the

cytogenetic status of the biopsied cell.

A panel of markers on chromosome one was subsequently used for analysis of the

biopsied cell. The results revealed that the cell was in fact triploid - with a diploid

maternal, and a normal haploid paternal contribution. Therefore the embryo was not

mosiac; the triploidy must have arisen by a mechanism of digyny, but complicated

by the presence of only two pronuclei at fertilisation. It is plausible that there was a
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third pronucleus present but not visible, due to asynchronous formation of pronuclei

following fertilisation (Staessen & Van Steirteghem, 1997). Non-mosaic triploid

mechanisms were considered to elucidate the most likely origin of the triploidy.

Table 6.4 details the most common events that can give rise to a triploid chromo-

some content, and whether the inheritance of KCL008-HD2 could have arisen from

each mechanism.

Table 6.4: Details of the causal mechanisms of non-mosiac triploidy, and whether
they offer a suitable explanation for the karyotype of the embryo used to derive
KCL008-HD2.

Event Possible mechanism of triploidy
Diandry - two haploid sperm No, diploid maternal complement
Diandry - one diploid sperm No, diploid maternal complement
Digyny - nondisjunction at meiosis I Yes
Digyny - nondisjunction at meiosis II No, non-reduction of pericentromeric markers
Digyny - diploid (giant) oocyte No, morphology was normal at ICSI
Digyny - endoreduplication No, heterozygous maternal complement

Diandry could clearly be excluded due to the diploid maternal chromosome con-

tent. A diploid (giant) oocyte could be rejected as the oocyte appeared of normal size

at the time of injection. Endoreduplication is defined as duplication of the genome

without intervening mitosis or cell division. This would create a triploid zygote that

cannot be detected by standard morphologic or cytologic criteria employed in IVF

laboratories. However, if the maternal pronucleus had replicated in this case a ho-

mozygous diploid maternal complement would have resulted. The detection of three

different alleles at multiple loci therefore excluded this mechanism.

Nondisjunction at meiosis I or II were considered the most likely events to have

caused the triploid chromosome content. Nondisjunction at meiosis I with a failure

of separation of the entire set of homologous chromosomes (perhaps excluding chro-

mosome 6) could have occurred. A polar body was extruded as it was seen during

ICSI, but this could have contained only one copy of chromosome 6. Recombination

between homologous chromosomes and a normal meiosis II phase would result in a

heterozygous diploid oocyte. If the sister chromatids separated during fertilisation,

314



6.4 Discussion

then three haploid pronuclei and three polar bodies would have been visible (Rosen-

busch et al., 2002). If the female sister chromatids remained united, two pronuclei

(one diploid) and two polar bodies would be visible at fertilisation - exactly as seen

in the embryo used to derive KCL008-HD2.

Nondisjunction at meiosis II with failure of separation of the entire set of sister

chromatids was also considered as a plausible mechanism. However, whilst recom-

bination between sister chromatids would be possible at the distal end of the chro-

matids, it would be very unlikely to occur around the centromere (Zaragoza et al.,

2000). The pericentromeric or distal position of all the markers was considered to

determine whether or not maternal heterozygosity at the centromere was maintained

(non-reduction) or was reduced to homozygosity (reduction) in the triploid offspring

(Zaragoza et al., 2000). The majority of the markers were distal except for those

on chromosome one. Markers D1S1656 and D1S2885 were pericentrometric and a

heterozygous maternal complement was seen in both KCL008-HD2 and the biopsied

cell, evidenced by the presence of two different maternal microsatellite sizes in the

analysis. This non-reduction at the centromere made it unlikely that the triploidy

arose from nondisjunction at meiosis II.

Therefore whilst the mechanism producing the triploidy could not be determined

unequivocally, the most likely explanation from the available evidence was nondis-

junction at meiosis I. The sister chromatids remaining united during fertilisation

would have resulted in a zygote with two pronuclei (diploid maternal, haploid pater-

nal) and two polar bodies, exactly as seen.

It is not surprising that the triploid status of the biopsied cell was not detected

during PGH. Firstly, PGH is not quantitative, and not designed to pick up aneuploidy

status in blastomeres. Secondly, the HTT gene is positioned at 4p16.3, at the end

of chromosome 4. Recombination of the gene is likely, giving rise to a homozygous

marker pattern which would not reveal triploidy. This was confirmed by the SNP

analysis, where every SNP marker used around the HD gene was homozygous.

This inheritance pattern, with the cell line carrying two copies of normal and

one copy of mutant HTT, might alter the effect or contribution of loss-of-function of

normal HTT to the disease pathology and progression. Gain of toxic function of the

mutant protein could then be studied in isolation. However, the confounding effect

of the triploid karyotype, and any possible silencing/regulation effects from the two
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normal copies of HTT should not be overlooked and might render the cells of very

little use for transcriptional studies. However, the number of hESC lines carrying HD

are few, and in some of the diploid lines other chromosomal abnormalites are present

(personal communication, N. Lefort, I-Stem). Therefore this cell line provides a

novel and useful source of cells for the study of biochemical characteristics of HD. In

particular, the ease of culture and rapid proliferation of the cells greatly facilitates

scale-up for experimentation; a significant advantage over the undifferentiated hESC

stage.

6.4.3 CAG repeat analysis

Repeat size is a major determinant of the severity and pathology of hereditary neu-

rodegenerative diseases; the longer the repeat, the more severe the symptoms, the

earlier the age of onset, and the more widespread the pathology (Zoghbi & Orr, 2000;

Zuhlke et al., 1993). Elongation of the trinucleotide repeat expansion on transmis-

sion to the next generation is a common occurrence. It has been identified in HD,

spinal and bulbar muscular atrophy, dentatorubral-pallidoluysian atrophy, Machado-

Joseph disease, fragile X syndrome, myotonic dystrophy and Friedreich’s ataxia. In

HD, the expanded CAG repeats are unstable in both germline and somatic tissues,

indicating both meiotic and mitotic instability.

