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Abstract

In this thesis, effects of stable concentration of key growth factors on retinal
differentiation of human induced pluripotent stem cells (hiPSCs) were
investigated in a microfluidic culture device (MFCD). In vitro culture dishes
such as flasks and well-plates lack microenvironmental controls required for
maintaining stable culture conditions. Unlike cell culture dishes, microfluidic
devices provide greater microenvironmental controls resulted from shorter
characteristic length and use of laminar flow. It is hypothesised that using the
MFCD, a flow rate can be found which keeps key growth factors in retinal
differentiation  culture in steady-state. Subsequently, steady-state
concentration of growth factors would result in upregulation of retinal
progenitor (Pax6, Lhx2, Six6 and VSX2/Chx10) and precursor markers (Crx

and Nrl).

Initially, degradation and consumption of growth factors (DKK-1, Noggin, IGF-
1 and bFGF) used in retinal differentiation were studied to establish an order
of importance. These findings along with dimensionless ratios, Péclet and
Damkdohler numbers, were utilised to establish a perfusion rate of 130 pL/h. At
this flow rate growth factors DKK1 and Noggin were delivered to the cells in
steady-state conditions. A second perfusion culture with the same media
exchange rate as the static culture at flow rate of 5.2 yL/h was added to act as
a second control. Perfusion cultures were performed for 5, 10, and 21 days
(n=3). The MFCD with higher flow rate showed significantly higher expression

of markers Crx (p<0.05) and Rhodopsin (compared to lower MFCD, p<0.05)
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on day 21. The MFCD with lower flow rate, showed significantly higher
expression of Pax6 (p<0.05), Vsx2/Chx10 (p<0.01) and Crx (p<0.05) on day
5, Nrl (p<0.01) on day 10 and Six6 (p<0.05) on day 21. This was the first
continuously perfused long-term (21 days) retinal differentiation of hiPSCs in
a microfluidic device, and results illustrated the importance of steady-state

conditions in stem cell bioprocessing.
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Chapter 1 Introduction

1.10Ocular Development and Human Retina

1.1.1 Human Retina Cellular Structure

Vertebrate retina includes seven major classes and by including all the
subtypes, it has overall about 55 distinct cell types. (Masland et al., 2001) In
adult humans, retinal tissue has limited capabilities to regenerate. Therefore,
it is crucial to harness methods in which replacement of these cells are

possible in case of damage or degeneration.

Axons of ganglion —— INFL
cells to optic nerve
) _ GCL
Sclera  choroid Ganglion cells— L
Ciliary body i / Retina Amacrine cells —— @ 0 @ .
| ) ) g INL
Cornea -, Bipolar cells
Iris - . A OPL
= - Macula lutea Horizontal cells -~
Pupil  — Fovea centralis, Rod Photoreceptor — 1 T ONL
) L . —=ELM
Anterior pole . Optic nerve
/ d i Cone Photoreceptor -
Anterior segment ;" Blind spot 1S/0S
Lens i
: Posterior pole Pigmented layer — [@ |[@ (e (00 @0 ® & & O “RPE
Posterior segment BM

Chor0|d

Figure 1.1 Anatomy of the Human Eye and Retinal Cellular Structure.

Retina is the tissue lining in the back of the eye, and it consists of ten distinct layers. From the
inside to the back of the eye, the retinal layers are, nerve fibre layer (NFL), ganglion cell layer
(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), external limiting membrane (ELM), rod and cone inner and outer

segments (IS/OS), retinal pigment epithelium (RPE) and basal membrane (BM).

In humans, the retina is a tissue lining on the inner surface of the eye, about
0.56 mm thick in the middle and 0.11 mm at the periphery. It is approximately
30-40 mm in diameter and consist of 10 layers. Going from inside to outside
are nerve fibre layer (NFL), ganglion cell layer (GCL), inner plexiform layer

(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer
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1.1 Ocular Development and Human Retina

(ONL), external limiting membrane (ELM), rod and cone inner and outer
segments (IS/OS), retinal pigment epithelium (RPE) and basal membrane
(BM). (Kolb et al.,1991) Retina is centred on the fovea, which anatomically is
a small pit in the retina tissue. Fovea is believed to have the most acute vision
due to concentration of the retinal cones in this region. Central retinal is
approximately an area of 6 mm in diameter. Around this point and the
surrounding area to this central point is called peripheral retina. (Kolb et

al., 1991)

Most vertebrate retinas are made of two synapses layers and three nerve cell
layers that include rod and cone photoreceptors, bipolar, amacrine, horizontal
and ganglion cells. The synaptic layers are called inner and outer plexiform
layer (IPL/OPL) (Fig. 1.1) Photoreceptor cells are neuronal cells and develop
as part of the central nervous system (CNS) during embryogenesis. (Heavner
et al., 2012) There are three classes of these cells, which are rod, cone and
the ganglion cells. Ganglion cells spread much closer to the inner side of the
retina and do not contribute to the sight directly but they are found to be
involved in the pupillary light reflex (PLR). PLR is involved in adapting the
amount of incoming light into the eye by controlling the pupil’s diameter.

(Masland et al., 2001)

Rod and cone photoreceptors are closer to the outer layer with pigmented
epithelium and choroid. Rod cells are stimulated by minuscule amounts of
photons and associated more with sight in the darkness. For example, the
reason that colours cannot be seen in the low light conditions is due to

activation of the rod photoreceptor cells only. On the other hand, cone cells
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1.1 Ocular Development and Human Retina

are stimulated with much higher number of photons and exist in three different
types, short, medium and long according to the wavelength at which they
respond to, resulting in the colour vision. (Masland et al., 2001) In the process
of vision, photons are first translated into a biochemical signal before turning
into an electrical one and travel through the neurons to the brain. In humans,
there are approximately about 75-150 million rod cells, 7 million cones and 1.3

million ganglion cells in the retina. (Shepherd et al., 2005)

1.1.2 Retinogenesis in Vertebrates

Retinogenesis or development of the retina starts as part of the central
nervous system (CNS) through an interrelated network of molecules in
neuroectoderm, surface ectoderm, mesoderm and cells from the neural crest.
(Lamba et al., 2008a) After gastrulation stage, a number of patterning events
result in the formation of a single group of neuroepithelium in the anterior
neural plate. This event is the onset of forebrain development and cells are
specified to assume the ocular identity, which is named the ‘eye field'.
Following this event, the eye field separates laterally to form the ‘optic vesicle’
(OV) through turning outward on itself. The either sides of the OV extend to
form the lens placode, cornea, and conjunctival epithelium by overlaying on
surface ectoderm. At this stage, the OV turns inward to form two optic cups,
where the inner layer forms the neural retina and non-pigmented ciliary body
and the outer layer forms the retinal pigmented epithelium (RPE) and the
pigmented ciliary body. The peripheral progenitor cells in the optic cup form

the ciliary body itself and the iris. (Fuhrmann et al., 2010) (Fig. 1.2A)
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1.1 Ocular Development and Human Retina
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Figure 1.2 Development of the Vertebrate Retina and its Cellular Layers.

(A) Eye field forms after the gastrulation stage and separates laterally and invaginates to form
the optic vesicle. Optic vesicle then invaginates to form the optic cup and the presumptive
retina. The either sides of the optic vesicle extend to form the lens placode, cornea, and
conjunctival epithelium. (B) The cellular development of retina starts with ganglion cells, next
are cones and amacrine cells followed by horizontal cells and then rod photoreceptors and
finally bipolar cells and Muller glia.

The retinal cells formation starts with ganglion cells, which are the first cells to
develop in vertebrate’s retina. Next are cones and amacrine cells followed by
horizontal cells and then rod photoreceptors and finally bipolar cells and Miller
glia. (Fig. 1.2B) (Heavner et al., 2012) However, it must be noted that the onset
of the development of one cell type does not mean it follows through to the
maturation. In fact, various cellular developmental stages are overlapped and
active simultaneously during retinogenesis. Cells that are positioned closer to
the central retina are among the first to be born and those lay on the outside

are the last. (Meyer et al., 2009)
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1.1 Ocular Development and Human Retina
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Figure 1.3 Expression of Genes During Various Stages of Retinal Development.

Schematic representation of the transcriptions factors expressed in respect to photoreceptor

development. (Starting with eye-field progenitors in clockwise direction.)

1.1.2.1 Role of the Cell Signalling Pathways in Retinogenesis

The molecular mechanisms taking place behind the retinogenesis plays a
crucial role in steering the process to a particular cellular lineage. Neural
commitment of the cells in the ectoderm is the earliest stage of retinal
development. This commitment is regulated by intrinsic production of fibroblast
growth factor (FGF) and inhibited by transforming growth factor beta (TGF-B)
and Wingless (Wnt) signals. At the start of gastrulation, FGF is secreted to
prepare the ectodermal cells for bone morphogenic (BMP) signals while there
are low Wnt signals. (Kazanskaya et al., 2000; Hashimoto et al., 2000; Streit
et al., 2000; Mukhopadhyay et al., 2001; Linker et al., 2004) BMP is then

repressed through secretion of its antagonists, Chordin, Noggin, Follistatin and
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1.1 Ocular Development and Human Retina
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Figure 1.4 Interdependent Network of Transcription Factors During Retinal Development.

Co-expression of Otx2 and Sox2, activates the expression of Rax. Rax’s expression induces
the expression of eye-field transcription factors (EFTFs). Co-expression of Lhx2 and Rax,
activates the expression of Six3. Co-expression of Pax6 and Lhx2, upregulates the expression
of Six6 and influences expression of Vsx2 and maintenance of the retinal progenitor cells.
Expression of Otx2 and Crx induces the expression of BLIMP1 and Nrl. Co-expression of Crx
and Nrl activates the expression of Rhodopsin and Nr2e3 in the development of mature
photoreceptors.

Cerberus, to preserve the neural fate. (Hemmati-Brivanlou et al., 1994;
Bouwmeester et al., 1996) Inhibition of the Wnt signalling pathway through its
antagonist Dickkopf-1 (DKK-1) will result in activation of the more dorsal genes
in the neural tube. In the absence of the FGF and antagonist signals, ectoderm
moves toward posterior neural fate, while the presence of FGF and Insulin-like
growth factor-1 (IGF-1) promotes the anterior neural development. (Rogers et

al., 2009)

Neural plate is developed through the expression of Sox1 and Gbx2 in the
ectoderm. Subsequently, the formation of the eyes from a single eye field is

believed to be initiated through the expression of the mesodermal Sonic
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1.1 Ocular Development and Human Retina

Hedgehog (Shh) signals in addition of FGF and TGF-B. (England et al., 2006)
Expression of Sox1l, Sox2, Nestin, Musashi-1 and N-CAM signals the
formation of the neural progenitors in the neural tube. The retinal identity is
then formed through co-expression of Otx2 and Sox2 whereby activates the
expression of Rax and eye-field transcription factors (EFTFs). (Zuber et al.,
2003) EFTFs are a network of interdependent genes that include Rax, Pax6,
Lhx2, Six3, Optx2/Six6 and ET/Tbx3. Rax is found to be the regulator of the
EFTFs and its expression downregulates the expression of Otx2. (Andreazzoli

et al., 2009)

Progression from the eye field to optic vesicle is marked by expression of FGF
that represses the expression of the basic helix-loop-helix transcription factor,
Mitf. Expression of Mitf leads to the formation of the RPE cells, hence its
downregulation allows for expression of the marker Vsx2/Chx10. (Zuber et al.,
2003) Vsx2/Chx10 is the earliest retinal specific marker that shows the
presence of retinal progenitor cells. Vsx2/Chx10 is essential for proliferation
and development of retinal progenitor cells and subsequently the bipolar and
Miullar glia cells. However, there is great degree of plasticity in the cells present
in the OV, and they still have the ability to become RPE cells if needed.

(Rowan et al., 2004; Horsford et al., 2004)

Notch signalling pathway must be repressed by inhibition for development of
cone photoreceptors at early stages and at later stages for development of

rods. (Yaron et al., 2006) Moreover, Shh can also affect the progenitor
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commitment at later stages of Notch pathway. However, the underlying

molecular mechanism of Notch inhibition is still unclear. (Wall et al., 2009)

The expression of genes Otx2 and Crx induces the specification of precursor
cells towards photoreceptors. Otx2 expression upregulates the other Otx
family genes, which in return activates Crx expression for photoreceptor
lineage. (Nishida et al., 2003) Crx is initially expressed in early post-mitotic rod
and cone photoreceptor precursors and it is required for the differentiation,
and development of photoreceptors. (Heavner et al., 2012) Other transcription
factors involved in maturation of the photoreceptors are, the PR-domain zinc
finger protein 1, BLIMP1 and basic motif leucine zipper transcription factor,
Nrl. (Akimoto et al., 2006) Nrl is expressed in rod photoreceptor precursor cells
and its expression along with Crx activates expression of Rhodopsin as well
as Nr2e3, which induces rod photoreceptor production. (Oh et al., 2007) Nrl’s
highest expression coincides with differentiation of rod photoreceptors and it
will be downregulated through the maturation period. (Peng et al., 2005) Other
growth factors such as FGF2, taurine, activin and retinoic acid (RA), are also
assist in the maturation of rod photoreceptors and promotion of Rhodopsin.

(Rowan et al., 2004; Tucker et al., 2011). (Fig. 1.4)

1.1.3 Retinal Degeneration

Progressive photoreceptor degeneration often leads to blindness and is the
underlying cause of many retinal degenerating diseases. It has been reported
that 50% of ocular conditions resulted in blindness are due to photoreceptor
degeneration. (Bunce et al., 2010) Degeneration of the retina is caused either

directly — conditions that affect the photoreceptors — or indirectly —
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conditions that affect other parts of the eye but result in loss of function in
photoreceptors. Conditions that affect the retina directly could be due to
genetic defects or age related. Among such are conditions like, retinitis
pigmentosa (RP), choroideremia, Leber Congenital Amaurosis, Stargardt
disease and Ushers disease. Other conditions such as age-related macular
degeneration (AMD), glaucoma, diabetic retinopathy and retinopathy of
prematurity, are affecting the retina indirectly resulting in compromising
function of cells in the retina. (Taylor et al., 2005; Hartong et al., 2006;

Minassian et al., 2011; Owen et al., 2012)

Retinitis pigmentosa (RP) is a hereditary condition caused by various genetic
mutations in the retinal cells. So far most of the defected genes involved are
of rod photoreceptors, however, other cells such as cone photoreceptors and
retinal pigment epithelium are also affected by this condition. (Jayakody et al.,
2015) During the course of the RP, the rod cells in the outer periphery of the
retina start to degenerate and causes nyctalopia or night blindness.
Degeneration of these cells also causes the tunnel vision, as patients will lose
their peripheral vision. Ultimately, this can lead to blindness and it has been
observed even from early ages in childhood. Pathologically, this appears as
black pigments in the peripheral retina and also blood vessels at the optic

nerve head are reduced in thickness. (Hartong et al., 2006)

Age-related macular degeneration (AMD) is the leading cause of blindness in
the developed countries. As the name suggests, it is most observed in an
aging eye, however, both genetic and environmental factors are involved in

this condition. (Jayakody et al., 2015) AMD is diagnosed by the accumulation
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of the extracellular materials in white or yellowish spots called drusen around
the macular region in the back of the eye. Drusen is a result of the
degeneration of the pigmented epithelium, which will cause the macular area
in the fovea to degenerate and result in loss of the central vision. (De Jong et
al., 2006) Macula is mostly populated with cone-photoreceptors and these
cells are affected the most in AMD. However, the effects of the degeneration
spread to the rod cells as well. AMD appears in two forms of dry and wet AMD.
In the former, slow death of the photoreceptors is observed in the macular
regions. However, the latter is associated with a much faster loss of vision
often due to the formation of the new vessels into the Bruch’s membrane and

the RPE layer. (Jager et al., 2008)

Glaucoma is also an age-related condition where eye pressure is raised due
to the failure of the normal in/outflow of fluid in the anterior chamber of the eye.
This condition causes the blood vessels at the optic nerve to be compromised

and lead to the death of the ganglion cells. (Nivison et al., 2017)

Diabetic retinopathy results as part of the diabetes and leads to uncontrollable
proliferation of the blood vessels in the eye. This condition leads to leakage of
the blood into the retina, hence causing damage to the photoreceptors as well
as the RPE layer. In extreme cases, this can cause retinal detachment and
growing vessels in the anterior chamber of the eye, which can lead to

neovascular glaucoma. (da Cruz et al., 2007)

28



1.1 Ocular Development and Human Retina

1.1.4 Current and Potential Treatments for Photoreceptor Dystrophies

The mature retina in humans has very limited ability to regenerate all retinal
cells after the embryonic stage, which raises serious concerns in case of
damage or conditions that affect this tissue lining. Current therapeutic
solutions for treating the retinal disease include neuroprotectants,
administration of antiapoptotic and anti-inflammatory agents. However, these
treatments only slow down the disease progression and do not provide a cure

for such conditions. (Jayakody et al., 2015)

In recent years, antiangiogenic agents such as anti-vascular epithelial growth
factor (VEGF) has been used for the treatment of wet AMD. Other solutions
include the use of anti-apoptotic agents such as neurotrophic agents.
(Schlichtenbrede et al.,, 2003) Agents such as pigment epithelium-derived
factor (PEDF) and ciliary neurotrophic factor (CNTF) have shown promising
results in maintenance of the photoreceptors. However, due to short half-life,
they require repeated administration. (Rhee et al., 2013) In case of the
disease with underlying genetic disorders, gene therapy treatments have
shown to be effective in animal models, however, before they can be used in

humans larger and extended clinical trials are required. (Smith et al., 2011)

In patients with RP and atrophic AMD, it was found that more than 80% of
bipolar and ganglion cells as well as the neuronal structure, remains
untouched. (Santos et al., 1997; Mazzoni et al., 2008) This finding provided
the grounds for alternative therapies such as cellular transplantation that could
replace the lost photoreceptors or provide restructuring of the neuronal

network for signal transduction.
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One of the downsides of the cell replacement therapies is the rejection of the
transplanted cells by the host, which may lead to long-term usage of the
immune-suppressants and other undesired complications. In order to
overcome this, patient’s own cells are usually used, however, autologous cell
sources are often very limited and will result in donor site morbidity. Alternative
solution is to use other donors with (human leukocyte antigen) HLA-matched
or very closely related to the individual. It must be noted that these methods

are not feasible and not readily available for all patients. (Pearson et al., 2014)

Advances made in the field of stem cells research by Yamanaka (2006) in
reprogramming fibroblasts to induced pluripotent stem cells (iPSCs), provided
an unending source of pluripotent stem cells that could be used for cell therapy
treatments. (Takahashi et al., 2006) Induced pluripotent stem cells (iPSCs)
obtained from adult dsRed-mouse dermal fibroblasts have shown the
capability of differentiating into retinal photoreceptor precursors once they are
transplanted in the sub-retinal space. (Lamba et al., 2008b, 2010) Maclaren
and colleagues demonstrated that postnatal post-mitotic photoreceptor
precursors that express both markers Crx and Nrl can successfully integrate
into the mice retina and form functional photoreceptors. (Maclaren et al., 2006)
Results from various transplantation studies have shown that developmental
stage of donor cells is crucial to their integrational capabilities into the host
retina. Moreover, number and purity of the transplantable cell population are
also crucial in increasing efficiency of their integration into the host retina.
(Banin et al., 2005; Lamba et al., 2010; Tucker et al., 2011; Zhou et al., 2011,

West et al., 2012; Gonzalez-Cordero et al., 2013) Therefore, optimisation of
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differentiation protocols for hiPSCs in a more robust, consistent and efficient
manner will be critical in providing a transplantable cell population.