The extent of germline instability has been shown to be dependent on the sex of

the affected parent; paternal transmissions tend to be most unstable and increase in

size upon parent-to-offspring transmissions. This then causes earlier manifestation of

the clinical symptoms in subsequent generations, a phenomenon termed anticipation.

Juvenile onset of HD is associated with paternal transmissions with large increases

in repeat size (THsDCR, 1993). Juvenile-onset HD patients develop dystonia and

seizures in addition to the classical phenotype of chorea and dementia seen in adult-

onset patients. This suggests that the toxicity associated with large repeats is more

widespread through certain neuronal subtypes which are normally unaffected when

the repeat sizes are in the adult-onset range.

A timeframe for germline instability has been suggested by a study describing

four pairs of HD monozygotic twins, two pairs of which inherited the disease from

the mother and two from the father (MacDonald et al., 1993). Each pair had identi-

cal CAG repeat lengths. The vast majority of HD transmissions involve measurable
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changes in repeat length, thus, any repeat instability almost certainly occurred be-

fore the twinning event. This usually take place between days 2 and 5 of embryonic

development. There is also evidence for mosaicism of repeat length in sperm samples

(Telenius et al., 1994). Together these observations indicate that germline instability

occurs during gametogenesis. One possible explanation for the increased paternally

inherited repeat instability is the greater number of cellular divisions that take place

during spermatogenesis compared with oogenesis (Zoghbi & Orr, 2000). Other ev-

idence suggests that replication may not be a causative mechanism, as discussed

below for somatic instability. KCL008-HD2 was derived from an embryo with pater-

nal inheritance of the mutant HD gene. A repeat increase of 2 units was observed

in the cell line. Although not conclusive due to technical limitations of the analysis,

this is likely to be a true anticipatory event. In a small cohort of embryos, elongation

of the repeat expansion was observed in the majority of paternal transmissions, with

the increase being between 1 and 8 repeat units (Sermon et al., 1998). Surprisingly,

as many embryos showed contractions (6 out of 20) or no change (4 out of 20) as

further expansions (10 out of 20) in embryos where the father was affected. Maternal

transmissions showed contractions or no change, but no elongations were observed

in this small group. The study of a larger group of embryos is needed to draw con-

clusions regarding contractions of the CAG repeat, although this has been reported

elsewhere. Of note is one case report of a contraction in a maternal transmission

which changed the CAG repeat in the offspring from a penetrant size of 48 to a

normal size of 34. This deletion of 14 CAG repeats is much larger than normally

observed (Tang et al., 2006).

In somatic tissues, the expanded alleles do not seem to show a sex bias (Gonitel

et al., 2008). The repeats are unstable with variable patterns of expansions and

contractions in different tissues. For longer repeat lengths, somatic instability of the

repeat size has been observed both in human cases at autopsy (Telenius et al., 1994)

and in transgenic mouse models (Mangiarini et al., 1997). Interestingly it has been

shown that somatic repeat instability is significant in the striatum of aged HD knock-

in mice (Wheeler et al., 1999). As striatal neurons are the most vulnerable cells in

HD, it is conceivable that somatic repeat instability contributes to the selective loss

of these neurons. Furthermore it may help explain why certain subsets of neurons

degenerate in HD even though the mutant protein is widely expressed throughout
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the brain. Similarly, the greatest somatic instability has been shown in the basal

ganglia and cerebral cortex of postmortem human tissue (Telenius et al., 1994),

and both regions are affected in HD. The instability was greater in the brains of

juvenile-onset samples, strengthening the relationship between mitotic instability

and repeat size. This was also shown for germline transmission, following analysis

of mosaicism in spermatozoa of affected patients (Telenius et al., 1994). Apparent

contradictory results which assert that somatic transmission is stable in HD have

been reported (MacDonald et al., 1993). However, careful inspection of the figures

within the manuscript suggests a small but consistent increase in repeat size in the

striatal tissue compared to lymphoblast for each patient analysed.

The molecular mechanisms underlying somatic CAG repeat instability are still

largely unknown. It has been suggested that repeat instability arises via DNA repli-

cation slippage during cell division (Richards & Sutherland, 1994). However, in

tissues such as the brain, which contain a large proportion of post-mitotic cells, a re-

markable degree of instability has been shown (Gonitel et al., 2008; Wheeler et al.,

1999). Furthermore the absence of extreme mosaicism in tissues with a high cell

turnover such as the liver and bowel (Telenius et al., 1994) suggest that replica-

tion does not play a major role in the regional differences of CAG repeat instability.

Another suggestion is that multiple rounds of DNA damage and repair may medi-

ate somatic instability in post-mitotic cells (Kennedy & Shelbourne, 2000; Wheeler

et al., 1999). This hypothesis is supported by evidence that a deficiency in the mis-

match repair enzyme Msh2 prevents in vivo somatic instability of the CAG repeat

in HD transgenic mice (Manley et al., 1999; Pearson et al., 1997).

In undifferentiated KCL008-HD2 cells the CAG repeat length of the mutant al-

lele was stable at 46 repeats. However, in the differentiated precursor population

there was a dramatic increase in CAG repeat units to 70. Given the extremely rapid

proliferation of these cells (6000-fold in 22 days), these results suggest that repli-

cation may be somehow involved in instability in agreement with previously cited

results. However an alternative explanation may lie with evidence that DNA re-

pair mechanisms in mESC and hESC are superior to differentiated cells (Maynard

et al., 2008). Microarray analysis has shown that mRNA levels of several DNA repair

genes are elevated in hESC. This enhanced repair system allows hESC to maintain

genomic integrity and differentiation potential during multiple cell cycles. However
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these multiple rounds of DNA repair could have led to increased somatic instability

during the differentiation of KCL008-HD2 cells.

The cell line generated is a unique tool with which to study HD pathogenesis

despite the abnormal karyotype. It is unlikely that a cell line with a juvenile-onset

repeat number would be obtained directly from a HD patient, neither after PGD nor

through iPS cell generation, as individuals with such a repeat length are unlikely to

survive to reproductive age or capacity. Until now the only way of generating such

large repeats was to use genetically manipulated mouse or cell models. As discussed,

lines generated from PGD embryos are likely to be superior models as the mutant

protein is expressed in its normal physiological context. In particular this line lends

itself to the study of the little understood mechanisms of somatic instability.

6.4.4 Protein analysis

The CAG repeat portion of the HD gene is translated into polyglutamine in the HTT

protein. This allows mutant and wildtype isoforms in HD heterozygotes to be differ-

entiated by variation in electrophoretic behavior and immunoreactivity (Persichetti

et al., 1995).

Wildtype HTT was observed by western blot in all samples; the HFF, the positive

control and differentiated KCL008-HD2 cells. Mutant HTT was visible in the positive

control and as a faint band in the KCL008-HD2 cells. The relative migration of the

protein varies with the length of the CAG stretch. Therefore the positive control

band (150 repeats) was slightly higher on the gel than the KCL008-HD2 band (46 to

70 repeats). The gel was not run for long enough to distinguish between the mutant

and wildtype isoforms in KCL008-HD2 by position, and therefore analysis was by

differential immunoreactivity. The MAB2166 antibody recognises an epitope around

amino acid 450 of the normal protein. Since this region is the same in the normal and

mutant protein the antibody recognises both forms. MW1 only recognises expanded

polyglutamine tracts and therefore will only bind to the mutant protein.

Several studies have suggested a reduction in expression of HTT from the mu-

tant allele, with the difference accentuated in juvenile onset cases. Mutant HTT is

often seen at a lower level in HD heterozygote lymphoblast or brain protein extracts

than in its wild-type counterpart. This was thought to arise from reduced stabil-

ity, thereby reduced activity, of HTT, which might be involved in the pathogenesis
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of HD (Persichetti et al., 1995, 1996; Trottier et al., 1995). However, pulse-chase

experiments failed to reveal an alteration in mutant HTT turnover or processing to

smaller fragments (Persichetti et al., 1996). There now exists a plethora of data to

show that the pathological effects of mutant HTT are mainly due to toxic gain-of-

function, not to loss-of-function as the reduced activity hypothesis implies. Thus, a

mutant HD allele, even at reduced relative expression, must produce an amount of

abnormal HTT that saturates the pathogenic mechanism and causes disease.

The decreased signal from the protein could therefore be due to either a differ-

ence in gene expression level or decreased binding to the antibody. The mutant

protein misfolds which could either expose or hide epitopes to either enhance or

hinder antibody binding. The marked difference in band intensity for KCL008-HD2

is complicated by the triploid status of the cells. The 2166 antibody would have

detected HTT gene product from three alleles - two normal and one mutant. MW1

would have detected the protein product from only one allele. Nevertheless, the re-

sults confirmed that the differentiated KCL008-HD2 cells expressed mutant HTT at

the protein level. Further experiments are planned to determine whether the protein

is in a soluble or aggregated form in these cells.

6.4.5 Neural induction

The aim of the experiment was to establish whether hESC carrying genetic disease

could be used as research models. A neural precursor population would be the

most suitable cell type for study in HD. In two out of 19 experiments, a stable,

highly proliferative and homogenous cell population was generated from KCL008-

HD2, which could be easily cultured, expanded and successfully undergo freeze-thaw

cycles. Alongside this, a very similar cell population was generated in one from 7

experiments with KCL001, providing a wild-type control line.

The first 14 days of the protocol were designed to prevent differentiation to

mesodermal and endodermal lineages. This allowed spontaneous or perhaps de-

fault neuroectodermal differentiation. One mechanism of action of the stromal cells

is ectodermal induction and stabilisation, which prevents mesoderm differentiation.

Subsequently, stromal co-cultured cells adopt a default neural status unless they re-

ceive a sufficient level of appropriate signalling (Kawasaki et al., 2000). The use of

serum has been shown to be inhibitory to neural differentiation (Kawasaki et al.,
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2000) and therefore serum replacement was used. From day 14 onwards, specific

medium and supplementation were introduced to direct any neuroectodermal cells

towards neural precursors or the neural lineage.

Growth factor supplementation encouraged the cells to differentiate to neural pro-

genitors. The switch from serum-replacement to N2 and then N2B27 medium was

designed to keep any such progenitors in proliferative conditions. N2 is a serum-free

supplement (with transferrin, insulin, progesterone, putrescine and selenite) shown

to promote neural progenitor formation by an increase in MSI1 expression (Dhara

et al., 2008). It also supports the growth of post-mitotic neurons. B27 is a serum-free

medium supplement shown to increase neuronal survival in primary central nervous

system (CNS) cultures (Svendsen et al., 1995). The combination of these supple-

ments in a neuralbasal medium has been used extensively in a variety of approaches

to neuronal differentiation experiments (Barberi et al., 2003; Conti et al., 2005;

Joannides et al., 2007; Ying & Smith, 2003).

The addition of the growth factors was designed to complement the action of

the stromal feeders. bFGF is a well-established mitogen for CNS-derived embryonic

and adult neural stem cells. Multiple in vivo and in vitro studies have implicated

both autocrine (Joannides et al., 2007) and paracrine (Streit et al., 2000) FGF

signalling in neural induction. FGFs also play a supportive role in the proliferation

of ESC-derived neural stem cells once established (Conti et al., 2005). EGF has

been suggested to maintain and to support self-renewal of neural progenitors with

competence for neurogenesis. Its action is partly via the suppression of apoptosis

(Conti et al., 2005). In vivo BDNF promotes survival of neurons arising from the

forebrain (Kirschenbaum & Goldman, 1995) and enhances neuronal differentiation

of neurosphere cells (Ahmed et al., 1995). The effects of the neurotrophic factors

would have been complicated by the stromal cell co-culture in this system. Not un-

til defined conditions are developed will the molecular mechanism(s) underlying the

effects of neurotrophic factor signalling on neuroectodermal differentiation be deter-

mined. However the use of these factors for neural induction has been extensively

reported (Conti et al., 2005). Had the initial neural induction step generated neural

rosettes, it would have been expected that N2 and BDNF only on POL would have

generated neuronal lineage cells. However, the failure to generate rosettes and subse-

quent proliferation arrest of the cells plated in N2 on POL suggested that insufficient
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support was available in this condition. The success of the supplemented N2B27 on

POL condition implies that EGF and FGF, and perhaps B27, were required for

continued differentiation and growth in these experiments.