1.1.4.1 Routes to Clinic: Current Clinical Trials Using Cell Therapy for

Retinal Degenerating Conditions

Advances made in generation of stage-specific retinal cells from PSCs and in
vivo proof of concept studies in demonstrating restoration of visual function
using these cells, paved the way for progression to clinical studies in human
subjects. (Banin et al., 2005; Lamba et al., 2008b, 2010; Tucker et al., 2011;
Zhou et al., 2011; West et al., 2012; Gonzalez-Cordero et al., 2013) However,
there are numerous challenges that must be overcome before we can see cell
therapies used in clinics. Despite extensive research and existing knowledge
about the role of intrinsic and extrinsic factors involved in photoreceptor
differentiation and maturation of these cells, there are still large gaps in
understanding of how these factors function and affect cells at each stage of
development. (Barber et al., 2013) Upon transplantation of the newly donated
cells into the host retinal, the remaining retinal cell network undergo changes
to accommodate the transplanted cells. How these changes affect the visual

function post-transplantation is still unclear. (Lakowski et al., 2011)

Use of ESCs as the cell source for production of retinal cells raises few
challenges in terms availability, ethical concerns and most importantly, the
chance of immune response and rejection by the host cells. Use of human
leukocyte antigen (HLA)-haplotype matched cells for donated ESCs and
IPSCs, is necessary to ensure successful transplantation of these cells.

(Pearson et al., 2014) Optimisation of the current retinal differentiation
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protocols is necessary before they can be used in clinical applications. As such
are use of xeno-free components in generation, purifying and storage of the
precursor cells under GMP compliant conditions. (Sridhar et al., 2013; Tucker

et al., 2013)

Translating lab scale differentiation protocols to large scale productions for
clinical studies poses many challenges in maintaining quality control during
development and cryopreservation of the cells at the desired stage of
development. (Nakano et al., 2012; Zhong et al., 2014) Development of
accurate purification strategies for selection of the homogenous cell population
is another challenge in large scale production. Currently cell surface antigens,
CD markers, in rodent models have been identified for some of the
photoreceptors such as rod photoreceptors. However, if the same markers can
be used for human cells is still under investigation. (Eberle et al., 2011;
Lakowski et al., 2011) Dosage, type and mode of administration of these cells
are also dependant on the patient’s condition and must be evaluated by the

surgeons prior to transplantation. (Trounson et al., 2015)

In reported clinical trials for retinal dystrophies, RPE cells were among the first
trials performed using both hESCs and hiPSCs. Replacement of the cells in
the RPE layer appeared to be less complex than photoreceptors in inner layers
of the retina. Initial studies reported by Schwartz et al., for safety of injection
of hESC-derived RPE cells shown promising results. Patients with Stargardt
disease and wet-AMD were treated in these trials where they received doses
of 50,000, 100,000, 150,000 and 200,000 cells. No adverse condition was

reported relating to the transplanted cells, however consequent studies are
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still in progress and the final results are yet to be reported. (Schwartz et al.,

2012, 2015).

Since then, there has been several other clinical trials for treatment of retinal
conditions, addressing both wet and dry AMD, Stargardt disease, Retinitis
pigmentosa and Retinal vascular occlusion (Table 1-1). Currently, clinical trials
for progenitor photoreceptors are in preclinical stage, and therefore the final
clinical dose size, efficacy, safety and mode of adminstration is still unknown.
As summarised in table 1-1, various cell types are currently being used to treat
retinal degenerating conditions, which includes pluripotent stem cell-derived
retinal RPE (from both hESCs and hiPSCs), neural and retinal progenitor cells
and also other cell sources such as Umbilical tissue-derived stem cells,
mesenchymal and hematopoietic cells. Most of the trials performed, using
subretinal transplantation as mode of delivery, specially for replacement of
RPE cells. However, in trials addressing retinitis pigmentosa, intravitreal
injection is used mostly to avoid focal detachment of the retina and therefore

minimise damage to host photoreceptors. (Klassen et al., 2015)
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Table 1-1. Clinical Trials Registered with the FDA or Japanese Ministry of Health on Using
Cell Therapy for Treatment of Retinal Degenerating Conditions.

The following table includes those studies initiated or completed as of August 2017. AMD:
Age-related macular degeneration; BMDSC: Bone marrow-derived stem cell; RPC: Retinal
progenitor; RVO: Retinal vascular occlusion; SD: Stargardt’s disease; UTSC: Umbilical tissue-
derived stem cell.

No. Sponsor/Collaborators Cell Conditions Phase Location Identifier
Source
1  Astellas Institute for ESCs SD I/lla Subretinal NCT01345006

Regenerative Medicine

2 Astellas Institute for ESCs AMD (dry) I/lla Subretinal NCT01344993
Regenerative Medicine

3 Astellas Institute for ESCs SD Ila Subretinal NCT02445612
Regenerative Medicine

4 Cell Cure Neuroscience ESCs AMD (dry) I/lla Subretinal NCT02286089
5 RIKEN iPSCs AMD (wet) | Subretinal UMINO00011929
6  Stem Cells, Inc. NSCs AMD (dry) I/lla Subretinal NCT01632527
7  Stem Cells, Inc. NSCs AMD (dry) IIb Subretinal NCT02467634
8 Cyte RPCs RP I/lla Intravitreal NCT02320812
9 |Cyte RPCs RP Il Intravitreal NCT03073733
10 Centocor/Janssen UTSCs RP | Subretinal NCTO00458575
11 Centocor/Janssen UTSCs  AMD (dry) I/lla Subretinal NCT01226628
12  University of Sao Paulo BMDSC RP | Intravitreal NCT01068561
13  University of Sao Paulo BMDSC RP Il Intravitreal NCT01560715
14  University of Sao Paulo BMDSC AMD, SD Intravitreal NCT01518127
15 University of California, HSC RP, SD, | Intravitreal NCT01736059
Davis AMD, RVO
16 Red de Terapia Celular BMDSC RP | Intravitreal NCT02280135
17  Mahidol University MSC RP | Intravitreal NCT01531348
18 Chaitanya Hospital BMDSC RP I/1l unknown NCT01914913
19 Al-Azhar University BMDSC  AMD (dry) I/1l Intravitreal NCT02016508
20 CHABiotech ESCs AMD (dry) Illa Subretinal NCT01674829
21 Federal University of ESCs AMD, SD I/1l Subretinal NCT02903576
S&o Paulo
22 Chinese Academy of ESCs AMD (dry) | unknown NCT03046407
Sciences
23  Southwest Hospital, ESCs AMD, SD | Subretinal NCT02749734
China
24  Regenerative Patch ESCs AMD (dry) I Subretinal NCT02590692

Technologies, LLC

25  Pfizer/University ESCs AMD (wet) | Subretinal NCT01691261
College London

26 ReNeuron Ltd. RPCs RP I Intravitreal NCT02464436
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Human embryonic stem cells (hESCs) are derived from the inner cell mass of
the human embryos at the blastocyst stage of the embryonic development.
These cells have the potential to differentiate to all cell types in the germ
layers. They also have the capacity to replicate indefinitely and maintain their
pluripotency for a prolonged period. (Hiyama et al., 2007) In vivo, the inner cell
mass will lose its pluripotent abilities upon implantation in the uterus, however,
this process can be avoided by removing these cells in vitro and maintaining

them under desired conditions. (Cai et al., 2003)

The first attempt to derive hESCs were made during the 1980s, however it
wasn’t until 1998 that these cell lines were established. (Thomson et al., 1998)
The embryonic stem cells are usually cultured on a layer of the mouse
fibroblasts that are inactivated and form adherent colonies on top of these
cells. Each colony typically holds about three to four thousand cells. Other
methods have also been developed to culture these cells in suspension,
feeder-free and xeno-free media to prevent the risk of introducing potential
pathogens into the human cells. (Hoffman and Carpenter, 2005) There are
also various methods in development to use human feeder cells instead of the
mouse cells, which can reduce the risk of introducing mouse pathogen into
these cells. However, with human originated feeder cells the risks of

pathogens still remain. (Reubinoff et al., 2000)

Due to properties of the embryonic stem cells, they can provide an
unprecedented potential in treating degenerative disease. They can also be

used for drug safety tests, efficacy research and to understand physiology of
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different body tissues. This opportunity provides us with more effective and
safer treatments across the medical field. (Chen et al., 2014) However, before
stem cells can be used in cell-based therapies, there are a number of
challenges that need to be addressed first. For example, at the moment the
efficiency of growth of a single hESCs into a full colony is less than 1% in
comparison to the mouse cells. (Puri et al. 2012) Another challenge is
concerned with karyotypic changes of hESCs once they have been cultured
for extended time or high passage numbers, which is dependent on the culture
conditions and methods. (Chen et al., 2014) There are also concerns
regarding the stability of the epigenetically modified genes in different culture
conditions and other challenges in the purification of the differentiated hESCs
before transplantation to avoid the formation of teratomas. (Hoffman and

Carpenter, 2005)

1.2.1 Human Induced Pluripotent Stem Cells (hiPSCs)

In 2006 Shinya Yamanaka and his colleagues from the Kyoto University
reported that they have successfully reprogrammed mouse fibroblast cells by
use of retroviruses of Oct4, SOX2, c-Myc, and Klf4 genes. After 3-4 weeks,
these cells showed similar morphology to pluripotent embryonic stem cells.
(Takahashi & Yamanaka et al., 2006) These cells were selected using Fbx15+
cells against antibiotic, which showed not to be the best method for selecting
the pluripotent cells. These cells were unable to produce egg and sperm cells
once they were seeded into a blastocyst, had DNA methylation errors and
were unable to make viable chimeras. Moreover, this method included use of

c-Myc, which raises concern regarding its oncogenicity. (Liu et al., 2008)
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In June 2007, Yamanaka’s group along with Rudolph Jaenisch from MIT and
another group from University of California showed improvements in a
selection method of iPS cells by replacing Fbx15+ to Nanog. The latter also
proved the importance of Nanog in pluripotency of ESCs. In this method, the
DNA methylation was corrected and viable chimeras, as well as proliferation
of sperms and eggs, were achieved. However, c-Myc was still used in their

protocol. (Takahashi et al., 2007)

Finally, in November 2007, two groups, Yamanaka and Thomson released
results of showing successful production of iPSCs from human fibroblasts.
Yamanaka used the previous method tried on mouse models, but Thomson
used lentiviral for the following genes of OCT4, SOX2, NANOG, and LIN28.

(Yu et al., 2007)

In terms of morphology, hiPSCs are very similar to hESCs, they are round and
have a large nucleus and small cytoplasm, and they form colonies similar to
that of hESCs. Their growth rate and mitotic division are compatible with
hESCs and express all the specific surface markers of TRA-2-49/6E, TRA-1-
60/81, SSEA-3/4. In terms of the nuclear expression markers they express
Oct-3/4, Sox2, Nanog, GDF3, REX1, FGF4, ESG1, DPPA2, DPPA4, and
hTERT. (Puri et al., 2012) hiPSCs also shown similar differentiation patterns
to hESCs in various differentiation routes such as neuronal and cardiac.
Formation of the embryoid bodies and teratomas are also identical in both cell
types as well as demethylation of the promoters, DNA, and histones, which

results in expression of similar markers in the cell. (Bilic et al., 2012)
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Differences between hiPSCs and hESCs come down to genetic stability and
copy number variations of the hiPSCs in prolonged cultures. Nonetheless,
hiPSCs has shown the capacity for replacing the need for the
histocompatibility matching as they can be originated from the patient itself.
Therefore, providing unending source of stem cells specific to each patient.
(Bilic et al., 2012) It has been reported that specific hiPSC lines maintained
their ‘epigenetic memory’ from their somatic state, which can be used as a
differentiation bias in using tissue-specific hiPSCs for cell therapy treatments.

(Kim et al., 2010)

1.2.1.1 Requirements for Using hiPSCs in Clinical Applications

In order to realise full potential of hiPSCs in clinical applications according to
good manufacturing practice guidelines, animal components must be removed
from all steps of their derivation, culture and differentiation. Early methods
developed in culture of hLESCs were adapted from mouse ESC cultures where
leukaemia inhibitory factor (LIF) was used to maintain pluripotency of the cells.
(Evans et al., 1981) However, it wasn’t long before it became clear that hRESCs
cannot maintain their pluripotency in presence of LIF alike mouse cells and
addition of feeder cells such as mouse embryonic fibroblasts (MEFs) will be
necessary. (Williams et al., 1988) MEFs assist hESCs by providing them with
essential molecules for their self-renewal. Among such are growth factors and
cytokines, as well as extracellular matrice (ECM) components such as
transforming growth factor B, activin A, laminin-511, and vitronectin. (Hongisto
et al., 2012) However, secretion of large number of factors by these cells into

the culture, makes it difficult to understand mechanisms in which these
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molecules contribute to the maintenance of pluripotency of hESCs. (Eiselleova
et al., 2008) Moreover, use of deactivation methods such as y-irradiation or
mitomycin-c will produce apoptotic factors that could produce unknown effects
on hESCs culture and pluripotency. (Villa-Diaz et al., 2012) Other xenogeneic
components such as animal serum replacements increase the risk of
introducing pathogens into recipients upon transplantation as well as
increased chance of immune response and rejection. (Mallon et al., 2006)
There are also other methods in development to use human feeder cells
instead of the mouse cells, which can reduce the risk of introducing mouse
pathogen into these cells. However, with human originated feeder cells the

risks of pathogens still remains. (Reubinoff et al., 2000; Stacey et al., 2006)

Initial attempts to produce feeder-free hPSCs used extra cellular matrices
(ECM) such as Matrigel™ along with MEF-conditioned medium. (Xu et al.,
2010) However, Matrigel™ also contains unknown animal components as well
as having a well-known batch-to-batch variability. (Villa-Diaz et al., 2012) The
fact that integrins are the main cell surface receptors mediating cell-ECM
interactions lead to use of vitronectin, which has shown to support self-renewal
of the hESCs via integrin aV5. (Braam et al., 2008) Laminin-511 is also
another component of Matrigel™ which contributes to maintenance of
pluripotency in hESCs. E-cadherins also separately shown an important role
for maintenance of pluripotency in hESCs. (Derda et al., 2007) Therefore, use
of the recombinant human (rh) laminin-511, rh vitronectin, and rh E-cadherin
as an ECM in the culture of hESCs could provide the first alternatives to feeder

cells and the start of defined and xenogeneic-free culture conditions.
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Large-scale expansion of hPSCs for clinical applications require chemically
defined components that are GMP compliant. Development of feeder-free
hPSCs cultures using biological molecules as ECM as mentioned previously,
can still introduce higher degree of variabilities into the culture and create more
challenges during large-scale manufacturing processes. (Brafman et al., 2010)
Among such are, degradation of these molecules during long-term cultures,
which can create lot-to-lot variability, scalability limitations and as a result,
higher manufacturing costs. Use of synthetic alternatives that could produce
similar results and be more durable to manufacturing processes could provide

a solution to such problems. (Irwin et al., 2011)

1.2.2 Stem Cell’s Niche

The stem cell niche refers to a network of intrinsic and extrinsic factors that
influence stem cells’ fate. (Moore et al., 2006) Intrinsic factors include
transcription factors, growth factors and molecular mechanisms. The extrinsic
factors are environmental stresses, extra-cellular matrix (ECM) components
(such as collagen, elastin, hyaluronic acid as well as topographical patterns),
soluble factors (growth factors, peptides, hormones, proteases, morphogens
and cytokines) and cell-cell interactions (juxtacrine, paracrine and endocrine
signalling). Furthermore, environmental stresses include oxygen tension, pH
variations, and mechanical forces. The latter can be further separated into
various types such as stretch, strain, compression, and shear stress. In this
section, we look at the effects of two most related environmental cues to this

work, which are soluble factors and fluid flow.
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Figure 1.5 Extrinsic Factors That Influence hiPSCs Behaviour.

The environmental cues influencing the stem cells behaviours. The main cellular responses

could be, quiescence, self-renewal, differentiation, spatial localisation and apoptosis.

1.2.2.1 Effects of Soluble Factors on Stem Cells’ Fate

Soluble factors include nutrients such as glucose, glutamine and amino acids
required for cellular survival as well as extrinsic factors secreted by the cells
as part of the cell-to-cell interaction. Soluble factors have shown to influence
behaviour of the stem cells toward self-renewal (e.g. the use of leukaemia
inhibitor factor (LIF) in mouse embryonic stem cells or FGF2 for hESCs) or
differentiation. (Hazeltine et al., 2013) The concentration gradients present in
the cellular environment shown to have optimal effects on stem cells
behaviour. (Titmarsh et al., 2012) Other influences of concentration gradients
include pluripotent sub-states differences and reduction of heterogeneity in
PSCs by using small molecule inhibitors. (Blauwkamp et al., 2012; Marks et

al., 2012; Hazeltine et al., 2013) One of the major contributors to the high
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production costs are soluble factors. Factors such as seeding densities and
co-culture with other cell lines have also shown to be critical in process

development optimisation. (Serra et al., 2012; Cigognini et al., 2013)

1.2.2.2 Fluid Flow

Other key forces inherent to the bioprocessing of stem cells are the effects of
fluid flow and the shear stress. The introduction of the fluid flow affects the
culture conditions such as pH, oxygen, and nutrient delivery. Depending on
the flow rate, it also can influence signalling pathways and gene expression.
High flow rates result in washout of nutrients and cells in continuously perfused
cultures. (Korin et al., 2008, 2009) At high flow rates, effects of shear stress
on the cells can also influence stem cell differentiation. (Yamamoto et al.,
2004; Stolberg et al., 2009; Toh et al., 2011; Nsiah et al., 2014) Therefore, it
is essential to further understand how these forces affect the culture and

differentiation pathways.

With the cardiovascular system being the earliest working system in the
embryos, fluid flow becomes a major player in later stages of embryogenesis.
Formation of the angioblast from differentiation of embryonic stem cells to
endothelial cells is governed genetically at the initial stages of development.
At this stage embryogenesis, there is no blood flow as such, although there
are other fluids such as interstitial fluids. It has been reported that venous and
arterial gene expressions are detected before any vessels formed in the
embryo. (Wang et al., 1998; Jones et al., 2006) Vascular precursors are
created in the embryo and the extra-embryonic yolk sac of the mouse at

around days 7.5-8 of embryogenesis. Study of the laminar blood flow at this
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stage shown that shear stress of approximately 0-5.5 dynes/cm?is present
around days 8.5-10.5 of the embryogenesis. (Ema et al., 2003; Jones et al.,

2004)

The earliest sign of fluid flow presence during the embryogenesis is in
gastrulation in the formation of the spatial orientation of the embryo. It was
discovered that in mice, rotation of the primary cilia in the node creates a fluid
flow that determines the left and right axis orientation in the embryo. (Nonaka
et al., 2002) For example, this rotatory motion results in one organ such as
heart to be on the left and liver to be on the right. Although there isn’t any
evidence of the amount of shear stress created by this fluid flow, it is evident
that embryos use this force to complete a crucial stage of their development.

(McGrath et al., 2002; Cartwright et al., 2004)

Primary cilia have shown the ability to sense shear stress as well as generating
fluid flow. The primary cilia are reported to be present in three human
Embryonic Stem Cell (hESC) lines H1, H9, and LRB003 as well as in Human
Umbilical Vein Endothelial Cells (HUVECS). (Kiprilov et al., 2008) However, in
the case of HUVECSs, they do not appear after passage twelve and also when
exposed to more than two hours of shear stress, they will disassemble. (lomini
et al.,, 2004) A study of the blood flow patterns in a chick embryo yolk sac
showed that specification of the venous or arterial vessels had been proven to
be affected by the shear stress resulted from blood flow. However, it is still
unclear if this is a result of mechanical fluid flow or biochemical imbalances

like oxygen tension. (Noble et al., 2003)
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Mechanotransduction is referred to the process that cells translate physical
forces into biochemical signals, which it will lead to a cellular response.
(Merryman et al., 2009) Several studies on mapping deformations happening
inside of Endothelial Cells (ECs) resulted from fluid shear stress show that
shear stress experienced at the bottom of the cell surface are much higher
than the forces exerted on the luminal side. However, understanding how
cytoskeletal strain is linked with shear stress and how it can be fully mapped
is far more complex than it is originally expected. (Helmke et al., 2003; Huang

et al., 2004)

The critical amount of the shear stress required to initiate a response for
various types of biological responses measured is approximately about ~1 Pa
(0.1 dyne/cm?). This has been measured over an area of 1,000 um? of the
entire apex of an EC, which can generate a force of about 1 nN. (Huang et al.,
2004) The ways in which fluid flow affects the membrane fluidity are not quite
clear. However, measurement of changes in the lateral diffusion coefficient of
membrane lipids in response to a short 10s shear stress of 1 Pa, has shown
that response to changes in shear stress is dependent on the methods of
increasing it. A step-wise increase of shear has shown to result in an increase
in diffusion coefficient where flow meets the membrane and a decrease on the
opposite side of the cell. However, if shear is increased in a ramp fashion,
diffusion coefficient will decrease all throughout the cell. (Haidekker et al.,

2000; Jalali et al., 2001; Butler et al., 2001, 2002)

Fluid flow has been studied extensively in ECs as an important part of their

function and endothelial differentiation of stem cells. Studies have shown that
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ECs have the ability to detect fluid flow in their microenvironment and respond
to various types of shear stresses accordingly. (Barakat et al., 2003; Resnick
et al.,, 2003) ECs have shown that they are more adaptable to laminar flow
over time and respond rapidly at the beginning of exposure to fluid flow. When
initial adaptations to fluid flow have completely taken place after 24 hours, a
new behavioral profile starts to emerge that can be categorized to long-term
or short-term exposures to fluid flow. (Wasserman et al., 2004, 2002;

Matthews et al., 2006)

Conventional culture setups lack the complexity and accuracy to imitate the
endogenous cell culture environment and it has been a challenge for the
research and industrial community to provide ever closer culture environment,
for stem cells differentiation. (Cigognini et al., 2013) Deeper understanding of
the stem cells’ behaviour during differentiation is dependent on their niche and
our capabilities to control it, which in turn, enables us to provide cells that could
integrate into the host tissue and function more effectively. (Discher et al.,

2009)

1.2.3 Retinal Differentiation Protocols for Pluripotent Stem Cells

In general, there have been two different approaches for differentiation of
pluripotent stem cells. First one is the conventional 2D culture using cells in a
monolayer and second one is the 3D approach in using cellular aggregates
such as embryoid bodies (EBs). Initial efforts to produce retinal cells included
using retinoic acid (RA) or insulin-transferrin-selenium-fibronectin (ITSFn) and
bFGF to start with and finalised by co-culture with postnatal retinal cells. (Zhao

et al., 2002) Next, Watanabe improved the efficiency of the telencephalic cells
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by 15%, using a serum free EB system and addition of Wnt and Nodal
antagonists, DKK1 and LeftyA to the differentiation medium. (Watanabe et al.,
2005) In following efforts, the latter and addition of 5% serum and activin-A
used to guide cells toward expression of Rax and Pax6 in the cell population
(Ikeda et al., 2005) This protocol resulted in 26% of the cell population to be
retinal progenitor cells (RPCs) and capable of differentiating into Crx positive
cells. Lamba et al. in the following year used Wnt and BMP antagonists, DKK-
1 and Noggin, along with IGF-1 and bFGF on Matrigel™ to produce 80% RPCs
population with 12% Crx positive photoreceptor precursors in only three

weeks’ culture. (Lamba et al., 2006)

One of the downsides of Lamba’s protocol is the use of Matrigel ™ as the ECM.
It is known that there are a number of growth factors in Matrigel™ that has not
been identified. Moreover, there are animal components in this ECM that
makes it unusable for clinical applications. (Villa-Diaz et al., 2012) Osakada in
2008 and 2009 developed a protocol using a serum free EB system along with
Lefty A, along with y-secretase inhibitor and DAPT on coatings of poly-D
lysine/laminin/fibronectin. Furthermore, in later stages, FGF1, bFGF, taurine,
Shh, and RA were also added to the media to improve photoreceptor
maturation. This protocol resulted in 17% of the population to express

Rhodopsin. (Osakada et al., 2008, 2009)

Meyer developed a rather interesting protocol by not using any growth factors
but changing the culture condition from suspension to adherent and
suspension again. In his work, a 2D culture was used in suspension first then

plated on laminin to form neural rosettes, and then the rosettes were isolated
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and transferred to suspension again to produce RPC population that were Crx
positive. (Meyer et al., 2011) However, the protocol takes 80 days to develop
Crx and Recoverin positive populations. Eiraku also used a mostly growth
factor-free culture with growth factor reduced Matrigel™ in suspension to form
optic cup structures in just one week. However, after 35 days, there were lack
of neural integrity observed in the cell population. Eiraku reported that
combination of intrinsic factors and the physical forces are the key regulators
of the retinal differentiation in their work. (Eiraku et al., 2011) Later, the optic
cup structures were separated and cultured to form morphologically identical
structures to postnatal retina including all the cells types in the mature retina.
The only growth factors used in this work were RA and taurine between day

10 and 14 of the culture. (Eiraku et al., 2011)

More recently, Ali and colleagues developed a protocol for generating RPCs
from ESCs and iPSCs, in which EBs were cultured on Matrigel™. In this
protocol neuroepithelia vesicles formed as early as day 2 of the culture and
markers such as Crx and Nrl were expressed after 30 days. However, the
neuroepithelia vesicles were not stable during the culture and disappeared
very quickly. (Boucherie et al., 2012) Zhong et al. demonstrated formation of
the photoreceptors could be independent of the RPE layer. In this work,
combination of Meyer and Eiraku’s protocols were used by adding growth
factor reduced Matrigel™, RA and taurine. (Zhong et al., 2014) Finally,
Reichman demonstrated development of RPE and neuroepithelial structures
under simple neuralising conditions in only three weeks. (Reichman et al.,

2014)
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1.2.4 Bioprocessing Challenges for Producing Clinically Relevant Cells

One of the main processing challenges in using stem cells is the number of
variations that exists in differentiation protocols. (Serra et al., 2012) Generally,
in processing systems, the key input variables are identified and controlled to
make sure a repeatable process can be maintained while a specific product is
produced. Increased number of variations in the process, as well as degree of
control that can be applied to them, is not desirable in good manufacturing
practice (GMP). (Thomas et al., 2008) Key process inputs can be categorized
into two groups, one being statistically controlled and the other, with high
statistical variations. However, in bioprocessing of ESCs for producing target
cells, variations exist in every level of production from isolation and expansion
of the cells to their differentiation, purification, packaging and their delivery to

clinics. (Abu-Absi et al., 2010)

Other challenge includes the time it takes for some differentiation processes
to complete. For example, we saw that the shortest protocol for retinal
differentiation were up to three weeks, others stretch up to 200 days. Neuronal
differentiation also takes up to 10 weeks and in the case of cardiomyocytes
could be even longer. The challenge here is to maintain those culture
conditions and process inputs in a stable format. In a differentiation culture,
the key process inputs include, ECM, soluble factors, physiochemical factors
such as pH, oxygen concentration and finally physical parameters such as low
shear rates and uniform fluid flow. To maintain these parameters, monitoring
systems are needed to measure and report values of these parameters

accurately. Moreover, control systems are needed to have in place to adjust
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and maintain these parameters in the required range for each specific process.

(Placzek et al., 2008)

Choice of autologous or allogeneic cell therapies can also make a big
difference in terms of process development, GMP burden and system
automation. Risk of cross contamination also must be accounted for in each
system. (Kirouac et al., 2008) Autologous cell products have the advantage of
being patient specific and pose lower chance of rejection post transplantation.
However, they raise greater challenges during manufacturing processes
especially when a large number of patients need the therapy. The opposite is
true for the allogeneic cell products where the bioprocessing steps can be
unified and be more economic. Other challenges regarding the autologous cell
therapies include the source of the cells as the starting material. For example,
if some cells are taken from older patients and some from younger ones,
considering the genetic diversity exists in the population, in each process we
could see a large number of variations in response to a differentiation protocol.
Therefore, a categorizing system will be required to minimise the amount of
variation resulted from the genetic diversity. On the other hand, in allogeneic
cell therapies we can streamline the process with few recognised cell lines and
consistently produce the same cell products in each batch. The downside with
allogeneic cell therapies is in their higher risk of disease transmission, which

it has been the case in master cell and tissue banks. (Rowley et al., 2010)

Perhaps one of the more pressing issues in bioprocessing of stem cells are
the costs associated with producing GMP grade products. As the size of the

production increases, so as the expenses associated with it. Some materials
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such as reagents and growth factors do not exist in GMP grade purely due to
high production costs and commercial risks. (Kirouac et al., 2008)
Furthermore, other costs associated with clinical testing and running costs of
a GMP facility are often substantial and require large sustained investments

over a long period of time. (Preti et al., 2005)

Other challenges include product safety, quality and efficacy. It is essential to
provide a process flow that minimises risks of contamination whether from a
source or throughout the processing steps. (Rayment et al., 2010) It is also
crucial to use purification methods to remove pluripotent cells from the
population, which often were associated with the formation of teratomas.
(Schriebl et al., 2009) As mentioned earlier in this section, retinal cells need to
be at a specific developmental stage to be able to integrate into the host retina.
Therefore, methods for detection of the key markers at this stage must be
developed. Purification methods used currently such as magnetic affinity cell
sorting (MACS) and fluorescence activated cell sorting (FACS), require
improvements to achieve high purification standards. (Schriebl et al., 2009;
Rayment et al., 2010). In regard to efficacy, tests that accurately provide in
vivo interaction of the cells are rare. Currently, indicators such as cell density,
proliferation rate and viability are used to determine the efficacy of the final cell

products, which are questionable. (Lim et al., 2007; Yang et al., 2008)
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1.3.1 Introduction to Microfluidics

Microfluidic devices are usually comprised of channels, culture areas and
other structures ranging from few micrometers to 100 um in size. However,
depending on the application, the dimensions may be adapted to serve the
purpose. (Whitesides et al., 2006) Microfluidics originated from the
semiconductor industry, hence using many fabrication techniques and
materials such as silicone and glasses. However, in recent years use of
polymers such as poly(dimethylsiloxane) (PDMS) has been a routine practice
due to its ease of use and material properties. (Berthier et al., 2012) PDMS is
a thermosetting polymer that is transparent (wavelengths larger than 300 nm),
has high flexibility, relatively low cost, it is gas permeable and has shown to
be safe in cell culture experiments. (Sia et al., 2003) However, there are also
reports that PDMS absorbs smaller hydrophobic molecules and releases

oligomers, which can be harmful to cell cultures. (Regehr et al., 2009)

Microfluidic devices are commonly created using lithography. In lithography, a
master pattern is transferred to a solid surface, which is usually some type of
an elastomeric polymer. In lithography techniques, such as soft lithography,
which is a term coined by Xia and Whiteside in 1998 for several different
techniques. (Xia et al. 1998) In this technique, a master mould is created by
either micro-machining or photolithography and the polymer is cast out of that.
In photolithography, the master pattern is usually transferred to a surface by
use of mask acting as a negative and exposure to UV light or x-ray as the

positive. Intensity of the light, exposure time and solubility of the material
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surface will determine the depth of the pattern intended on the surface.
Recently other methods such as using heat shrinkable materials and digital
printers have also shown to be effective as low cost and rapid prototyping
methods for manufacturing microfluidic devices. However, the accuracy of
these methods is questioned and shown to be limited. (Becker and Gértner,

2007)

The other soft lithography method is laser ablation to create structures and
computer numerical controlled (CNC) micro-milling, which simply mills out the
designed pattern into various substrates such as polycarbonate and
aluminum. The latter can either be used directly or as a mold for casting
PDMS. (Pronko et al., 1995) The limiting factors with using such method are
that they are time-consuming and difficult to work with on features smaller than
5 um. Moreover, there is also the difficulty of reaching accurate zero point on
the surface of the material. On the other hand, laser ablation can create
smaller sizes in a shorter time, but the surface roughness can be high due to

inherent properties of the method.

Microfluidic devices are usually fabricated in parts and then attached together
via methods such as using adhesives, eutectics, anodic bonding, silicon-
silicon bonding, use of heat in thermal bonding, and plasma bonding. Methods
used for each device are purely dependant on the application of the device,
however, plasma and thermal bonding are among the most suitable methods
as they do not leach materials or change dimensions of the parts due to added

adhesive materials. (Becker and Gartner, 2007)
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Fluid flow at microfluidic structures are affected by viscous and inertial forces,
channel length, geometry and velocity of the fluid in the channel. At low flow
rates, the Reynold number dictate the characteristics of fluid flow, which is
shown by a consistent movement of the fluid named laminar flow. In laminar
flow, layers of the fluid can flow in parallel without creating any disturbance in
each other and mixing only occurs via diffusion. (Young and Beebe, 2010)
Opposite to the laminar flow is when inertial forces dictate the fluid flow
characteristics, usually at higher flow rates, which results in an uneven flow
called turbulent. Turbulent flow is ideal for mixing and small eddies are present
throughout the flow chamber, hence assist the mixing process. However, the
turbulent flow does not occur in microfluidic systems due to the smaller
channel sizes. Energy-wise laminar flow is much more efficient than turbulent
flow due to organized flow patterns. In vivo, there is only laminar flow as
turbulent flow would be undesirable due to excessive workload for the
circulatory system as well as being unsuitable for the cell viability. (Lawrence

et al., 2008; Madihally et al., 2010)

In order to determine whether a fluid flow is laminar or turbulent, Reynold’s
number (Nre) is typically used as an index. Reynold’s number is dimensionless

and is calculated using the following equation:

Where p is the density of the fluid, Ic is the channel characteristic length, V is
the average velocity of the fluid over the cross-section, and p is the dynamic
viscosity of the fluid. For a smooth-surfaced tube, Nre less than 2,300 indicates
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a laminar flow. If Nre is greater than 4000 is turbulent and any values between
the two limits are transitional flow. However, it must be noted that microfluidic
devices generally operate in Reynold’'s numbers that are closer to 10,
sometimes even below 1. At such low Nre numbers, flow is strictly laminar.

(Walker et al., 2004)

1.3.2 Benefits of Microfluidics for Stem Cell Cultures

As stated previously, materials used for differentiation studies are often costly,
especially when it takes weeks and months to reach a desired developmental
stage for a specific target cell. Once perfusion is introduced into the culture, it
often increases the material consumption by few folds. Scaling down to
microscale seems to be an obvious choice and clearly is one of the greatest
advantages of using microfluidic devices for cell cultures. Furthermore, the
smaller size of the microfluidic devices makes it easier to provide faster mass
and heat transfer throughout a culture area. (Whitesides et al., 2006; Berthier

et al., 2012)

Microfluidic devices can provide larger area to volume ratio often due to their
geometric ratios. Therefore, they can provide faster reaction time between the
cells, exogenous growth factors and cytokines. (Paguirigan et al., 2008)
Defined geometry of the culture chamber in microfluidic devices means that
there is a defined media height, thus eliminating variations that are often
resulted from evaporation in conventional culture devices. Moreover, reduced
evaporation results in more stable concentration of the media as well as

pericellular concentrations. Visually, the meniscus effects of the medium
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height are also reduced, resulting in improvements in culture monitoring.