The use of a POL surface was designed to further encourage differentiation into

neural progenitors in combination with the use of neurotrophic factors and specialised

medium. Polyornithine is a non-extracellular matrix, positively charged polymer and

laminin is a purified extracellular matrix protein. Such matrices have been shown

to enhance neural progenitor migration and expansion as well as differentiation into

neurons and astrocytes (Flanagan et al., 2006). Gelatin-coated dishes are commonly

used for neural differentiation of mESC (Kim et al., 2003; Ying & Smith, 2003; Ying

et al., 2003). This was attempted with the hESC, as gelatin is inexpensive and a

simple substrate to prepare. However it was not supportive to growth of the cells.

Very low attachment of hESC to gelatin coated dishes during neural differentiation

has also been reported elsewhere (Gerrard et al., 2005). The cells could not be

cultured beyond P3, despite identical medium and supplementation as the third,

and successful, condition when the cells were plated on POL.

Loss of pluripotency throughout the protocol was confirmed by a marked reduc-

tion of SSEA4 from around 80% in undifferentiated KCL008-HD2 cells to around 3%

by P3 on POL. This was accompanied by induction of NCAM expression by around

one fifth of the cells at day 14 to almost all cells by P3 on POL. The quality of

the starting hESC population seemed significant to the successful production of neu-

ral derivatives. When cell populations used in the differentiation experiments were

tested, variability of marker expression was observed. This could have contributed

to the low efficiency of differentiation. The quality of MS-5 feeders was also likely to

have had an effect on the outcome of the study. In those experiments that success-

fully generated the precursor populations, the pre-differentiation marker expression

by the hESC was appropriate and the loss of SSEA4 and gain of NCAM expression

was consistent of throughout the neural induction.

Characterisation of the cells was performed once a homogeneous, proliferative

population of precursors had been obtained from the two hESC lines. No specific

markers are available to unequivocally identify neural stem cells; their functional

characteristics (self-renewal and multipotent differentiation into all neural lineages)

provide the main features for their identification. However in experimental studies,
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positive expression of a panel of neural markers is widely used to determine cell

identity.

NCAM is expressed on most neuroectodermal derived cell lines, tissues and neo-

plasm and was used to monitor differentiation during the induction phase of the

protocol. Although NCAM alone is not sufficient to prove neuroectoderm lineage,

without this marker it is very unlikely that the cells belong to this lineage. To de-

termine the status of the proliferative populations, staining was completed for NES,

SOX2, MSI1, TUJ1 and GFAP.

Nestin is a class VI intermediate filament expressed in the developing CNS in early

embryonic neuroepithelial stem cells, and was positively expressed by differentiated

KCL008-HD2 cells. Although not an exclusive or unique marker, NES is widely used

as a marker in neural progenitor studies (Dhara et al., 2008; Hong et al., 2008).

Neural identity was further confirmed by positive expression of the progenitor marker

MSI1 1 and cytoplasmic expression of SOX2. MSI1 is selectively expressed in neural

stem cells, neuronal progenitor cells, astroglial progenitor cells and astrocytes, and is

co-expressed with NES (Kaneko et al., 2000). SOX2 is expressed in the nucleus and

cytoplasm of ICM cells, but exclusively in the cytoplasm of the TE (Avilion et al.,

2003). Expression continues throughout early neural tube development (Wood &

Episkopou, 1999). SOX2 functions to maintain the proliferative state of potential

neural progenitor cells (Dhara et al., 2008). Therefore the expression of SOX2

by these cells is consistent with both the neural identity and progenitor status.

However, as the expression was cytoplasmic in these cells, this may suggest that the

cells were no longer actively transcribing this factor. Alternatively SOX2, as shown

for SOX10, may require nucleo-cytoplasmic shuttling for transactivation of target

genes in vitro (Avilion et al., 2003). Nevertheless, the majority of reports regarding

SOX2 expression in neural stem cells show nuclear expression of the marker.

Initial investigation of βIII tubulin expression suggested co-expression of this

marker with SOX2 and NES, which was unexpected. However, it was then realised

that the antibody used was a general βIII tubulin. Tubulin is the major building

block of microtubules and is present in almost all eukaryotic cells. When the cells

were re-stained with the neural specific isoform (TUJ1) no expression was detected

at the progenitor stage. The neuron-specific form was then used in the assessment

of differentiation. GFAP is a member of the class III intermediate filament protein

323



6.4 Discussion

family. It is heavily and specifically expressed in astroglial progenitor cells and other

astroglia in the CNS. The differentiatied KCL008-HD2 cells were positive for GFAP.

Proliferative capacity of the cells was confirmed by almost universal expression of

KI67.

The expression of CD9 at the differentiated state was unexpected, as it was chosen

to assess the level of undifferentiated cells at the beginning of the experiments. CD9

is a cell surface protein belonging to the tetraspanin superfamily. As well as being

expressed on the surface of undifferentiated hESC (Adewumi et al., 2007), it is im-

plicated in intercellular signalling in selected cell types of the hematopoietic system

and developing nervous system. Cd9 is present very early in specific cell types in the

rat in both the central and peripheral nervous system, including embryonic spinal

motorneurons (Tole & Patterson, 1993). In humans, CD9 is a positive marker for

human neural progenitor cells (Klassen et al., 2001). The tetraspanin family of pro-

teins form complexes with components of various growth factor signalling pathways,

including the EGF receptor. As discussed, EGF plays a key role in neural induction.