(Berthier et al., 2012)

One of the major challenges in process development for stem cells is the
control of process inputs. Microfluidic devices provide much greater control
over the cellular microenvironment. (Paguirigan et al., 2008) By use of laminar
flow in microfluidic devices, a more uniform concentration of soluble factors
can be created. (Cimetta et al., 2010) Furthermore, the fluid flow can be used
to remove unwanted molecules such as waste molecules from the culture
area, thus providing a more uniform pH throughout the culture. Overall, these
properties of the microfluidic devices allow for more accurate mass transfer
via fluid flow and hence creating a microenvironment that closely mimics in

vivo culture conditions. (Tandon et al., 2013)

1.3.3 Differentiation of ESCs in Perfused Microfluidic Culture Devices

Microfluidic culture devices have been developed and used for various goals
such as cell expansions, study of cellular functions or drug screening
purposes. Scaling down to microscale provides a simpler and more
controllable milieu and allows for faster response time, hence making the
microfluidic devices a useful tool for understanding ESC behaviour during

differentiation. (Young and Beebe, 2010)

Initial efforts on creating a fully automated high throughput microfluidic device
reported by Gomez-Sjoberg et al. for long-term experiments such as
differentiation and proliferation of the Human Mesenchymal Stem Cells

(hMSCs). This device could generate 96 independent conditions as well as
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their maintenance for long-term cultures. (Gomez-Sjoberg et al., 2007)
Desbordes et al. has designed a high throughput microfluidic device to screen
effects of 2800 compounds on stem cells differentiation and self-renewal of
ESC. (Desbordes et al., 2008) In another study, Zhong et al. also designed a
high throughput microfluidic platform in order to monitor the gene expression
profile of a single ESC. (Zhong et al., 2008) Di Carlo et al. used a particular
array of cell-traps in a microfluidic device to trap cells through the laminar fluid
flow, hence shielding them from the shear forces while providing an
opportunity to analyze them on an individual basis. (Di Carlo et al., 2006)
However, there have not been reports on progress or updates on many of
these devices and most importantly they only focus on one aspect of stem cell

culture without considering bioprocessing perspective.

Initial studies on ECM effects on mESCs differentiation showed that hepatic
differentiation is greatly affected by dosage and combination of the ECM parts.
(Flaim et al., 2005) In addition, by using a microarray technigue they found the
ECM components that play a key role in differentiation and self-renewal of
primary human neural precursors. (Soen et al., 2006) Lanfer et al. used a
microfluidic set up to study the hMSCs growth and differentiation in regards to
the ECM components and found that differentiation of the hMSCs can be
guided through directional ECM patterning. (Lanfer et al., 2009) Lii et al. has
successfully designed a microfluidic chip that allowed study of mESCs and
MEFs on naturally derived ECM. (Lii et al., 2008) Peterson et al has used
micro-patterning on PDMS to direct MSCs differentiation into musculoskeletal

lineage. (Peterson et al., 2006) In another study, on effects of stress on
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differentiation of the hMSCs, by culturing them in different shapes, they have
found that osteogenesis and adipogenesis was achieved at high and low

stress regions respectively. (Ruiz et al., 2008)

Other devices have been used to study effects of ECM and perfusion rates
mostly on expansion of the hiPSCs, showing higher growth rate of hiPSCs in
microfluidic device compared to static well-plates over a 1l-week culture.
(Yoshimitsu et al., 2014) In other studies with logarithmic increase of flow rate,
the growth of mMESCs were higher in terms of colony size. (Kim et al., 2006)
Titmarsh et al. demonstrated successful 1-week continuous perfusion of
hESCs in a microfluidic culture device at flow rate of 20.8 uL/h (Péclet
number=1). (Titmarsh et al. 2012) Cimetta and colleagues designed a
multiplexed microfluidic bioreactor that enabled a precise control over cellular
microenvironment of hESCs. Using the same device, they demonstrated an
ability to contain up to 120 EB samples and controlled mesodermal

differentiation of hESCs. (Cimetta et al., 2014)

Some of the qualities of the culture surface that are found to have visible
effects on the cellular behavior are elasticity, geometry and topography.
Topography changes have proved to be one of the most effective of these
qualities. In microfluidics, micropatterning techniques by using methods such
as photolithography and solvent casting has been used to achieve this. For
example, Recknor et al. used micropatterned polystyrene to study guided
differentiation of neuronal progenitor cells. (Recknor et al., 2005) The same
technique but on PDMS, was also used by Yim et al. on trans-differentiation

of hMSCs into the neuronal lineage. (Yim et al., 2007) Another group used
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PDMS stamps, to demonstrate the independence of the hMSCs shape to
biochemical contents in differentiation. (Kilian et al., 2010) Dalby et al. has
extensively studied osteogenic differentiation of hMSCs, in various
topographical patterns such as nano-pit and islands against presence or lack
of dexamethasone, which induces osteogenesis, and found that effectiveness
of the right topography on differentiation of the hMSCs. (Dalby et al., 2008)
Others also created microwells coated with nanofibers that are used for culture
of the mESCs showing effectiveness of this method in guiding stem cell

differentiation. (Gallego-Perez et al., 2010)

Among other studies performed on PSCs were a microfluidic device designed
for stimulating angiogenesis in hMSCs in a 5-day perfused culture. (Jeon et
al., 2014) Other studies on angiogenesis looked into effects of Flklon ESCs,
exposed to VEGF and TGF-B under shear stress of 1.5-10 dynes/cm? when
cultured on a collagen IV-coated plates. Results showed successful vascular

EC differentiation of the ESCs. (Huang et al., 2010)

A large group of studies in the field taking advantage of the inherent qualities
of fluid flow at microscale and focused on the effects of shear stress on a cell
population in a microfluidic culture device. Toh et al. created a device that can
produce shear rates from 0.0016 to 16 dyne/cm?. This study showed that fluid
flow controls the expression Fgf5, the epiblast marker, by engaging the
heparan sulfate proteoglycans (HSPGs). This process assists cells in sensing
the shear stress present in the culture area. (Toh et al., 2011) Figallo et al.
has also designed a microfluidic cell culture device that was used in

experiments on hESCs as well as mouse myoblast. Results showed that
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hESCs had higher proliferation and EC differentiation upon exposure to shear
stress and myoblasts showed myotube formations aligned in the fluid direction.
(Figallo et al., 2007) Endothelial differentiation of the mESCs was observed
once they were exposed to shear stress of 15 dyne/cm?. (Ahsan et al., 2010).
Another study on cardiomyocyte differentiation of the ESCs, a microfluidic
device made of poly (methyl methacrylate) (PMMA) was created with arrays
of 900 recesses of 300x300x300 um? volume was used with different flow
rates. The results showed beating cardiomyocytes, proving the importance of

fluid flow in the differentiation process. (Gottwald et al., 2007)

Studies on neural differentiation of neural stem cells showed that continuous
perfusion of the culture enriched with FGF2 and epidermal growth factor
resulted in formation of astrocytes. (Chung et al., 2005) Other studies showed
importance of growth factor gradients in neural patterning by using Nestin
positive ESCs. (Park et al., 2009) Similar studies showed effects of counter-
gradient of LIF and RA on pluripotency of ESCs and maintenance of their
phenotype. (Kawada et al., 2012) Cimetta showed effects of concentration
gradients on mesodermal differentiation of hESCs and hiPSCs when tested
on concentration of Wnt3a, Activin A, BMP4 and their inhibitors simultaneously
over a 4-day culture period. (Cimetta et al., 2012) Finally, Titmarsh et al.
studied early mesodermal differentiation in light of exogenous and paracrine
factors in hESCs, demonstrating usefulness of microfluidic devices for
understanding heirarachy of molecular regulators of mesodermal
differentiation and compatibility of such devices with conventional culture

systems. (Titmarsh et al., 2012)
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In summary, compared to other therapeutic solutions hiPSCs can provide a
readily available cell source without the need for histocompatibility matching
for a diverse range of regenerative therapies. Transplantation studies show
that developmental stage of the donor cells is crucial to their integrational
capabilities into the host retina i.e. post-natal post-mitotic precursor cells that
express Crx and Nrl. In addition, number and purity of the transplantable cell
population are also crucial in increasing efficiency of their integration into the
host retina. Current retinal differentiation protocols take a long time, have low
efficiency and reproducibility. Moreover, considering the requirement of high
number of cells for each patient, optimisation of differentiation protocols for
PSCs in a more robust, consistent and efficient manner will be critical in

providing a transplantable cell population.

One of the major challenges of the process development for stem cells is the
control of process inputs i.e. keeping culture conditions in a stable format. In
differentiation cultures, key process inputs include, ECM, soluble factors,
physicochemical factors such as pH and oxygen concentration. To maintain
these parameters, monitoring systems are needed to measure and report the
live values of these parameters accurately so they can be adjusted according
to cultural changes. Conventional culture setups such as T-flasks and well-
plates lack the complexity and accuracy to imitate the endogenous cell culture
environment. It has been a challenge for the research and industrial
community to provide ever closer culture environment for expansion and
differentiation of stem cells. Deeper understanding of the stem cells’ behaviour
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during differentiation is dependent on the stem cells niche and our capabilities

to control it.

Microfluidic devices provide much greater control over the cellular
microenvironment, often resulted from shorter characteristic length and use of
laminar flow in these devices. Furthermore, the fluid flow is used to remove
unwanted waste molecules from the culture area, thus providing a more
uniform pH throughout the culture. Fluid flow can be used to provide more
accurate mass transfer hence creating a microenvironment closest to the in
vivo conditions. However, applying perfusion to cell culture environment
requires careful considerations. Korin et al. has found that shear stress of
2x10? Pa is the minimum amount of force necessary to remove human
foreskin fibroblasts from the culture surface. (Korin et al., 2007) Furthermore,
Toh et al. discovered that the presence of shear stress on mESCs was

detected at shear rates of 1.6x10 Pa. (Toh et al., 2011)

Unique qualities of the microfluidic devices have been exploited in various
works to investigate different aspects of the stem cell culture and
differentiation. However, there have not been any reports on progress or
updates on many of these devices and most importantly they only focus on
one aspect of stem cell culture without the bioprocessing perspective.
Furthermore, most differentiation studies in microfluidic devices have been
focused on effects of shear stress or mesodermal differentiation of pluripotent
stem cells without considering steady-state concentration of soluble factors.
There is some work on short-term (up to 10 days) neural differentiation of

ESCs, but no work on long-term differentiation of hESCs or hiPSCs along the
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ectodermal lineage, and none on the photoreceptor differentiation.
Considering the advancements made in both fields of microfluidics and
development of the retinal differentiation protocols for PSCs, there is an open
opportunity to explore ectodermal differentiation of hiPSCs using a microfluidic
device designed for bioprocess development of stem cells. Using fluid flow in
creating steady-state concentration of soluble factors in a continuously
perfused culture, allows for better understanding of the retinal differentiation
of hiPSCs, effective optimisation of the protocols used and efficient production

of clinically relevant photoreceptors.
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In this work, | hypothesised that, (i) a flow rate can be found which keeps key
growth factors in retinal differentiation culture of hiPSCs in steady-state, and
that (ii) steady-state conditions obtained at such flow rate would result in the
upregulation of retinal progenitor (Pax6, Lhx2, Six6 and VSX2/Chx10) and

subsequently the precursor markers (Crx and Nrl).

The objectives of this project are, (i) to study dynamics of the retinal
differentiation culture, investigate degradation and consumption of key growth
factors used in this culture and establish an order of importance. (i) Next,
devise a critical perfusion rate to deliver the most important growth factors by
perfusion, hence creating a steady-state condition for these molecules. (iii)
Assess the suitability of the microfluidic culture device for long-term
differentiation culture. (iv) Finally, perform time-point perfusion studies to
analyse the expression of retinal progenitor and precursor markers.
Comparing the results in perfused cultures with conventional static cultures
would illustrate the role of perfusion and steady-state concentration of key

soluble factors on retinal differentiation of hiPSCs.

The microfluidic culture device (MFCD) used for this project was developed by
Marcel Reichen and further optimised by Rhys J. Macown. So far successful
perfusion culture of hESCs has been performed for up to 6 days in different
versions of the device. (Reichen et al., 2012; Macown et al., 2014; Super et

al., 2016).

63



Chapter 2 Materials and Methods

This chapter describes the methodology used for culturing cells during the
experiments throughout the thesis. This includes mouse embryonic fibroblasts
(MEFs) and human induced pluripotent stem cells (hiPSCs). In the second part
techniques used to analyse the cells are explained. The analytical techniques
include cell count, viability assays, immunocytochemical staining, qPCR,
media analysis and enzyme-linked immunosorbent assay. In the third part,
microfluidic culture device fabrication and assembly is explained. All other
tests performed to prepare the microfluidic device for long-term perfusion
culture are also explained in this part. The final part includes the statistical
analysis methods used throughout the thesis.

All cell cultures apart from hiPSCs passaging were carried out in a Walker
Class Il Safety Cabinet (Manchester, UK). To avoid contamination latex gloves
and a clean lab coat were worn at all times. All equipment used in the process
were wiped clean with 70% ethanol and all relevant solutions were sterilised
or filtered (with 0.22 um filters) beforehand.

All solutions used for cell culture were pre-warmed to 37 °C in water bath. Cells
were cultured in sterile conditions at 37 °C in 5% CO2 in air in a Heraeus®
HERAcell® incubator. (Thermo Fischer Scientific Inc., Waltham, MA, USA),
and cultured in either Nunclon™ tissue culture flasks, with filter caps or multi-

well plates (Thermo Fischer Scientific).
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2.1 Cell Culture

2.1 Cell Culture

2.1.1 Mouse Embryonic Fibroblasts Culture and Preparation of

Feeders

21.1.1 Mouse Embryonic Fibroblasts Culture

Mouse embryonic fibroblast (MEF) media was prepared using Dulbecco's
Modified Eagle Medium (DMEM,; Invitrogen, Paisley, UK), supplemented with
10% v/v fetal bovine serum (FBS; SeralLab, Haywards Heath, UK), 1% v/v
Glutamax (Invitrogen, Paisley, UK), 1% v/v non-essential amino acids (NEAA;
Invitrogen, Paisley, UK). A vial of MEFs was taken from the liquid Nitrogen and
thawed rapidly at 37°C. Once thawed, the contents of the vial was transferred
to a 15mL centrifuge tube. 5 mL medium was added to the tube and
centrifuged at 300 x g for 5 minutes. The supernatant was removed, and the
cell pellet was re-suspended in 10 mL growth medium. The centrifuge tube
was homogenized with a vortex, and 5 mL of the content was transferred to a
T-25 flask. Flasks were observed under the microscope and incubated at
37°C, 5% CO..

Once flasks became confluent a fresh T-25 flask was coated with 0.5 mL of
0.1% v/v gelatin (Sigma-Aldrich, Gillingham, UK) for 30 minutes prior to
passaging. Spent medium in the T-25 flasks with MEFs was removed first and
then washed the flasks with 6 mL of 0.1% v/v phosphate buffer saline (PBS;
Sigma-Aldrich, Gillingham, UK) once. Following this, 2 mL of 0.25% bovine
trypsin-EDTA was added to the flasks. Cells were incubated with the trypsin
at 37°C for three minutes. The trypsin was then quenched by adding 3 mL of

culture medium into the flasks. The quenched suspension was aspirated and
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dispensed 3-4 times in order to create a single cell suspension and eliminate
aggregates. The quenched cell suspension was then transferred into a 25 mL
centrifuge tube and centrifuged at 300 x g for 3 minutes. In the meanwhile, the
gelatin that was added to the fresh flasks previously, was taken out. After
centrifugation, the supernatant containing the trypsin and quench medium was
carefully removed from above the cell pellet. The cells were then re-suspended
in the culture medium dependent on the passage split ratio (3 mL for 1:3 or 4
mL for 1:4). Cells were split at a ratio between 1:3 and 1:4 for up to 5 passages.
5 mL of standard culture medium was dispensed into the flasks. 0.5 mL cell

suspension was then carefully added to each culture flask.

21.1.1 Preparation of Feeder cells

Mitomycin-C medium was prepared using 10 pg/mL mitomycin-C in culture
medium (described above). Spent media in the T-25 flasks was removed, and
flasks were washed with phosphate buffer solution (PBS) once. Mitomycin-C
medium was added to flasks to cover the surface and incubated the flasks for
2-3 hours at 37°C, 5% CO:a2. Fresh T-25 flasks for feeders were prepared in the
same way for the passaging described above. Following incubation,
mitomycin-C was removed, and flasks were washed with PBS 3-4 times to
ensure all mitomycin-C has been removed from the flasks. Feeders were
removed from the flasks using trypsin-EDTA as described above and
resuspended in 10 mL of MEF culture medium. Cells were counted, and 2.3 x
10° cells were transferred to each T-25 flasks coated with 0.1 v/v gelatine.
Feeders were incubated at 37°C, 5% CO:2 overnight and used the following

day for hiPSCs passaging.
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2.1.1 Human Induced Pluripotent Stem Cells (hiPSCs) Culture

The hiPSC media was prepared using Knockout DMEM (Invitrogen, Paisley,
UK) supplemented with 20% (v/v) Knockout serum replacement, 1mM L-
glutamine, 1% (v/v) nonessential amino acids, 100mM (-mercaptoethanol,
and 4 ng/mL basic fibroblast growth factor (all Invitrogen).

One hour prior to thawing hiPSCs, MEF media was removed from feeder
flasks and replaced with fresh hiPSCs media and incubated at 37°C, 5% COs..
A cryovial of undifferentiated hiPSCs (MSUHOO1 cell line) passage 65 were
taken out of liquid nitrogen and thawed rapidly at 37°C and transferred to flask
prepared with feeder cells. Allowed cells to adhere to the surface (24 to 48
hours) and adjust to culture conditions after freezing. Daily observations were
carried out to determine when to subculture the cells. Once successfully
expanded Media was exchanged once every 48 hours and passaged once
every 3-4 days. The differentiated colonies were removed from the hiPSCs
flasks prior to each passage and then undifferentiated colonies of hiPSCs were
transferred by scarping into a new T-25 flask. Cells were split 1:1 or 1:2

depending on the confluency.
2.1.2 Embryoid Body Formation Using AggreWell™ 400 Plate

21.2.1 Preparation of AggreWell™ Plate

Human EB formation medium was prepared using GIBCO® DMEM/F-12
Media (1:1) (Invitrogen, Paisley, UK), 10% (v/v) Knockout Serum Replacement
(KOSR; Invitrogen), 1 ng/mL Dkk-1 (R&D Systems, Minneapolis, USA), 1
ng/mL Noggin (R&D Systems, Minneapolis, USA), 5 ng/mL IGF-1 (R&D

Systems, Minneapolis, USA), 1% (v/v) N-2 Supplement (PAA Laboratories
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Ltd., Yeovil, UK). 6 mLs of EB formation media per well of AggreWell™ plate
was taken and pre-warmed with Y-27632 ROCK Inhibitor (ROCKi; Stemcell
Technologies, Canada) to a final concentration of 10 pM.