Therefore the expression of CD9 by these cells was appropriate, and substantiated

the identity of the population as neural progenitor cells.

Due to the close interaction of lineage decisions in differentiating hESC, it was

necessary to prove that the cells did not express markers of other lineages. In the

presence of N2B27 hESC can generate extra-embryonic endoderm-like cells (Gerrard

et al., 2005), so the cells were tested for the presence of AFP. Due to the close inter-

action between neural and vascular systems, mesodermal induction was assessed by

analysis of brachyury by ICC and CD73 by FACS. Epithelial induction was assessed

by KRT5, 14 and 18 expression. The differentiated cells were negative for all of these

markers. The cell also no longer expressed POU5F1. Together this strengthened the

evidence for successful differentiation of the cells to the neural lineage.

The experiments demonstrated that the cells positively expressed NCAM, NES,

MSI1, SOX2, CD9 and GFAP, but were negative for TUJ1, AFP, brachyury, CD73,

KRT5, 14 and 18 and POU5F1. This combination of markers is suggestive of as-

troglial progenitor cells. Figure 6.33 (adapted from Kaneko et al. (2000)) is a

schematic representation of the relationships between neural cell markers, which was

used to determine the most likely identity of the cell population generated. Fur-
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ther differentiation studies were performed to attempt confirmation of this astroglial

induction.

Figure 6.33: Schematic representation of the relationships between neural markers,
and the panels of markers that distinguish between the neuronal and astoglial lin-
eages. Adapted from Kaneko et al. (2000)

.

6.4.6 Neuronal and astrocytic differentiation

Growth factor withdrawal for 14 or 28 days generated cells with neuronal-like mor-

phology. However these cells were negative for all early neuronal markers, and con-

tinued to be highly proliferative. Furthermore the cells remained positive for GFAP

and NES. The addition of serum and withdrawal of growth factors did not change

the expression of astroglial markers. The entire population of cells remained posi-

tive for NES, GFAP and MSI1. The morphology of the cells changed to the typical

bipolar phenotype of astroglia. As the culture conditions were designed to induce

differentiation into terminally differentiated astrocytes, subsequent loss of NES in
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a sub-population of cells was expected (Figure 6.33). However, the cells retained

their progenitor status with robust continued proliferation, suggesting that strong

intercellular signalling maintained this cell state. The successful demonstration of

astrocytic differentiation, but the failure to generate neurons, identified the cells as

astroglial progenitors. As a result the cells were termed human ES-derived astroglial

progenitors (hES-AGP). The cells originating from KCL008-HD2 were named hES-

AGP-HD2.

hES-AGP-HD2 cells have the potential to be a valuable model of HD pathogen-

esis. Glial cells comprise 90% of the cells in the brain and provide neurons with

nutrition, growth factors, and structural support. They also protect against excito-

toxicity by removing excess excitatory neurotransmitters such as glutamate from the

extracellular space (Maragakis & Rothstein, 2001). In normal astroglia, glutamate

is converted to the nontoxic amino acid, glutamine, by glutamine synthetase. The

glutamine is then transported to the neuron for conversion into glutamate for neu-

rotransmission by glutaminase. However in HD brains, mutant HTT accumulates

in glial nuclei and decreases the expression of glutamate transporters. Decreased

mRNA levels of the major astroglial glutamate transporter (GLT1 ) in the striatum

and cortex of R6 transgenic mice has been demonstrated (Lievens et al., 2001),

which was associated with a decrease in glutamate uptake and mRNA levels of glu-

tamine synthetase. Striatal medium spiny neurons receive abundant glutamatergic

input. Their vulnerability to excitotoxicity may be significantly influenced by the

capacity of glial cells to remove extracellular glutamate. In a neuron-glia coculture

system, wild-type glial cells protected neurons against mutant HTT-mediated neuro-

toxicity, whereas glial cells expressing mutant HTT increased neuronal vulnerability

(Shin et al., 2005). These findings suggest that decreased glutamate uptake caused

by mutant HTT in glia may contribute to neuronal excitotoxicity and therefore to

the phenotype and neuronal cell death in HD. The hES-AGP-HD2 cell population

generated will provide a valuable human model in which to further study the effects

of mutant HTT in astroglial cells and the causal mechanisms of excitotoxicity.

Of the 19 experiments initiated with KCL008-HD2 cells, three resulted in failed

proliferation in N2 medium and three terminated with failed proliferation on gelatin.

Of the remaining 13 experiments on POL in N2B27, two gave rise to progenitor

cell populations. From the seven experiments with KCL001, four ended with failed
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proliferation in N2 and on gelatin, and one progenitor line was obtained from the

remaining three attempts on POL in N2B27. Due to ongoing modifications of the

protocols, no conclusions can be drawn about the efficiency of the two lines in gen-

erating putative progenitor cells. However, the failure of the other attempts in the

N2B27 and POL conditions was likely to be the result of the low number of cells and

therefore low density plating onto the POL surface for both cell lines. Co-culture

differentiation methods rely on unidentified cell-derived factors, generally of non-

human origin, which can result in experimental variation and limit reproducibility.

It was likely that this variability contributed both to the unpredictable success in

generating a proliferative cell population between experiments, and for the occasional

population of cells expressing inappropriate markers. Of the other most widely ap-

plied protocols for neural differentiation, spontaneous differentiation methods rely

on high-density culture and the neural conversion efficiency is low, retinoic acid-

based methods restrict progenitor diversity and therefore the range of terminal cells

available, and conditioned medium protocols carry the same disadvantage as stromal

co-culture.

However, the low reproducibility of the induction protocol, whether due to the

feeders, the conditions or the cells themselves requires consideration. Although a

homogeneous cell population was obtained for both cell lines, with extremely similar

morphology, growth characteristics and marker expression, subtle differences may

have been present in the populations due to the non-defined differentiation protocol

used. Therefore differences or similarities in behaviour of the cell lines upon differen-

tiation could be influenced by early events in induction. However, other comparisons

have been made between hESC lines and between passages of the same line using this

poorly-defined MS5 stromal co-culture (Hong et al., 2008). Protocols that use only

defined or human-derived qualified products are imperative for generating clinical

standard neural stem cells or precursors. Achievements in work towards this goal

have been reported (Dhara et al., 2008; Joannides et al., 2007).

Nevertheless, the present aim was to obtain a relevant precursor population with

a hESC line carrying the mutant HTT gene, not to optimise an induction or dif-

ferentiation protocol - work which is being rapidly advanced by more experienced

neural research groups. The requirement when using PGD-derived lines will never

be clinical therapy, rather, the generation of biologically and genetically relevant cell
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populations to enable investigation of disease mechanisms. These results show that

salient features of a disease can be replicated in hESC lines and validate the use of

PGD-derived lines as disease models.
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General discussion and future work

As the field of human IVF celebrates four decades of clinical research and patient

treatment, so the area of hESC research reaches the end of its first. The field of

hESC biology emerged standing on the solid foundations of many years of in vitro

embryo research, and its continued success is a result of cross-discipline collaboration

and open sharing of expertise. With the formation and active meetings of societies

such as the Human Embryonic Stem Cell Coordinator’s (hESCCO) Network, the

International Stem Cell Initiative (ISCI), ESTOOLS, the International Society for

Stem Cell Research (ISSCR), the London Regenerative Medicine Network (LRMN)

and the Human Embryonic Stem Cell Registry (hESCreg) to name but a few, the

future of hESC research and application to regenerative medicine looks encouraging.

Despite exciting prospects, it is vital that expectations are handled appropriately

to ensure the public have a realistic view on what can be achieved with hESC re-

search, and over what time periods these achievements can be reasonably expected.

Establishment of reliable and validated methods for the very basic technologies of de-

riving, growing, characterising and preserving hESC have yet to be achieved. Current

hESC research therefore encompasses investigation into early embryo development,

derivation and the basic biology of stem cells as well as the determination of opti-

mum derivation and culture conditions. Furthermore complex biological questions

have yet to be answered regarding robust and reliable differentiation of hESC to de-

liver products that may have real clinical potential. Research therefore focusses on

the control of differentiation, mechanisms of karyotypic change, scale-up and delivery

for therapy and the use of the cells as disease models. The over-arching challenge

with all of this research is the ability to create and differentiate hESC efficiently in
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fully defined conditions, using only qualified reagents, to GMP standards.

This thesis aimed to address several of these issues. By developing tailored deriva-

tion methods to the morphology of the blastocysts, the aim was to increase the ef-

ficiency of derivation and therefore reduce the number of embryos used in research.

The derivation of multiple hESC lines then provided the tools with which to ap-

proach further questions. The analysis of the type of culture medium employed and

also the source and suitability of novel feeder cell systems addressed the need to

optimise culture conditions, but equally importantly to develop culture systems that

qualify under GMP standards. Efforts to derive hESC from single blastomeres of

cleavage embryos has contributed to the understanding of the earliest days of de-

velopment and the pluripotent nature of these cells, which may ultimately enable

derivation protocols to be better designed. Furthermore, the derivation and differ-

entiation of hESC lines from PGD embryos has validated the use of these cells as

disease models, with the generation of a line carrying HD that can be differentiated

into cells of a relevant phenotype for the disease and which display salient features of

HD pathophysiology. These studies, in turn, have raised a series of further questions

warranting investigation.

7.1 Derivation and culture of human embryonic

stem cell lines

In total seven hESC lines or putative lines were derived using four different methods

depending on the morphology of the blastocyst. There was a correlation between the

quality of the ICM and the success of derivation. However the overall derivation rates

remained below pregnancy rates following IVF, implying that the culture methods

currently in use are suboptimal. The work reported here suggests that this may be

due, in part, to the use of inappropriate cell culture media in the first few days of

derivation. The composition of in-house hESC CM, commercial KOSR and medium

conditioned by both MEFs and HFFs was analysed, with the levels of the major

metabolites and catabolites measured. Whilst KOSR was superior to hESC CM in

terms of catabolite concentrations, the levels of substrate were in excess, and the

serum replacement fraction not xeno-free. It is predicted that the design of a specific
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derivation medium from physiological principles based on pre- and peri-implantation

in vivo conditions may increase the efficiency of generation of hESC lines.

Two novel feeder cells were assessed for their suitability as replacement cells for

MEFs. HFFs were comparable to MEFs as feeders for existing hESC. As a culture

system they were superior given their robust proliferation and late senescence. AECs

were similar to MEFs in proliferation and senescence, but with the potential to be

isolated from a fully validated human source with complete details of provenance.

Whilst there are both benefits and risks of using human feeder cells (Stacey et al.,

2006), qualified human feeder stocks are currently the best option available for hESC

culture. The main disadvantage with human feeders is the risk of transmission of

infectious agents. Appropriate history and routine screening of fibroblast donors

for likely adventitious agent contamination, as applied to embryo donors, may shift

the balance of risk to the same category as blood or tissue donation (Cobo et al.,

2005). Both AECs and HFFs supported the undifferentiated and pluripotent growth

of existing hESC lines, but only AECs were able to support growth of the ICM. As

stem-like cells were able to be cultured to P3 there is potential for AECs to support

derivation. Future work will include laying down master cell banks of AECs and

continued derivation attempts on these cells.