An AggreWell™ 400 plate was removed from the packaging in a sterile tissue
culture hood. The wells were pre-treated with Rinsing Solution 5% w/v Pluronic
acid (5g per 100mL H20) to help ensure all bubbles will be displaced from the
micro-wells. 2 mL of AggreWell™ Rinsing Solution was added to each well,
which was to be used. Then, the AggreWell™ plate were centrifuged at 2000
x g for 5 minutes in a swinging bucket rotor that is fitted with a plate holder, to
remove any air bubbles from the microwells. The plate was observed under a
microscope, to check bubbles have been removed. AggreWell™ rinsing
solution was removed from wells, and each well were rinsed with 2 mL EB
Medium without ROCKIi. 2mLs of EB formation medium (containing ROCKIi)
was added to each well of the AggreWell™ plate, and then the plate was put
aside in tissue culture hood while preparing single cell suspension of hiPSCs.
2.1.2.2 Preparation of a Single Cell Suspension of Undifferentiated

hiPSCs

EB formation medium with and without ROCKIi and Tryple Express (TrypLE)
were warmed to room temperature (25°C). EB formation medium with ROCKi
was supplemented to a final concentration of 10 uM. Maintenance medium
from the hiPSC culture plate were removed, and the cells were rinsed once
with 3 mL of PBS. 2mL of TrypLE was added to each flask and incubated at
37°C and 5% CO: until cells detach easily from the plate with gentle shaking.

The cell suspension was pipetted 2-3 times with a serological pipette to ensure
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any remaining clumps are fully dissociated from the surface of the dish. Cells
were then transferred to a 50 mL conical tube through a 40 um cell strainer
(Stemcell Technologies; Catalog #27305) to remove clumps. Flasks were
rinsed with 5 mL of EB Medium (without ROCKIi) per milliliter of TrypLE used.
Cells were centrifuged at 300 x g for 5 minutes at room temperature (25°C).
The supernatant was removed, and the pellet was suspended in a small
volume (1-2 mL) of EB formation medium (with ROCKIi ), such that the cell
concentration were approximately 1.2 x 10% cells/mL. Viable cells were
counted using trypan blue exclusion assay. Samples of the re-suspended cells
were diluted to 1:10 in trypan blue and mixed gently i.e. 10 uL cells + 80 pL
EB medium (with or without ROCKi) and 10 uL Trypan Blue. Viable cells were

counted using a hemocytometer.

2.1.2.3 Formation of EBs

Without removing the EB formation medium added previously, the appropriate
volume of undifferentiated cells were added to each well. (Number of cells
required per well = desired number of cells per EB x number of microwells per
well) Volume in the well was adjusted to the specified final volume using EB
formation medium (with ROCKIi). (3 mL per well). Further pipetting was
performed to ensure an even distribution of the cells. The plate was then
centrifuged at 100 x g for 3 minutes to capture the cells in the microwells. The
AggreWell™ plate was observed under a microscope to verify that cells are
evenly distributed among the microwells then incubated the cells at 37°C with

5% CO2 and 95% humidity for 24 hours.
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21.2.4 Harvesting Human EBs from AggreWell™ Plates

EBs were harvested 24 hours after adding the hiPSCs to the AggreWell™
plate. EB suspension culture medium was pre-warmed to 37°C. EBs were
collected from microwells by firmly pipetting medium in the well up and down
2-3 times with a micropipette (p-1000). Placed EBs into a sterile 15 mL
centrifuge tube. The plate was swirled to centrifuge EBs into the middle and
washed several times with media. The AggreWell™ plate was observed under
the microscope to ensure that all aggregates have been removed from the
wells. EBs were left to settle in a 15 mL blue top centrifuge tube for 5 minutes
then the supernatant was removed leaving EBs behind. EBs were re-
suspended in 10 mL of media per well. The EBs were plated into a large low
adherent culture dishes (Sterilin, Caerphilly, UK) with a volume of 10 mL and
incubated at 37°C with 5% COz2. The dish was shaken 1-2 times per day to
distribute the EBs in the well and avoid EBs sticking together. Media was
exchanged every two days.

2.1.3 Retinal Differentiation Protocol

Retinal differentiation media was prepared using media culture DMEM/F12
(Invitrogen, Paisley, UK) supplemented with 10 ng/mL human recombinant
DKK-1, 10 ng/mL human recombinant IGF-1, 10 ng/mL human recombinant
Noggin, 5 ng/mL basic fibroblast growth factor (bFGF) (all R&D Systems, MN,
USA), 1% (v/iv) N-2 Supplement, and 2% (v/v)B27 Supplement (PAA
Laboratories Ltd, UK).

On day 3 of the EB suspension culture, 7 EBs were selected under a

dissecting microscope and plated in each well of a 48-well plate coated with
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Matrigel™ (BD Bioscience) for 1 hour prior to seeding. In growth factor
degradation and consumption experiments, 30 EBs per 12-well plate was
used. 250 pL of the medium exchanged per well of the 48-well plate once
every 48 hours and 1 mL in 12-well plates. Cells were treated for
immunostaining and were collected for g°PCR on 5, 10 and 21 days. Cell
numbers were measured using a VI-CELL Cell Viability Analyser (Beckman

Coulter, Brea, CA).

2.1.3.1 Growth Factor’s Degradation and Consumption Study

To study degradation and interaction of the key growth factors with hiPSCs,
retinal differentiation media was prepared as explained in section 2.1.3. Three
culture conditions were designed; one with media only, no cells or media
exchange, second with cells but no media exchange and last one with cells
and media exchange once every 48 hours. In the wells with cells,
approximately 30 EBs were selected for each well of a 12-well plate. EBs were
transferred into wells of the 12-well plate that were pre-coated with Matrigel ™
(BD Bioscience, San Diego, CA, USA) prior to seeding EBs. 1 ml of
differentiation media was added to each well, and plates were incubated at
37°C, 5% COz2. (Sanyo, MCO-18AIC). Samples were collected at 0, 4, 8, 24,
36, 48, 52, 56, 72, 84 and 96 hours from start of the culture in 4 different
cryovials for each growth factor (Noggin, DKK-1, IGF-1 and bFGF). The
experiment was repeated 3 times (n=3) and the vials were kept at -80°C before
they were analysed using ELISA as per section 2.2.3. The number of cells

after each media collection was obtained using VI-CELL cell viability analyser.

71



2.2 Analytical Methods

2.2.1 Cell Number and Viability

2.2.1.1 Haemocytometer
Haemocytometer’'s chamber and cover slip were cleaned using 70% ethanol
prior to use then dried and fixed the coverslip in position. 1 mL of cell
suspension removed and added 10 uL of the cells to the haemocytometer
chamber and it was placed under the inverted microscope and observed with
a 10x objective. Cells were counted in the large, gridded squares (1 mm?) and
averaged accordingly. Number of cells counted was multiplied by 104 to
estimate the number of cells per millilitre. In order to find the number of cells
per cm?, the concentration was multiplied by the total cell suspension volume
and then divided by the culture area.

2.2.1.2 Trypan Blue Exclusion Assay
0.1 mL of 0.4% solution of trypan blue in buffered isotonic salt solution (pH 7.2
to 7.3) was added to 1 mL of cells and mixed thoroughly. Then 10 pL of the
mixture was added to the haemocytometer and cells were counted. Viability
was calculated using the following formulas:

Number of viable cells x 10* x 1.1 = cells/mL culture

% Viable cells = [1 — (Number of blue cells + Number of total cells)] x 100

2.2.1.3 VIi-CELL Cell Viability Analyser
Cell number and viability counts were assessed in triplicate for samples
collected from 48-well plates and MFCD using the VI-CELL Cell Viability

Analyser (Beckman Coulter, High Wycombe, UK), according to manufacturer’'s
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instructions. In this method, an automated approach to trypan blue exclusion
method is provided by automating the process. This way the variability
inherent in manual method and counting is reduced, and additional data such

as cell size and real time cellular images can be obtained if required.
2.2.2 Immunocytochemistry and Microscopy

2.2.2.1 Immunocytochemistry
Spent media was removed from cell samples and cells washed with DPBS
once. Cells were washed with DPBS for 5 minutes, followed by fixation with
4% paraformaldehyde (PFA) (Sigma-Aldrich, MO, USA) for 20 minutes at
room temperature (25°C). Following this step cells were permeabilized with
0.3% (v/v) Triton X-100 in DPBS for 10 minutes at room temperature (all from
Sigma-Aldrich). Washed samples with 2 mL DPBS and incubated in blocking
solution of 5 % (v/v) FBS plus 95 % PBS for 30 minutes. A solution of primary
antibody (1:200) was prepared and incubated samples with 600 mL of primary
antibodies overnight at 4°C. The primary antibodies used were as follows:
monoclonal mouse anti-Oct4 1gG (Invitrogen), polyclonal rabbit anti-Nestin
IgG, monoclonal mouse anti-Pax6 1gG, monoclonal rabbit anti-Otx2,
polyclonal goat anti-Nrl, polyclonal sheep anti-Chx10, monoclonal mouse anti-
SSEA4 1gG, monoclonal mouse anti-TRA-1-60 IgM (all from Millipore),
polyclonal rabbit anti-Crx (Sigma-Aldrich), monoclonal mouse anti-TRA-1-
81(Abcam) and monoclonal mouse anti-SSEA1 IgM (Invitrogen). Washed
each sample with 2 mL DPBS twice and incubated with 600 pl of secondary
antibody solution at room temperature for 1 hour. Secondary antibodies used

were as follow: Alexa Flour 488 goat anti-mouse 1gG, Alexa Flour 488 chick
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anti-goat IgG, Alexa Flour 532 goat anti-rabbit IgG, Alexa Flour 532 goat anti-
mouse IgG, Alexa Flour 555 goat anti-rabbit IgG, Alexa Flour 568 monkey
anti-sheep IgG, Alexa Flour 594 goat anti-rabbit IgG, Alexa Flour 594 goat
anti-mouse IgG (all Invitrogen; 1:400) Cells were washed twice with PBS and
solution of 4, 6-diamidino-2-phenylindole (DAPI; Invitrogen, 1: 1,000) with PBS
and incubated for 5 min at room temperature and washed one last time with

PBS.

2.2.2.2 Microscopy and Image Processing Software
Phase contrast images were obtained by using EVOS® XL Cell Imaging
System microscope (Life Technologies). Fluorescence images were acquired
by using fluorescence microscope (Nikon, Eclipse TE2000-U) and EVOS® FL
fluorescence microscope (Life Technologies). Images for whole culture area
on MFCD were stitched together using Adobe Photoshop CC software by
using photomerge function. Areas for expanding EBs were obtained by using

ImageJ 1.46 image analyser software.

2.2.3 The Enzyme-Linked Immunosorbent Assay (ELISA)
All collected media samples for degradation and consumption of the growth
factor's study were centrifuged to remove dead cells and debris. The
supernatants were then frozen at -80 °C until analysis could be performed.
Samples were analysed using sandwich ELISA kits for bFGF, IGF-1, DKK-1
(Abcam ELISA kits, Cambridge, UK) and Noggin ELISA kit (MyBioSource plc,
San Diego, California, USA). After media collection, cells were collected and
counted using Vi-CELL cell viability analyser. For each ELISA, all standards

were prepared according to the manufacturing protocol. 100 pL of samples
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and standards were added to each well in a 96 well-plates and incubated
overnight. Samples were then removed, and the plate was washed three times
with 1 time wash solution. 100 pL of 1x biotinylated antibody was added to
each well and incubated the plate for 1 hour at room temperature. Repeated
the wash three more times and added 100 pL of prepared Streptavidin solution
to each well and incubated the plate for 45 minutes at room temperature with
gentle shaking. Repeated the wash again and then added 100 pL of TMB one-
stop substrate reagent to each well and incubated for 30 minutes with gentle
shaking. Finally, 50 pL of stop solution was added to each well and the plate
was read at 450 nm using FLUOstar OPTIMA (BMG LABTECH GmbH)

microplate reader.

2.2.4 Media Analysis
The spent media was recovered from cell cultures for degradation and
consumption experiment. Samples were centrifuged to remove dead cells and
debris. The supernatants were then frozen at -80 °C until analysis could be
performed. Glucose, ammonia and lactate concentrations were measured
using a multi-parameter Nova BioProfile Analyser (Nova Biomedical, MA,
USA). The BioProfile Analyser has glucose, ammonia and lactate biosensors,
which are amperometric electrodes with immobilised enzymes in their
membranes. In the presence of oxygen and the substrate being measured,
these enzyme membranes produce hydrogen peroxide (H202), which is then
oxidized at a platinum anode held at constant potential. The resulting flow of

electrons and current change is proportional to the sample concentration.
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2.2.5 Gene Expression Analysis
Relative expression of genes for pluripotency and retinal differentiation was
analysed using quantitative (real-time) polymerase chain reaction (QPCR).
Cells were detached by incubation with the trypLE for 12 minutes at 37 °C and
harvested by use of P1000 pipette. Cell pellets were washed with DPBS and

all the remaining DPBS was removed prior to storage at -80°C for future use.

2.2.5.1 RNA extraction
RNAs were extracted using the Qiagen RNeasy kit (Qiagen, Crawley, UK).
600 pL of Buffer RLT was added to the pelleted cells according to the protocol.
The lysate was well mixed and pipetted into Qiashreddes column and
centrifuge at full speed for 2 minutes. A similar volume of 70% Ethanol was
added to the homogenized lysate and well mixed by pipetting. Following this
700 pL of the mix was transferred to an RNeasy spin column. The column lid
was closed and centrifuged for 15 s at 10,000 rpm. The flow-through in
collection tube was discarded, and 350 pL Buffer RW1 was added to the
RNeasy spin column. The lid was closed and centrifuged for 15 s at 10,000rpm
and discarded the flow-through. 10 pL DNAse 1 was added to 70 uyL Buffer
RDD. Mixed by inverting the tube and centrifuged briefly. Then 80 pL DNAse
mix was added to RNeasy spin column (directly to the membrane) and placed
on the benchtop for 15 minutes. 350 pL Buffer RW1 was added to the RNeasy
spin column. The lid was closed gently and centrifuged for 15 s at 10,000 rpm.
The flow-through was discarded afterwards. 500 pL buffers RPE was added
to the RNeasy spin column and centrifuged for 15 s at 10,000 rpm and

discarded the flow-through. 500 uL buffers RPE was added to the RNeasy
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spin column and centrifuged for 2 minutes at 10,000 rpm. The column was
placed in a new 2 mL collection tube and centrifuged for 1 minutes at full
speed. The RNeasy spin column placed in a new 1.5 mL collection tube; 40
pL RNase-free water was added to the membrane and centrifuged for 1 minute
at 10,000 rpm. The RNA concentration was determined by measuring
absorbance at 260 nm, by spectrophotometer (NanoDrop ND-1000, Thermo
Scientific, Epson, UK).
2.2.5.2 cDNA Synthesis

RNA sample concentrations were normalized to that of the hiPSC control
sample and cDNA was synthesized using QuantiTect Whole Transcriptome
Kit (Qiagen, Crawley, UK). Added RNA in 1-5 pL nuclease-free water to a
microcentrifuge tube and adjusted the volume to 5 pL using nuclease-free
water. Prepared the RT mix and added 5 pL RT mix to the RNA sample, mixed
by vortexing and centrifuged briefly. Incubated the RNA samples at 37°C for
30 minutes then stopped the reaction by incubating at 95°C for 5 minutes and
then cooled to 22°C. Added 10 pL of ligation mix to the RT reaction, mixed by
vortexing, and centrifuged briefly then incubated at 22°C for 2 hours. Added
30 pL of amplification mix to the ligation reaction, mixed by vortexing, and
centrifuged briefly. Incubated the mix at 30°C for 2 hours and stopped the
reaction by incubating at 95°C for 5 minutes. Amplified cDNAs were stored at

-20°C before use in the next step.

2.253 (gPCR
The master mix was prepared for each target gene as follow: 12.5 pL of

SYBR® Green assay (Eurogentec, Hampshire, UK), 1 uL of primer pairs for
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the housekeeping and target genes, B-actin, UBC, Oct4, Sox2, Nanog,
Nesting, Sox17, Brachyury, Otx2, Pax6, Lhx2, Six6, Chx10, Crx, Nrl and
Rhodopsin (all from Qiagen, Crawley, UK). 2 uL of cDNA (diluted 1/50 from
the previous step) and 9.5 pL of RNA-free water was used to make a total
reaction volume of 25 pL per well. All measurements were taken in triplicates
technical and biological. All samples are normalized to levels of B-actin and
UBC expression in hiPSCs. Only one sample of hiPSCs used to act as a
calibrator between the time points. The plates used were hard-shell low-profile
skirted 96-well plates and read using CFX Connect™ Real-Time PCR
detection system (all by Bio-rad, UK).

Controls were set up in single wells including No template controls (NTC) for
each primer master-mix were used containing all the components of the PCR
reaction except for the template, which enables detection of PCR reagent
contamination. No reverse transcription (NRT) controls were also prepared by
using all components except reverse transcriptase enzyme. NRT controls
enables detection of any gDNA contamination in the samples. Plates were
sealed with a Microseal ‘B’ adhesive seal (BioRad) and centrifuged briefly
before gPCR analysis was carried out. The PCR mix was initially activated for
5 minutes at 95°C and cycling conditions were as follows: denaturing at 95°C
for 15 seconds, followed by annealing and extension at 60°C for 60 seconds,
for 50 cycles. This was followed by melting curve analysis within the CFX
Connect software that checked for non-specific amplification or the presence

of primer-dimers.
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2.3.1 Fabrication of the MFCD Parts
The microfluidic culture device consists of disposable (microfluidic chip, part
of the lid and gasket) and reusable parts (top and bottom frames, interconnects
and lid). Microfluidic chip and gasket are made of PDMS. Top frame,
interconnects and lid are polycarbonate and bottom frame and brackets are

Aluminium.

2.3.1.1 Fabrication of Polycarbonate Parts Using Micro-milling
All fabricated components and moulds were designed in the 3D CAD software
package SolidWorks (SolidWorks 2011/12, Dassault Systems, France). The
models were then imported into the CAM programme Mastercam (Mastercam
X4 MR2, Mastercam, USA) which was used to produce CNC code. The
components were milled using a Folken micro milling machine (M3400E,
Folken Industries, USA) with Kyocera end mills (Kyocera Micro Tools, USA).
Materials used were: 5 mm polycarbonate (PC) sheet for connectors, top
frame and the lid were from 3 mm PC sheet for top plate (3 mm, 681-637, RS,
UK, and 5 mm, 681-659, RS, UK). Bottom frame and clamps were fabricated

using 3 mm Aluminium. (Protolab, UK)

2.3.1.2 Microfluidic Chip and Other PDMS Parts Fabrication
Microfluidic chip, gasket and gas permeable lid were cast from PDMS (Sylgard
184, Dow Corning, UK), which was mixed 10:1. The mixed PDMS was
degassed in a vacuum desiccator, poured into the mould and degassed a
second time. A smooth 5 mm sheet of polycarbonate was pressed over the
top of the mould and the two pieces clamped between 10 mm aluminium

plates. The plates were screwed together by four screws to a torque of 2 Ncm.
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The assembly was set in an oven for at least 2 hours at 85°C before cooling
and removing the chip from the mould. A scalpel was used to cut carefully
around the parts’ outlines.