Each of the seven derivations was distinctive. Although the stage and morphology

of the blastocysts were generally similar, the behaviour of the colonies was unpre-

dictable; colony morphology and development was different with each attempt. Fur-

thermore, as no two established hESC lines seem identical, either regarding pluripo-

tent marker expression, transcriptional profiling, genetic stability or epigenetic sta-

bility (Allegrucci & Young, 2007; Skottman et al., 2005), it is important to record

all details of the derivation process and to share results between teams to try to

elucidate the causes or mechanisms underlying these differences. However, with-

out a clear minimum information convention for reporting derivation, understanding

and comparing novel derivation methodologies and their potential impact on the

resulting hESC line has been at best extremely difficult. The establishment of an

internationally agreed standard for reporting derivation aimed to improve dissemina-

tion of results and promote collaboration in order to progress the derivation field as

efficiently as possible. The collection of data from groups is ongoing and the aim of
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future work is to publish a multi-author document, setting the baseline for derivation

techniques and conditions (Stephenson et al., 2007).

Although methods for deriving hESC lines were established with this work, and

pluripotent and karyotypic characterisation performed, the quality of these lines

remains an unknown. With the significant man-power and financial investment re-

quired to generate clinical-grade lines, it is important that the lines are of the best

possible metabolic quality and functional competence. Whilst there is some evidence

that culture at low oxygen tends to inhibit spontaneous differentiation of hESC in

high passage colonies (Ezashi et al., 2005) and significantly reduce the acquisition of

spontaneous chromosomal abnormalities (Forsyth et al., 2006), there is a lack of ev-

idence about derivation efficiency and longevity at different oxygen tensions. Future

work comparing derivation in conditions where reduced oxygen is used either only

from the morula or blastocyst stage onwards (the usual stage that fresh embryos are

received for research), or from thawed pronucleate embryos onwards, would reveal

important information regarding the effect of oxygen on embryo development and

subsequent derivation efficiency and differentiation capability. Some studies suggest

that hESC with high degrees of oxidative metabolism survive in culture longer (Lon-

ergan et al., 2006), but the effect on the quality of, for example, derived myocytes or

neurons is unknown. Measures of mitochondrial function, activity and turnover to

assess the influence of the oxygen environment on the metabolic quality of the cells

could also be used (Cho et al., 2006; Lonergan et al., 2006, 2007).

With the development of successful derivation methods compatible with GMP,

future work will focus on ascertaining the best possible combination of media and

feeder substrates that qualify under GMP criteria, and on deriving lines in clean-

room facilities with appropriate qualification for submission to the UKSCB. Standard

operating procedures and validation protocols must be written and assessed for re-

producibility. Further proposed aims are to work with the UKSCB to develop a pack

that can accompany lines intended for clinical use, in order for the information be

added to the banking cell line master file which will be available to users. The pack

will include data such as details of donor tissue procurement and consent, records

of the cell line derivation environment, materials and reagents used and the envi-

ronment used to establish the first frozen stocks of the line (Stacey & Hunt, 2008).
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This information will be critical in the future regulatory process towards approving

lines for clinical use.

The UK Stem Cell Bank is a vital resource to support the advance of research in

this field. The deposit of cell lines enables the UKSCB to provide ethically sourced,

high quality starting materials to facilitate the development of stem cell therapy and

to disseminate best practice in hESC culture. The presence of the UKSCB should

also reduce future demand for embryos for the development of hESC lines. However,

there is still a need for multiple lines as the metabolic quality and differentiation

potential differs between lines, and a bank of cells with a range of HLA identities

is likely to be beneficial for future applications. Whilst the development of iPS cell

technology has been hailed by some as the end of the hESC field and therefore could

question the need for stem cell banks, this technology is at an early stage and many

fundamental questions remain. The development of iPS cells would not have been

possible without working with hESC, and while iPS cells and hESC share many

characteristics they are not identical. Research with hESC, tissue-specific stem cells,

and iPS cells needs to continue in parallel. It is this combined knowledge that will

ultimately generate safe and effective therapies, as each cell type may be suited to

particular applications over others.

7.2 Assessment of pluripotency and prepatterning

in single human blastomeres

Derivation was attempted with single blastomeres of the early cleavage embryo, and

the development of each blastomere was tracked so that the behaviour of sister

cells could be compared. As differentiative divisions and an increased cell number

at plating seem to have been beneficial for early culture, future work focussing on

maximising such divisions may aid derivation, such as investigating the effect of

laminin on blastomere polarity (Johnson, 2008). The development of a tailored

medium for the first days of culture is also required as discussed for whole embryo

derivation. The derivation from single cells rather than a heterogeneous ICM is a

more attractive proposition for bioprocessing. The anecdotal evidence that hESC

lines preferentially differentiate down one of the germ lineages could be ascribed

the predominant genetic and epigenetic phenotype of the ICM cells on the day of
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derivation. The generation of multiple lines from the single cells of the same embryo

would remove the genetic variability between the lines and allow the study of other

mechanisms that could be acting to promote preferential differentiation.

Whilst derivation was not successful within this time frame, while performing

the work, successful derivation by two other groups was reported. However, neither

group managed to derive from all sister blastomeres of the same embryo. Further

work aiming to derive hESC lines from all sister blastomeres would show equiva-

lent potential or plasticity of these cells and demonstrate that the regulative ca-

pacity of each human blastomere is able to compensate for severe cell loss and still

generate pluripotent cell populations. Subtle expression differences between sister

blastomeres may still exist however, and therefore further molecular work is needed.

Global gene expression profiling studies by microarray have been reported for both

mouse (Hamatani et al., 2004, 2006) and human (Adjaye et al., 2005) whole em-

bryos. Whilst the timing of expression of lineage markers has been investigated in

whole human embryos (Kimber et al., 2008) no systematic analysis of the genes

known to be involved in cell fate in normal, progressive, single human blastomeres,

with a quantitative comparison between sister cells had been reported. The Flu-

idigm instrument was identified as a potential platform with sufficient sensitivity to

study gene profiles in individual blastomeres. Whilst principle component analysis

suggested that broad changes in gene expression were occurring with development

stage, no consistent grouping structure for cells within embryos was observed, and no

convincing pattern was seen when considering the individual embryo variance scores.

The difficulty in analysing the sample data was due mostly to the highly significant

chip, row and column effects on the data set.

The vast majority of knowledge regarding early lineage decisions in development

is based on experiments with mouse embryos, which develop in a highly regular

manner and are available in large numbers, together enabling statistically supported

conclusions. This is not the case with human embryos, which are of limited supply

and of variable developmental capacity. There are also fundamental differences be-

tween development of the two species, pertinently the activation of the embryonic

genome at the 2-4 cell stage in the mouse and the reciprocal inhibition of lineage

specific genes determining the differentiation between TE and ICM. The investi-

gation of derivation potential and gene expression profiling was performed initially
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with human embryos due to these species differences, but this was also a pragmatic

approach as human but not murine embryos were immediately available. This al-

lowed an initial assessment of the suitability of the technology for this experimental

approach, therefore whether or not further studies with larger cohorts of mouse and

human embryos were likely to yield robust results.

Although some patterns emerged from the data, further work is required to fully

validate the methodological approach and determine whether the Fluidigm platform

is suitable for this work. The most straightforward way to increase the power of

the experiment requires that the work returns to the use of mouse embryos in order

to provide the sample numbers needed to verify the use of the method, and to

analyse if the differences in fate alluded to by multiple studies (Piotrowska-Nitsche

et al., 2005; Zernicka-Goetz, 2005) exist at the gene level. Should the method prove

robust, to fully exploit the potential of the experiments, each cell position must be

marked from the first cleavage division, and like compared with like between embryos

of the same stage. This work could then be continued with human embryos to

ascertain whether similar lineage-specific gene expression profiles exist in human and

murine preimplantation development. Following this, the next step would include

investigation of the cells of the morula and individual cells of the ICM.

7.3 Human embryonic stem cells as disease-in-a-

dish models

Four lines were derived from patients entering the PGD program for HD diagnosis

of embryos. However, two of these lines were from exclusion cases, and therefore the

disease status of the lines is unknown, and must not be discovered, even inadvertently,

as the donors do not wish to know their disease status. Therefore the cells cannot

be banked for use by other researchers due to this risk. One line failed to survive the

freeze-thaw, and continuation of the fresh cells in culture was not possible. Difficulty

with early culture and passage of hESC lines carrying HD has been experienced in

other laboratories, and the propagation of KCL008-HD2 was challenging until around

passage 10-15. Stable, highly proliferative and homogenous cell populations with an

astroglial phenotype were generated from neural induction of KCL008-HD2, which

could be easily cultured, expanded and successfully undergo freeze-thaw cycles. The
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CAG repeat length of the mutant allele in undifferentiated cells was stable at 46

repeats. However, in the differentiated precursor population there was a dramatic

increase in CAG repeat units to 70. Somatic instability is seen clinically and thus

these cells provide a unique source for research, as this large repeat is unlikely to be

obtained directly from a HD patient. Mutant Huntingtin (HTT) was detected in the

cells by western blot.

The suitability of hESC lines derived from PGD embryos as disease models has

been verified within this thesis, at least in the context of HD. Cell populations can

be obtained of a relevant phenotype and with salient behavioural characteristics,

that are simple to culture and immensely suitable for scale up for experimentation.

Functional analysis and characterisation of aggregate formation in the astroglial pro-

genitor population in the context of neurotransmission in future work would be in-

formative for determining underlying mechanisms in HD pathogenesis. It has been

shown in the striatum of R6/2 transgenic mice that the proportion of glial cells

showing intranuclear HTT aggregate staining increases with age, correlating with

severity of disease phenotype in the mice (Shin et al., 2005). The onset and con-

ditions affecting the somatic instability of the CAG repeat can also be studied with

this line.

Whilst this particular cell line is a valuable biochemical tool, the abnormal kary-

otype precludes useful transcriptional analysis of HD versus wild type cell lines.

Therefore future work must aim to derive further HD lines that are stable, prolifer-

ative and karyotypically normal. Molecular, biochemical and immunocytochemical

approaches to characterise the HD lines including HTT aggregates, transcriptional

dysregulation, oxidative damage and cell death will be performed. Differentiation

to the neural lineage can then be repeated and transcriptional analysis of the cells

carried out. This would aim to highlight significant expression profile differences

between wild-type and affected cells. Based on this eventual detailed analysis, HD

lines will be available for development as high-throughput screening tools for appro-

priate targets. Future work must also focus on the derivation of hESC with other

genetic disorders, such as SMA and DMD. These embryos are available through the

Guy’s PGD program, and collaborators with expertise in such diseases have already

been identified, so that disease-specific investigation can begin as soon as the lines

are established.
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7.4 Concluding remarks

The use of stem cells for regenerative medicine has captured the imagination of the

public, with media attention contributing to rising expectations of clinical benefit.

Most biological medicines, such as vaccines and monoclonal antibodies, take decades

to become established as accepted therapies. There is a clear need for ongoing pub-

lic confidence in hESC research, particularly if early applications as therapies fail

or cause unforeseen problems. Such confidence is fostered in the UK by appropriate

and transparent ethical governance and regulation to match the permissive approach

to embryo and stem cell research. Clinical therapy is not the only focus of hESC

research, as these cells are unique tools with which to study early embryonic devel-

opment and disease pathophysiology. Indeed some investigators no longer see cell

therapy as the first goal of hESC research (Ben-Yosef et al., 2008). Instead, it is

considered that hESC from PGD embryos or iPS cells from patients serve as an

excellent research tool to study the mechanism of disease. Human embryonic stem

cells therefore offer a triad of potential: for clinical therapy, in disease research and

as tools to study early embryonic development, and work in this thesis has focussed

on each of these areas.
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