A 0.12 mm thick layer of PDMS (Sylgard 184, Dow Corning, UK) was produced
by spin coating. 5 mL of degassed PDMS mixture was placed in the centre of
a silanised 4” silicon wafer (Prolog Semicor, Ukraine) and spun at 500 RPM
for 50s in a spin coater (P6708D, Specialty Coating Systems, USA). The
silicon wafers were silanised by placing them in a vacuum desiccator for one
hour with ~120 yL of trichloro (1H,1H,2H,2H perfluorooctyl) silane (448931,
Sigma-Aldrich, UK). The coated wafer was cured in an oven for one hour.
Moulded microfluidic chips and coated wafers were both placed in a plasma
chamber (PDC-002, Harrick Plasma, USA) for 2 minutes at 30 W and 500
mTorr. The moulded chips were then carefully pressed onto the coated wafers,
and the assemblies cured in the oven for one hour at 85°C. This process
attaches the two PDMS layers through Si-O-Si bonds. Finally, the bonded
chips are cut from the coated wafers with a scalpel. The 0.12 mm layer lifts the

media inlets and outlets above the culture surface.

2.3.2 Sterilisation of The Device Using Autoclave
Tubing and the fluidic adaptors were wrapped in aluminium foil and grouped
together. Parts that are made of the same material were packed in the same
autoclave bags and sealed with autoclave tape. The whole petri dish was
wrapped in the aluminium foil and taped. Two PC blocks that can fit in the petri
dish for placing the MFCD on them were also wrapped and sealed. A small

bottle of purified water (50 mL), a pair of scissors and tweezers were also
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sealed in the autoclaved bags and placed in the autoclave machine to be

sterilised.

) Ved: | —]

Syringe Pump

$ Incubator, 37°C, 5% CO,

3-way valves

Outlet

| Gas permeable lid

Figure 2.1 Schematic of Microfluidic Perfusion Set-up and Fluidics Assembly.

2.3.3 Device Assembly and Perfusion System
In order to study the retinal differentiation, a simple microfluidic perfusion set-
up was used. The schematic of the set-up was shown in the figure 2.1 All
connectors used were from Upchurch Scientific, IDEX Health & Science.
Fluidic tubing used for both systems was PTFE Bola tubing with the following
ID, OD and wall thickness of 0.8mmx1.6mmx0.4mm. Syringe pumps used
were Aladdin programmable syringe pump and Kd Scientific 200 with 20 mL
BD Plastic syringe for 130 pL/h perfusion runs and Kd Scientific, Legato 212
with 2.5 mL HSW Norm-Ject syringes for 5.2 pL/h perfusion runs.

Characterisation of the syringe pumps were carried out in section 2.3.6.
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2.3.3.1 Assembly of the MFCD

All parts were sprayed with 70% ethanol and placed in the biosafety cabinet
prior to assembly. Packaging on glass petri dish and MFCD frames were
opened first and all the parts were place in the glass petri dishes. One TC-PS
slide was taken out carefully with tweezers and inserted it in the recess in the
bottom frame. Connectors were screwed on the top frame, followed by placing
gasket in the top frame chamber window. Microfluidic chip was inserted in the
recess in the top frame with its corrected side up so that channels openings
were against the inlet and outlet on the top frame.

The top frame assembly was carefully placed onto the bottom frame. Clamps
were placed on top of the connectors and plastic screws were placed in their
place around the device apart from the screws for the lid part. Screws were
tightened with screwdriver fixed to apply 2 N.cm torque as follow: started with
one of the screws in the middle and tightened it for few rounds (not all the way)
then moved to the one on the opposite side diagonally. Following this moved
to the screws on the outer level and repeated the same action the same until

all the screws were tightened to their place.

2.3.3.2 Assembly of the Fluidic Parts and Priming the Device
Package with fluidic parts including tubing, connectors and 3-way valves
(Harvard Apparatus, USA) were opened in the hood and assembled onto the
MFCD. Two NanoPort gaskets (ANACHEM Ltd, UK) were placed at the inlet
and outlet and 3-way valves were screwed in the connector blocks on the
MFCD with use of two “1/4-28 Male to Luer Male” adaptors. A 10 cm tubing of

the same OD size was used to connect the 3-way valves together to act as a
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bypass to the culture chamber. Inlet and outlet tubing were then connected to
the 3-way valves completing the tubing connections. The outlet was placed in
waste bottle raised slightly above the MFCD culture chamber to create back
pressure and immersed in DMEM/F12 culture media to avoid travelling of air
bubbles towards the culture chamber.

In order to prime the channels, culture area of the microfluidic chip and tubing
a 20 mL syringe (with luer-lock) filled with DMEM/F12 media was used to
carefully flush the tubing from the inlet first with 3-way valves switched to allow
fluid through the bypass first to the outlet. Following this, the 3-way valve at
the outlet was switched to allow the flow through the culture chamber, hence
pushing any gasses out of the channels. By use of a P200 pipette bubbles
were carefully removed from the culture chamber until there is no visible
bubbles present. Then the 3-way valve at the inlet was switched to allow flow
through the culture chamber and repeated the previous steps to remove any
bubbles in the culture chamber.

While the culture chamber was full of culture media a tweezer was used to
carefully place the PDMS lid on the chamber and slowly pressed it into place
without trapping any bubbles inside the chamber. Any excess media around
the lid was collected and then the PC part of the lid was placed on the top and

screwed in sequentially until it was fully sealed.
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2.3.4 Adjustments Made to MFCD for Long-term Perfusion Culture

2.3.4.1 Adjustments Made to the MFCD Parts
In order to increase durability of the MFCD for long-term perfusion culture,
reduce the chances of media leakage and repeatability of the experiments,
some changes have been made to the materials used for key parts of the
device. The experiments has been performed by Rhys Macown in frame
bending analysis experiments and kindly shared. For this, bottom frame
material from 5 mm PC sheet has been replaced by 3 mm anodised
aluminium. Furthermore, to prevent bending of the top frame, two aluminium
brackets were designed to be inserted around the connectors. All the parts
were designed in SolidWorks (Dassault Systemes, UK) and were
manufactured from 6082 grade aluminium by Proto Labs Ltd (Halesfield, UK).
In addition, M3 stainless steel screws were also replaced by M3 nylon screws
(Farnell Elements, UK). Changes made due to chemical reaction of the
aluminium bottom frame and the stainless-steel screws inside the 95%
humidity of the incubator, causing in deposition of debris around the screws.

2.3.4.2 Maintenance of Asepsis During Differentiation
In order to maintain asepsis during the long-term differentiation culture,
autoclaving the parts and aseptic culture practice has shown to be ineffective.
Therefore, 1% solution of Antibiotic-Antimycotic (100X) (Thermofishe

Scientific. #15240-062) was added to the differentiation medium.
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2.3.5 Burst Pressure Measurements

Burst pressure measurements were carried out to test durability of the MFCD
against leaks caused by fluid flow pressures while perfusion. Furthermore, to
test durability of the MFCD in regards to the changes made in the materials
used for bottom frame (from PC to aluminium), aluminium brackets around the
connectors and replacement of M3 stainless steel screws with M3 nylon
screws (Farnell Elements, UK).

For this purpose, a 10 mL plastic syringe (613-3931, VWR, UK) was used to
connect to one interconnect bar through tubing and a 3-way stopcock (732-
8103, Bio-Rad Laboratories, UK). A luer lock plug was used to block the other
side of the tubing connected to the other interconnect bar. The pressure
sensor (40PC100G, Honeywell, USA) glued into a fitting (P-207, Upchurch
Scientific, USA) with epoxy glue was connected to the 3 port of the stopcock.
A Kd Scientific 200 syringe drive was used to pump air into the MFCD at 5
mL/min and the pressure was recorded using LabVIEW software (LabVIEW
2011, National Instruments, USA) and a data acquisition card (USB-6229BNC,
National Instruments, USA). The burst pressure was taken as the highest
pressure logged for 3 different assemblies of the MFCD. First device
incorporated with PC bottom frames and M3 stainless steel screws and no
aluminium brackets. Second device incorporated Aluminium bottom frame,
brackets and stainless steel M3 screws. The third device incorporated all the
parts from the previous assembly but stainless-steel screws were replaced
with the nylon ones. Each MFCD was assembled and disassembled 6 times

and each time the burst pressure was recorded 3 times.
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2.3.6 Flow rate Measurements
There are 3 different syringe pumps used for perfusion experiments. Aladdin
programmable syringe pump and Kd Scientific 200 with 20 mL BD Plastic
syringes for 130 pL/h perfusion experiments and Kd Scientific, Legato 212 with
2.5 mL HSW Norm-Ject syringes for 5.2 pL/h perfusion experiments. In order
to evaluate the flow rates produced by the pumps a similar setup of the
perfusion system was used with insertion of a flow meter (SLG64-0075,
Sensirion AG, Switzerland) downstream of the outlet. In each measurement,
all channels were primed with PBS beforehand and allowed 1 h for fluid to
settle and then the perfusion was started at the given flow rates. Experiments
were terminated by stopping the syringe pumps and allowed an extra 1 h to
stop completely. Devices were disassembled and reassembled with new parts
to repeat the experiment. Each measurement was repeated 3 times and the
results shown as the average of the three measurements with standard

deviation.

2.3.7 Oxygen Concentration Measurement

In order to ensure that there is sufficient dissolve oxygen (DO) concentration
in the MFCD culture chamber, oxygen concentration measurement was
carried out at the MFCD inlet and culture chamber and it was compared to the
T-25 flask as a control.

For this two 2 mm planar oxygen sensing spot (PSt3, PreSens Precision
Sensing GmbH, Germany) were glued in the middle of a MFCD and the T-25
flask. In addition, a Flow-through cell optodes (FTC-PSt3, PreSens Precision

Sensing GmbH, Germany) was used for inlet measurements. The Flow-
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through cell optode was connected to Oxy-4 mini transmitter, (PreSens
Precision Sensing GmbH, Germany) via a 2 mm optical fibore with SMA
connectors (POF-L2.5, PreSens Precision Sensing GmbH, Germany). The
sensors used in the MFCD culture chamber and T-25 flasks were also
connected using similar optical fibre fixed underneath of the culture slide using
a prefabricated holder (PreSens Precision Sensing GmbH, Germany) and
connected to the Oxy-4 mini transmitter.

A calibration solution of oxygen-free water was prepared using 1 g of sodium
sulphite (Na2SO3) and 50 pL cobalt nitrate (Co(NOs3)2) dissolve in 100 mL of
pure water to prepare a standard solution (mass concentration (Co) = 1000
mg/L; in nitric acid 0.5 mol/L). The water becomes oxygen-free through a
chemical reaction of oxygen with sodium sulphite. Cobalt acts as a catalyst
and accelerates and completes the reaction of sulphite with oxygen. The bottle
lid was sealed with a screw top and shaken for approximately one minute to
dissolve sodium sulphite and to ensure that the water is oxygen-free. All
channels were zeroed with oxygen-free solution. A second solution was
prepared to calibrate the 100% oxygen concentration. To do this 100 mL water
was used in a glass bottle and sparged air into the water using an air-pump
for 20 minutes. All channels were calibrated to 100% using this solution.

The MFCD was primed with DPBS and the lid was closed and placed in the
incubator at 37°C, 5% COz2, 21% oxygen. The T-25 flask was prepared with 6
mL of DPBS and placed next to the MCFD in the incubator. Started the
perfusion at the MFCD at flow rate of 130 uL/h, using a 20 mL syringe (BD

plastic). The oxygen concentration was logged using the OXY4v2_30FB
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software (PreSens Precision Sensing GmbH, Germany) provided for the Oxy-

4 mini transmitter.

2.3.8 Assessment of the MFCD for Cell Culture Experiments
MEF and hiPSCs cultures were performed on the MFCD prior to differentiation
cultures. This has helped in acquiring the necessary techniques in working
with MFCD before proceeding to more costly and complicated differentiation
culture. Furthermore, these cell cultures shown that our MFCD is capable of

maintaining cells such as hiPSCs in stable conditions at flow rate of 130 pL/h.

2.3.8.1 Culture of Mouse Embryonic Fibroblasts
One set of MFCD was autoclaved and assembled with sterile TC-PS
microscope slides as stated in section 2.3.3.1 MEF cells were removed from
one T-25 flask according to the protocol explained in section 2.1.1.1 and were
counted with a haemocytometer and their viability assessed using trypan blue
exclusion assay. A given volume of the suspension was transferred to the
culture chamber with cell density of 18 x 102 cells/cm? or ~ 9,000 cells the
volume was adjusted to 150 uL, representing media height of T-25 flask with
6 mL of media. The MFCD was placed on polycarbonate blocks in large, glass
petri dishes with approximately 5 mL of sterile water in the bottom to reduce
evaporation effects and incubated at 37°C, 5% CO.. The device was incubated
overnight monitored under the microscope at 2, 12 and 24 hours for adherence
and confluency. Cells were collected after 24 hours and assessed for viability
and number using trypan blue exclusion assay. The viability of the cells were
compared to that of the control culture in T-25 flask. The experiment was

repeated 3 times and the result was represented as the average.
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2.3.8.2 Culture of hiPSCs

One set of MFCD was prepared in the same way as the previous experiments.
Feeders were prepared according to the protocol in the section 2.1.1.2 and
9,200 cells were transferred to the MFCD culture chamber. The feeder cells
were allowed to settle overnight. The following day hiPSC colonies were
transferred to MFCD under a dissecting microscope in similar fashion that was
explained in section 2.1.2. hiPSCs were allowed to settle overnight in static
culture and on the following day the perfusion was started at flow rate of 130
pL/h.

Phase contrast images taken at 24 and 48 hours before cells were stained for
pluripotency markers Oct4 and SSEA4. The images acquired by using an
inverted fluorescence microscope (Nikon, Eclipse TE2000-U, Nikon

Instruments, The Netherlands).

2.3.8.3 Expansion of EBs Vs Matrigel™ Incubation Time Study
Initial observations on seeding EBs in the MFCD showed that EBs expanded
in much slower rate than those seeded in the 48-well plates. Since the culture
surface and material used was the same between both devices, one possible
source of difference before start of perfusion could have been due to ECM
thickness resulted from Matrigel™. In order to compare expansion of the EBs
in the MFCD to 48-well plate in regards to the time Matrigel™ was left in the
device prior to seeding, a time-point experiment was designed. According to
the retinal differentiation protocol explained in section 2.1.3, 250 and 150 pL
of Matrigel™ was transferred to each well of 48-well plate and MFCD

respectively and allowed to incubate for 1 hour prior to seeding EBs.
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Therefore, for testing this hypothesis in the MFCD, same volume of Matrigel™
was used as per retinal differentiation protocol, but incubation time was divided
to four parts of 15, 30, 45 and 60 minutes. After which Matrigel™ was removed

and EBs were seeded.

Taking advantage of the lid configuration of the MFCD in making the culture
chamber accessible, EBs were seeded onto the culture chamber directly.
Using a P1000 pipette under the dissecting microscope, 7 EBs were carefully
selected and transferred to MFCD culture chamber and 48-well plate culture
dish. The lid was closed and allowed EBs to attach for 24 hours. Perfusion
was started after the 24 hour incubation period and continued for another 24
hours. Phase contrast images were obtained by EVOS® XL Cell Imaging
System microscope (Life Technologies) at 10x magnification for 0, 24 and 48
hours. Expansion of the EBs were measured as a ratio of expansion of the
total area of the EB divided by the initial core area of the EB over time. The
experiment was repeated 4 times (n= 4) in MFCD and compared to the

expansion of the EBs in the 48-well plates.

2.3.8.4 Growth Factor’s Interaction with PDMS
In order to test interaction of PDMS with key growth factors bFGF, DKK-1,
Noggin and IGF-1, MFCD parts were autoclaved and assembled as stated in
section 2.3.3.1. A 2 cm tube with same OD was used for the outlet, and a
cryovial was used for media collection wrapped around an ice pack. Retinal
differentiation media was prepared according to the section 2.1.4 and used to

prime the device. Device was placed in the incubator at 37°C, 5% CO:2 and
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perfusion was initiated at flow rate of 130 pL/h. Allowed 2 hours for the flow
rate to stabilise and then replaced the cryovial with a fresh one. Media was
collected after 2.5 hour, four time for each growth factor and stored at -80°C

for further analysis using ELISA. The experiment was repeated 3 times (n=3).

2.3.8.5 Retinal Differentiation of hiPSCs in MFCD
For each run of retinal differentiation of hiPSCs in MFCD, two devices were
prepared according to sections 2.3.3 and assembled. One device used for flow
rate of 130 pL/h and one for 5.2 pL/h. Each device was coated with 150 pL of
Matrigel™ for 15 minutes and primed with retinal differentiation media
prepared according to section 2.1.3 before it was seeded with 7 EBs of 1,000
cells per EB. The MFCD lid was closed and the devices were incubated at
37°C, 5% CO:2 overnight. The devices were placed inside a glass petri dish
with 5 mL of sterilised water at the bottom of the petri dish to reduce the
evaporation effect on the MFCD. Perfusion was initiated on the next day at
each respective flow rates and microscopic images were obtained once every
24 hours. The media in the syringes were replaced with fresh media once
every 48 hours. Cells were collected for qPCR analysis or treated for
immunostaining of the retinal markers at days 5, 10 and 21 after start of the

culture.

2.3.8.6 DKK-1 Concentration in MFCD at 130 pL/h for 10 Days
A MFCD was assembled according to the previous section. Two 2 cm tubes
were placed at one of the ports of the 3-way valves at the inlet and outlet for
media collection. Two cryovials were fixed at the end of each tube and

wrapped with an ice pack. The MFCD was seeded with 7 EBs of 1,000 cells
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each according to the previous section. The MFCD was perfused at 130 pL/h
for 2 hours before the 3-way vale at the inlet was turned to collect media at the
inlet for 1 hour. Following this the 3-way valve was switched so it allows the
perfusion through the culture chamber. Media was collected at the outlet
cryovial after 2.5 hours and it was stored at -80°C for further analysis using
ELISA. The experiment was repeated 3 times (n=3). A control culture in 48-
well plate was used each time and number of cells in the control were counted

using VI-CELL cell viability analyser.

92



2.4 Statistical Analysis

All experiments including cell culture and growth factors concentrations were
performed in triplicate (n=3). Data points show the arithmetic mean of three
biological repeats, and error bars represent one standard error of the mean
(SEM) above and below the mean, unless otherwise stated. In Chapter 5 in
regards to the qPCR analysis of the cells, log2 and log10 transformations were
used to normalise relative expression values, and the arithmetic mean and
SEM of the log values represented graphically. Gene regulation is a
multiplicative process, not an additive one, therefore log transformation of the
data makes its distribution more symmetrical, assigning equal weight to up or
down expression of genes.
Significant differences were measured between conditions and the control by
using a suitable statistical test. All statistical values calculated using the
Microsoft Office Excel package 2013. The significant p-value of less than 0.05
was shown by a *, 0.01 by ** and less than 0.001 by “***’.

2.4.1 Paired Student’s T-test
A two-tailed, paired t-test was used when means of two paired groups were
compared, i.e. the MFCD with control condition (48-well plate).

2.4.2 One-Way Repeated Measures ANOVA
One-Way Repeated Measures ANOVA was used when comparing the means
of three or more groups. In this test, if the overall p-value is significantly low it
indicates that at least one of the means is different from the other groups
compared. In this case a Post-hoc test is then required to identify exactly which

one of the groups were statistically different from the others.

93



2.4 Statistical Analysis

2.4.3 Post-hoc Tests
As mentioned in the previous section if ANOVA results had shown that there
was a difference between at least one of the sample conditions and the rest,
post-hoc tests were carried out to find out which samples were different from
each other exactly. To do this the Tukey’s multiple comparisons post-hoc test
was used. The Dunnett's test was used to compare each experimental
condition with just the control condition. The calculated p-value from tests

applied used to whether or not reject the null hypothesis.
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Chapter 3 Stem Cell Culture and Evaluation of Growth

Factors in Retinal Differentiation Media

3.1 Introduction
Human embryonic stem cells, as a therapeutic agent, have the potential to
provide treatment for many conditions that once were considered untreatable.
However, translating lab-scale research to large-scale manufacturing pose
significant bioprocessing challenges. Producing a specific cell type, demands
fine control of environmental factors to reduce variability that exists in step-
wise differentiation protocols. (Serra et al., 2012) Differentiation protocols
available today have low yield, are not efficient and include a large number of
variability, which makes their scale-up more challenging and the whole

process development cost more. (Ouyang et al., 2008)

Differentiation cultures are mostly developed in well-plates, which by design
lack instrumental controls and can introduce a large number of variables into
such cultures. Pluripotent stem cells (PSCs) have an inherent heterogeneity
within their culture. (Hoffman et al., 2005) Therefore, maintaining pluripotent
cultures through development of systematic controls that minimise these

effects, would be essential in producing a homogeneous cell population.

In this chapter, the methodology used for culture of the cells, mouse embryonic
fibroblasts (MEFs) and human induced pluripotent stem cells (hiPSCs) are
described. Expression of the pluripotency markers were checked in the
hiPSCs to test working conditions for the culture of these cells. Scale-down

considerations used in the retinal differentiation protocol are explained to
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provide a valid control for the microfluidic perfusion cultures. Essential
normalisation steps for accurate qPCR analysis of the cells are introduced.
Furthermore, expression of the key retinal markers in differentiating hiPSCs
are validated considering adaptations made to the original differentiation
protocol. Finally, molecular dynamics of the retinal differentiation culture is
evaluated in terms of cytokine degradation and consumption. This study was
essential in establishing an order of importance for these cytokines as they are
regulating key cell cycles during retinogeneis, hence guiding hiPSCs toward
retinal progenitors. Understanding cellular demands of these molecules will
assist in selecting a perfusion rate that can create the steady-state

concentration of soluble factors.

3.2 Culture and Characterisation of hiPSCs
Pluripotent stem cells have the potential to differentiate into all three germ
layers: mesoderm, endoderm and ectoderm. (Thomson et al., 1998) Routine
cell culture, manual handling of the cells during sub-culturing and their
passage number, can cause spontaneous differentiation of the cells. The
heterogeneous population of the cells must be separated either manually or
by other means prior to further process development. Differentiation pathways
are often a one-way route naturally and spontaneous differentiation of
pluripotent stem cells toward an undesired lineage is counterproductive in
costly process development efforts. Therefore, it is essential to characterise
cells routinely to ensure they meet the stem cell criteria in terms of morphology

and expression of key pluripotency markers. (Hoffman et al., 2005)
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3.2.1 Morphology and Undifferentiated State of hiPSCs
As mentioned in the section, 2.1.1 the hiPSC line used in this work was
MSUHO001, passages 68 to 78. The hiPSCs were co-cultured on mitotically
inactivated MEFs prepared a day before in gelatine-coated T-25 flasks. The
use of a feeder layer first established by Thomson (1998), since then various
number of MEF densities have been reported in the literature from 9,200
cells/cm? up to 70,000 cells/cm?. (Heng et al., 2004) However, the working
MEF density for each cell line differs and it must be established based on the
culture of cells and their morphology. To establish a suitable MEF density for
culture of the hiPSCs, two densities of 10,000 and 20,000/cm? were chosen.
The 20,000 cells/cm? was chosen based on literature work reported for hPSCs
(Heng et al., 2004; Maherali et al., 2008) and recommendations by the WiCell
Research Institute (WiCell Research Institute Inc., 2003) as the lower limits.
The 10,000 cells/cm? density was lower than recommendations stated
previously, however it was chosen based on discussions with Ms. Ludmila
Ruban and the previous practice in the lab. (Fig 3.1A, B) hiPSCs were cultured
on both MEF densities and passaged twice per week based on confluency and

their morphology, for 2 consecutive weeks.

The hiPSCs colonies in the flasks with 20,000 MEFs/cm? exhibited higher
degree of heterogeneity and were more likely to differentiate spontaneously
after days 3-4 post-passage. However, colonies formed over MEF density of
10,000 celllcm? did not exhibit visible heterogeneity or spontaneous
differentiation. hiPSC colonies grown on the MEFs with higher density became

enlarged with translucent cytoplasm. In some cases, even formation of neural
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rosettes was observed as a clear indication of spontaneous differentiation. (Fig
3.1 B, D). On the other hand, colonies grown on the MEF density of 10,000
cells/cm? provided better support for formation of the hiPSC colonies and cells

showed higher degree of homogeneity in those flasks. (Fig. 3.1C)

3.2.2 Pluripotent Markers Expression of hiPSCs
Colonies were routinely passaged under the microscope once they were at
least 80% confluent. Expression of pluripotent markers were used to
characterise the undifferentiated state of the cells. hiPSCs of passage humber
70/72 were first analysed by immunocytochemistry, at 4 days’ post-passage.
gPCR analysis of the pluripotent markers was also carried out to quantify the
expression of these markers against the differentiation marker SSEAL.
Markers stained for are cell surface keratin sulphate-related antigens Tra-1-
81, Tra-1-60 and the globoseries glycolipid antigen SSEA4. SSEA4 marker
was particularly used to highlight any areas of heterogeneous morphology
caused by either spontaneous differentiation or cellular overgrowth.
Furthermore, cells were also stained for the nuclear transcription factors Oct4
and early differentiation marker SSEA1 to detect any differentiated colonies or

areas around them.

Homogenous expression of the surface and nuclear markers Tra-1-81, Tra-1-
60, SSEA4 and Oct4 were observed throughout hiPSC colonies in the
cultures. In some colonies, minor expression of the SSEA1 was observed (Fig
3.2 A-D), which considered to be acceptable as part of standard practice in
hiPSCs culture. (Tonge et al., 2011) Instances where heterogeneity of the

colony resulted in downregulation of Oct4 were presented in Figure 3.2 (E-H).
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Colonies with homogeneous morphology showed positive expression of the

pluripotency markers Tra-1-81, Tra-1-60, SSEA4 and Oct4. (Fig. 3.3A-H).

Figure 3.1 Effects of MEF Density on Morphology and Undifferentiated State of hiPSCs.

(A) MEF cultured at density of 10,000/cm? compared with (B) with density of 20,000/cm?.
Higher density of the MEFs restricts the formation of hiPSC colonies and could results in
spontaneous differentiation of the hiPSCs (C) Densely packed colonies of the hiPSCs
cultured on the MEFs with density of 10,000/cm?. (D) hiPSCs cultured on MEFs with density
of 20,000/cm?2. White arrows show areas that cells differentiated as a result of higher density
of the MEFs. Larger and translucent cytoplasm of the cells are visible and formation of neural

rosettes are a clear indication of spontaneous differentiation. Scale bars represent 200 um.
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el 3 b

Figure 3.2 Onset of Differentiation in Heterogenous hiPSC Colonies.

(A-B) SSEA1 expression in colonies grown on MEFs with density of 10,000 cells/cm?. Showing
highly packed monolayer population of hiPSCs with round small cytoplasm. Exhibiting very
small expression of the early differentiation marker SSEAL. (C) Area shown with an arrow
exhibits overgrowth of the hiPSCs. (D) Onset of differentiation is shown by the expression of
the SSEA1 marker. (E-H) Examples of downregulation of Oct4 in hiPSC colonies on MEFs
with density of 20,000 cells/cm?. Secondary antibody used Alexa 488. Scale bars 200 um.
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Tra-1-60

Figure 3.3. Expression of Pluripotent Markers in Homogenous hiPSC Colonies.

hiPSCs maintained and passaged twice per week. The colonies that were pluripotent,
passaged to a new flask with mitotically deactivated MEF layer. The images shown in
this figure represent selected phase contrast and fluorescent images of the hiPSCs at
day 4 showing homogenous expression of the pluripotency markers (A-B) Tra-1-81, (C-
D) Tra-1-60, (E-F) SSEA4, and (G-H) Oct4. Protein expression is visualised with
secondary antibodies Alexa 532 (B), Alexa 594 (F), and Alexa 488 (D, and H). Scale

bars represent 200 um.
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Figure 3.4 Gene Expression of Pluripotency Markers in hiPSCs Compared to Early
Differentiation Marker SSEAL.

Expression of the pluripotency marker Oct4, Nanog, Tra-1-81 and Tra-1-60 relative to
housekeeping genes GAPDH, B-actin in hiPSC colonies with homogeneous morphology on
day 4. The nuclear (Oct4 and Nanog) and cell surface markers (Tra-1-81 and Tra-1-60)
showed expression of these genes compared to SSEAL.Error bars represent one standard

error of the mean about the mean of at least three independent data points (n=3).

Morphological studies of the hiPSCs cultured on higher MEF density of 20,000
cells/cm? revealed that hiPSC colonies showed more heterogeneity within
each colony. hiPSCs in these colonies were larger and had translucent
cytoplasm in the outer edges. The higher MEF density in these cultures were
likely resulted in higher mechanical force exerted by the hiPSCs to create the
necessary space while proliferating. Moreover, packed groups of the cells in
the middle of the colony were forced to grow on top of each other, hence
creating overgrowth of the cells in middle of the colonies. The
immunocytochemical staining images obtained from these cells confirmed the

expression of early differentiation marker SSEA1 in such areas as well as
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down regulation of the pluripotency marker Oct4. The latter indicated
unsuitable culture conditions using the higher MEF density, therefore it was
removed from further studies and gPCR analysis. On the contrary, desired
morphological observations and immunocytochemical analysis of the cultures
with lower MEF density, lead to adaptation of this MEF density for future

hiPSCs culture routine.

Relative expression of these markers with addition of Nanog and SSEA1 were
measured using gPCR (Fig 3.4). The analysis showed 12.3 folds for Oct4, 9.2
folds for Nanog, 9 folds for Tra-1-60 and 15.1 folds higher expression of Tra-

1-81 compared to the early differentiation marker SSEA1 (p<0.05).

Standard G banding karyotypic analyses were routinely performed on hiPSCs
(MSUO0O01 line) (TDL Genetics, Whitfield Street, London) by other lab members
and the results were reported by Sharma et al. (Sharma et al., 2016). Since
same cell bank was used in this work the karyotypic analyses were not
performed to avoid duplication of the results. Typical G banded chromosomes
were observed for the hiPSCs at passage 68 with majority of the analyses
showing normal 46 XX karyotypes. However, each batch taken from liquid
nitrogen was routinely  subjected to  morphological analysis,
immunocytochemical staining and gPCR analysis for expression of the
pluripotency markers as a quality control method prior to differentiation

studies.

Overall, result showed suitable working density of the 10,000 cells/cm? for

MEFs and a passaging routine of twice per week for maintaining a healthy
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pluripotent hiPSCs population. homogeneity of the hiPSCs plays a key role in
differentiation studies. Spontaneous differentiation of the hiPSCs takes place
based on micro-environmental cues and alters the differentiation lineage of the
cells, which in turn will have a direct effect on yield and efficiency of the
process in achieving a target cell population. In practice, it is essential to
perform gene expression and immunocytochemical staining analysis for every
cell batch and make sure to use colonies that are morphologically
homogeneous and show close resemblance to a healthy pluripotent

population.
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3.3 Retinal Differentiation Protocol and Scale-Down
Considerations
Prior to investigating the effects of steady-state concentration of soluble
factors on retinal differentiation of hiPSCs, it was important to characterise
dynamics of retinal differentiation culture in static state. Establish expression
of retinal differentiation markers at each time point and make the necessary

changes to the protocol.
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Figure 3.5 Timeline and Schematic Representation of the Retinal Differentiation of hiPSCs.

Retinal differentiation protocol used in this thesis has two major steps, formation of Embryoid
Bodies (EBs) and retinal determination. In the first step, in order to make uniform sized EBs
with 1000 cells per EB we used AggreWell™ plates. EBs were formed on the AggreWell™
plates on the first 24h and transferred to a low adherent bacterial dish for the next 48h. On
day 3 EBs were transferred onto 48-Well plates for the retinal determination step. End-point
analysis of the retinal markers expression were carried out using immunocytochemistry and
gPCR.

As explained in the section 1.2.3 retinal differentiation protocols are stepwise,
which makes them long and adds greater degree of complexity to the whole
process. In such protocols, it is important to recognize key variables affecting

the culture in each step before adapting it to a new culture condition. Figure
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3.3 Retinal Differentiation Protocol and Scale-Down Considerations

3.5 shows timeline and schematic representation of the retinal differentiation

of hiPSCs.

The Lamba’s protocol (2006) used in this work consists of two main steps. The
first step is formation of cellular aggregate, or EBs, which were maintained for
3 days in suspension culture. During this time, cells were stimulated for neural
differentiation by addition of Noggin, DKK-1, IGF-1, Knockout serum, and N2
supplement (As explained in section 2.1.3). Following this step, EBs
transferred onto Matrigel™ coated plates for the rest of the differentiation
process (3 weeks). During this period, the media is supplemented by higher
concentration of the factors mentioned in the first step (according to the
protocol in section 2.1.3) and addition of bFGF and B-27 to direct the cells
towards retinal lineage. The knockout serum was excluded from the culture

media at this step.

3.3.1 Formation of Uniform Sized Embryoid Bodies (EBS)
EB formation from ESCs is one of the most common methods for producing
multi-lineage cells due to the capability of EBs to recapitulate various aspects
of cell differentiation during early embryogenesis. (Kurosawa et al., 2007)
Studies have shown that methods used for formation of EBs will influence their
heterogeneity, aggregation kinetics, size, and differentiation pathways. (Leahy
et al., 1999; Koike et al., 2007) EBs formed when ESCs are cultured in
suspension without presence of anti-differentiation factors such as leukaemia
inhibitory factor (LIF) or in co-culture with MEFs. (Kurosawa et al., 2007)
Undifferentiated ESCs have large number of calcium-dependent adhesion

glycoproteins (E-cadherins) expressed on their surface. The E-cadherins are
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essential in formation of EBs through binding of the calcium molecules. In such
cultures, small molecules such as Y-27632 and 2,4-disubstituted thiazole
(Thiazovivin/Tzv) must be used as inhibitors of the rho-associated kinase
(ROCK) pathway to reduce cell death and increase binding capacity of the

ESCs. (Ungrin et al., 2008; Hwang et al., 2009; Sargent et al., 2009)

There are various methods for producing EBs, among such are, (1) static
suspension culture in low adherent petri dishes, (2) hanging drop method, (3)
encapsulation or entrapment of ESCs, (4) use of various bioreactors, and
finally (5) use of low adherent microwells plates. (Kurosawa et al., 2007) In
static suspension cultures, such as the one used in Lamba’s protocol, cells
usually are dissociated via manual scraping or enzymatic dissociation
(collagenase 1V) of ESC colonies. Though manual scraping is a relatively quick
method for formation of large number of EBSs, it offers no control over EB sizes
and results in heterogeneity of EB shapes and their differentiation. (Bauwens
et al., 2008) Other methods such as hanging drop are useful in making uniform
size EBs as known density of ESCs are transferred into each drop on a petri
dish lid. However, methods like this have poor media exchange and EB drops
must be transferred to suspension cultures after few days. Furthermore, such
methods are labour intensive, long and introduce more complexity into the
differentiation process. Entrapment methods use hydrogels such as
methylcellulose, hyaluronic acid, fibrin, dextran, alginate, or agarose to
encapsulate known density of ESCs. Although efficient in increasing
reproducibility of differentiation, they lack efficiency and are difficult in

obtaining cells at the end of the process. (Rungarunlert et al., 2009)
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Use of various bioreactors such spinner flasks, rotating cell culture system
(RCCS), rotary orbital culture vessels and computer-controlled bioreactors,
offer scalable production of EBs, efficient media exchange and are open to
various process controls. On the other hand, EBs produced in such devices
must be transferred to a new device to avoid formation of large aggregates;
moreover, such devices do not allow microscopic observation of the EBs and
often not suitable for small scale research applications. (Carpenedo et al.,
2007) Alternative methods are using low adherent multi-well plates such as
round/V-bottomed 96-well plates and microwell plates such as AggreWell™
(Stemcell Technologies, Canada). These devices are capable of formation of
control sized EBs, provide sufficient media exchange and microscopic
observation of EBs. (Choi et al., 2010) In this method EBs are formed by
adding a single cell suspension of a known density to the microwell plate,
plates then are centrifuged to distribute the cells evenly among the microwells
and finally, captured cells are cultured for 24 hours to allow aggregation of the
ESCs within each microwell. Therefore, due to advantages that such methods
offer and their compatibility with retinal differentiation protocol, we used this

method to produce EBs in the experiments performed in this work.

Figure 3.6A exhibits EBs formed via manual scraping in static culture dishes.
As mentioned previously EBs made via this method are often irregular in
shape and differentiation pathway. Furthermore, the number of cell death is
much higher in such methods. (Sharma et al., 2016) Figure 3.6B, C and D

shows EBs produced using AggreWell™ 400. This method consistently

108



3.3 Retinal Differentiation Protocol and Scale-Down Considerations

Figure 3.6 Formation of Uniform Sized EBs from hiPSCs Using AggreWell™.

(A) EBs formed via scrapping method. In this method, it is often difficult to form same size
EBs and results in higher cell death. (B-D) Using micro-well plates such as AggreWel ™|
improves the cell viability and formation of uniform sized EBs. This method can be used to

reduce variability in EB sizes and increase control over differentiation culture.

produces uniform size and shape EBs in a consistent manner with lower cell

death. (Bauwens et al., 2008; Mohr et al., 2009; Markway et al., 2009)

3.3.2 Selection of the EB Size
Various studies have shown a direct correlation between EB sizes and their
specific differentiation lineage. For example, cardio and neurogenesis
differentiations were observed more in EBs of larger size of 450 um in diameter
and EBs of smaller sizes of 200 um shown more endothelial differentiation.
(Karp et al., 2007; Hwang et al., 2009; Choi et al., 2010) On the contrary, EBs
with larger sizes have mass transfer limitation at the centre of the EB in regard
to oxygen, glucose and cytokine concentration. In one study, EBs with

diameter of 800 um had relatively 50% lower Oxygen concentration at their
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Figure 3.7 Selection of the EB Size for MFCD Culture Chamber.

The EB size and its differentiation lineage have a direct relationship. The larger EBs has shown
to have more neurogenesis differentiation capabilities. However, the larger the EB, the harder
it is for oxygen, nutrients and cytokines to reach the core of the EB. Studies have shown that
EBs with diameter of 200-400 um provide an ideal size for creating the right balance between
soluble concentration and differentiation lineage. Provided the dimensions of the MFCD
culture chamber, EBs with the diameter of 200 um were selected for retinal differentiation

protocol in MFCD.

core compared to the EBs with 400 um in diameter. Concentration of Oxygen
and general cytokines in EBs with diameter of 200-400 um have shown no
significant difference between core and surface of the EBs. (Van Winkle et al.,
2012) Carpenedo (2009) demonstrated that homogeneous differentiation of
EBs were dependent on uniform spatiotemporal concentration of soluble
factors inside and outside EBs. Therefore, finding the right balance between
the size related differentiation lineage and mass transfer limitation is essential
in creating true steady-state concentration of the soluble factors in the culture.

(Carpenedo et al., 2009)
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V-bottomed microwell plates such as AggreWell™400 provides microwells
with 400 um diameter, which is suitable for producing EBs of 50-3000 cells
per EB. The culture chamber of our MFCD has height of 450 um, and height
of the channel inlet into the culture chamber is 220 um. Considering the inlet
channel height, mass transfer limitations and lineage specific differentiation,
using EBs of 1000 cells per EB with diameter of 200 um offers the best choice
for our MFCD and retinal differentiation of hiPSCs. Schematics of how EBs fit

into the culture chamber is shown in Figure 3.7.

3.3.3 Considerations for Gene Expression Analysis
To measure expression of MRNA at various stages of differentiation process,
real-time quantitative polymerase chain reaction (RT-gPCR) was used. RT-
gPCR has the sensitivity and required accuracy to measure small changes in
gene expression and considered as a “gold standard” nowadays. However,
accuracy of RT-gPCR is dependent on various factors such as assay design,
protocol, RNA integrity, template quantity, proper normalisation and selection
of the right reference genes. (Arya et al., 2005; Nolan et al., 2007) Existence
of variability in these factors and inconsistency in processing and analysing
data can result in inaccurate and wrong interpretation of the experimental
results. The inherent challenges associated in preparing RNA samples used
in RT-gPCR requires one to use normalisation at various steps to reduce
variability. Figure 3.8. explains various steps involved in RT-gPCR and
indicates the required normalisations at each step during the process. (Guénin

et al., 2009; Liu et al., 2015)

111



3.3 Retinal Differentiation Protocol and Scale-Down Considerations

Keep similar Use equal Normalise to valid
Sample Size RNA Conc. reference genes

Cells RNA cDNA Gene Expression

¥NY 19841%3
VN2 21e42uUa9
3uaD aJnsea|y

¥2db Aq uojssaidxy

Figure 3.8 Essential Normalization Steps During the gPCR Protocol.

Accuracy of the gPCR is dependent on proper normalization at key steps during the
protocol. Having similar sample sizes is essential in obtaining similar RNA after the
extraction process. The next normalization step requires to use equal RNA concentration
before creating the cDNA library. The final step in normalization involves the selection of the
right reference genes.

3.3.3.1 Sample Size
Size of each sample have direct effect on the quantity of the RNA obtained.
When designing experiments involved with cells in an adherent culture, it could
be difficult to obtain the same number of cells in each well of the culture plate.
Cells can replicate differently under different conditions, grow on top of each
other and create complex 3D shapes, which makes it extremely challenging to
control. Therefore, using the same sample volume/weight is the initial step to
take to control variability at this stage. (Huggett et al., 2005) The microfluidic
culture device (MFCD) used throughout this thesis has a culture chamber with
the area of 0.52 cm?. In order to match this area with a well-plate that is
conventionally used for differentiation studies, we chose 48-well plate, which
has the area of 0.95 cm?. Though this is a larger area than MFCD’s, it was the

smallest size before 96-well plate that we could use. Moreover, 48-well plate
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had fewer difficulties in terms of seeding EBs, media height similar to our
MFCD and well bottom shape compared to the 96-well plate. In order to keep
sample sizes equal both cultures were seeded with the same number of cells

and unified EB sizes.

3.3.3.2 RNA Quality and Quantity
The RNA quality can be analysed via various methods, gel OD measurement,
OD measurement using NanoDrop, denaturating agarose gel-electrophoresis
or using more modern lab-on-chip technologies such as Bioanalyzer 2100
(Agilent Technologies, USA) and Experion (Bio-Rad Laboratories, USA).
(Fleige et al., 2006) The UV measurements at 260 nm is specified for nucleic
acids, 280 nm for proteins and 230 nm for contamination. The ratio of optical
density of 260/280 used for quality assessment of the extracted RNA and OD
of 260/230 used for measuring the purity of the sample. For A260/280 a value
of 1.8 to 2.1 is considered acceptable. (Fleige et al., 2006) A higher value of
these indicators is often due to genomic DNA, salt concentrations,
carbohydrates, peptides, phenol and guanidine thiocyanate that is present at
the lysis buffer at the extraction stage. (Becker et al., 2010) We used
NanoDrop (ND-1100, NanoDrop Technologies, USA) for measurement of OD
throughout this thesis. A value of just above 2 is considered acceptable for

A260/230 measurements.

The other factor to consider here is the RNA concentration after extraction
from each sample. Before proceeding to the cDNA synthesis step it is essential
to have similar concentration of the RNA. Moreover, when dealing with large

samples, the amount of RNA obtained is often sufficient to include enough
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copy numbers of the transcripts of interest and hence, proceed with the cDNA
synthesis step. However, when experiments performed at smaller scales this
could become an issue. When the copy number of the transcripts of interest is
10 or less in a sample, stochastic problems will occur, which means there are
unequal amount of a low number of transcripts in a diluted solution. (Fleige et
al., 2006) Therefore, before proceeding to the cDNA step a whole
transcriptome amplification may be required to make sure all transcripts are

represented equally.

3.3.3.3 Normalising to the Right Reference Genes in hiPSCs
RT-gPCR allows quantification of relative expression of target genes
compared with one or a group of internal genes commonly expressed in a cell
line, which are referred to as reference genes. One of the most important
feature of these internal genes is that their expression level does not change
as a result of treatments applied to the cellular population. Some of the most
commonly used reference genes are [-actin, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), hypoxanthine-guanine phosphoribosyl transferase
(HPRT) and 18S ribosomal RNA. (Huggett et al., 2005) These internal genes
have been used extensively in various publications and believed to have stable
expression levels. However, different studies have shown that they are not as
stable as they once thought to be. In fact, the activity level of each gene is
dependent on type of sample, time of collection and the treatment applied.
(Suzuki et al., 2000; Warrington et al., 2000; Vandesompele et al., 2002)

Therefore, a validation process must be carried out before selection of these
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genes to minimise the errors associated with selecting irrelevant reference

genes.

M-value is used to validate stability of expression of reference genes. The
genes with lowest M-value considered to be the most stable. For homogenous
cultures, a value of <0.5 is considered acceptable for the M-value and for intra-
run coefficient variation (CV) a value of <0.25. It is reported that the optimal
number of the reference genes used is dependent on the samples and
combination of the genes used. (Ling et al., 2011) Based on various
publications for hiPSCs retinal differentiation, four reference genes GAPDH,
B-actin (ACTB), Ubiquitin C (UBC) and TBP, were selected and a study was
designed to evaluate their stability. (Lamba et al., 2006; Osakada et al., 2009;

Mellough et al., 2012)

Figure 3.9 shows stability study performed on the mentioned genes and their
mean CV. In order to make sure that results are valid for different
conditionings, both untreated hiPSCs and samples from 5,10 and 21 days’
retinal differentiation cultures were used to perform the study. For this purpose,
the GeNorm algorithm incorporated into the CFX Connect software was used

to perform all the calculations. (Vandesompele et al., 2002)

Results shown that only two combinations of the reference genes used
(GAPDH/TBP and ACTB/UBC) have a M-value below 0.5 and mean CV of
below 0.25 for hiPSCs going through retinal differentiation. Combination of the
B-actin and UBC showed the lowest M-value of 0.1021 and CV of 0.0354.

Therefore, it was considered to be the most stable combination of the
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reference genes for the hiPSCs line used in the process of retinal

differentiation.
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Figure 3.9 Reference Gene Validation Using Average Expression Stability (M Value).

M-value was used to study expression stability of paired reference genes in hiPSCs. The
reference genes used were B-Actin (ACTB), GAPDH, UBC and TBP. For homogeneous
cultures, an M-value of <0.5 and coefficient variation of <0.25 is considered acceptable.
However, as a rule, the lower the M value, the higher the stability of the paired reference
genes. ACTB/UBC has showed the lowest value in this study with M-value of 0.1021 and
a CV of 0.0354. Error bars represent one standard error of the mean about the mean of
at least three independent data points (n=3)
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In order to test the protocol in light of adjustments made so far, we performed
a 5, 10 and 21 days’ retinal differentiation of the hiPSCs and compared the
expression profile of the relevant genes in each stage with that of the
pluripotent hiPSCs. This analysis also helped us to expect which genes will
express once we introduce perfusion into the culture. For this purpose, we
performed two types of end-point analysis, immunocytochemical staining and

RT-qPCR.

3.4.1 Expression of Oct4, Nanog, Nestin and Otx2 on Day 5
Immunocytochemical staining was performed for Nestin and Otx2 at 5 days.
(Fig 3.10) Nestin is a neuronal progenitor cells marker that regulates
intermediate filaments formation during central nervous system (CNS)
development. Nestin is downregulated during later stages of development.
(Michalczyk et al., 2005) Otx2 expression is essential for development of
anterior structures of the CNS, however like Nestin it is downregulated at the
later stages of retinal differentiation to allow for eye field specification.
(Jayakody et al., 2015)

Figure 3.11 shows gPCR analysis for gene expression at 5 days. Relative
expression of pluripotent markers Oct4 and Nanog compared to hiPSCs
showed Oct4 with only 30% and Nanog 20% expression of these genes
relative to hiPSCs. A clear downregulation of these genes as cells progressed
through this differentiation step. Nestin and Otx2 showed 68% and 42%

respectively higher expression of these markers relative to hiPSCs.
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Upregulation of these genes compared to the pluripotent markers indicates

CNS development.

Nestin

Figure 3.10 Expression of Nestin and Otx2 on Day 5 of Retinal Differentiation of hiPSCs.

Immunocytochemical staining after day 5 of retinal determination step. Both Nestin and Otx2
showed uniform expression. The overlay shows the expression of these markers with DAPI.
Indication of cytoplasmic and nuclear expression of Nestin and Otx2 respectively. Secondary

antibodies used Alexa 594 (Nestin) and Alexa 532 (Otx2). The scale bar represents 200 pm.
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Figure 3.11 qPCR Analysis of Pluripotency Markers on Day 5 of Retinal Differentiation of
hiPSCs.

Relative expression of the pluripotency genes Oct4 and Nanog on day 5 compared to that
of the hiPSCs. Value of one indicates similar level of expression as in hiPSCs. The
expression of Oct4 and Nanog were downregulated in 5 days’ retinal determination
culture. On the other hand, the expression of the Nestin and Otx2 were upregulated by 68
and 42% respectively. Error bars represent one SEM about the mean of 3 independent

data points (n=3).
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3.4.2 Expression of Pax6, Lhx2, Six6 and Vsx2/Chax10 on Day 10
Expression of the eye field transcription factor (ETEF) Pax6 and optic vesicle
(OV) marker Vsx2/Chx10 was observed across all cultures. (Fig. 3.12) Figure
3.13 shows expression of these genes on day 10 using RT-gPCR analysis.
Pax6 shows a clear upregulation on day 10 with an expression of 92 folds
higher than that of the hiPSCs. Lhx2 is upregulated by 256 folds compared to
the hiPSCs and Six6 was 3632 folds. Vsx2/Chx10 was expressed 59,517 folds
higher than its levels in the hiPSCs.

Pax6 plays a key role in the optic cup development and retinal neuron’s
specification. It is expressed in the multipotent retinal progenitor cells as well
as post-mitotic horizontal and amacrine cells. (Heavner et al., 2012) The
network of the EFTEs are interrelated and dependant on each other.
Expression of Otx2 and Sox2 induces the expression of Rax and Rax’s
expression activates expression of Lhx2, Six3 and Pax6. (Zuber et al., 2003)
Six6 is a key marker in formation of optic cup and it is activated through
cooperation of Pax6 and Lhx2. (Tétreault et al., 2008) Vsx2/Chx10 is
expressed in presumptive neuronal retina, which along with other EFTFs are
believed to have reciprocal relationship in compartmentalisation and
development of the optic cup. (Jayakody et al., 2015) Vsx2/Chx10 is the first
of the specific retinal markers and its expression indicates the onset of neural

retinal development. (Horsford et al., 2004)
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Figure 3.13 Expression of Pax6 and Vsx2/Chx10 on Day 10 of Retinal Differentiation of
hiPSCs.

Immunocytochemical staining after day 10 of retinal determination step. Both Pax6 and
Vsx2/Chx10 show uniform expression throughout the culture. The overlay shows the
expression of these markers with DAPI. Indication of nuclear expression of these markers.
Secondary antibodies used Alexa 488 (Pax6) and Alexa 568 (Vsx2). The scale bar
represents 200 pm.
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Figure 3.12 qPCR Analysis of Pax6, Lhx2, Six6 and Vsx2/Chx10 on Day 10 of Retinal
Differentiation of hiPSCs.

Pax6 shows 92 folds higher expression than that of the hiPSCs. Lhx2 is upregulated by 256
folds compared to the hiPSCs and Six6 was 3632 folds. Vsx2/Chx10 was expressed 59,517
folds higher than its levels in the hiPSCs, indicating the presence of neuroretinal progenitors
as part of the optic vesicle formation. Error bars represent one SEM about the mean of 3

independent data points (n=3).
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3.4.3 Expression of Crx and Nrl on Day 21
Photoreceptor precursors markers, Crx and Nrl were expressed on day 21 of
the differentiation culture. (Fig 3.14) Figure 3.15 shows RT-qPCR analysis of
Crx and Nrl expression on day 21 of the differentiation culture. Crx was

expressed 10 folds higher than that of the hiPSCs and Nrl was 30 folds higher.

Crx is expressed in retinal progenitors committed to become photoreceptors;
they are also expressed in mature photoreceptors. Crx expression indicates
the presence of photoreceptor progenitors in the cell population. (Furukawa et
al., 2000) Nrl expression promotes development of rod photoreceptors. (Mears
et al., 2001) Maclaren and colleagues observed that post-mitotic precursors
that express both Nrl and Crx have better rate of integration into the host retina

post-transplantation. (Maclaren et al., 2006; Lamba et al., 2010)

Otx2 is activated again at maturation stages of photoreceptor and is found to
trans-activates the Crx expression. (Nishida et al., 2003) Nrl expression was
found to act as a molecular switch in development of rod photoreceptor by
directly influencing rod-specific genes. Furthermore, Nrl inhibits the S-cone
pathway via activation of Nr2e3 gene. Therefore, showing that Nrl is required

for rod photoreceptors formation. (Mears et al., 2001)
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Figure 3.14 Expression of Crx and Nrl on Day 21 of the Retinal Differentiation of hiPSCs.

Immunocytochemical staining after day 21 of retinal determination step. Both Crx and Nrl
were expressed uniformly throughout the culture. The overlay shows the expression of these
markers with DAPI. Indication of nuclear expression of these markers. Secondary antibodies
used Alexa 532 (Crx) and Alexa 488 (Nrl). The scale bar represents 200 pum.
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Figure 3.15 qPCR Analysis of Crx and Nrl on Day 21 of the Retinal Differentiation of
hiPSCs.

Relative expression of the retinal progenitor markers on day 21 of the retinal determination
culture compared to that of the hiPSCs. Crx was upregulated 10 folds and Nrl 30 folds higher
than hiPSCs. Crx is a marker specific to retinal progenitors committed to become
photoreceptors. Crx is expressed in both rod and cone photoreceptors. Nrl is expressed in
rod photoreceptors. Error bars represent one SEM about the mean of 3 independent data
points (n=3).
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3.5 Degradation and Consumption of Growth Factors in Retinal
Differentiation of hiPSCs
There are series of induction steps in development of vertebrate retina based
on molecular models that have been studied in humans and animal models.
(Zuber et al., 2003; Heavner et al., 2012) The first stage is the neural induction
that is regulated by fibroblast growth factors (FGFs), bone morphogenetic
proteins (BMP) and Wingless-Int proteins (Wnts). Antagonising these
signalling pathways by using Noggin (for BMP) and DKK-1 (for Wnt signalling
pathways) has shown to be an effective method in directing hESCs towards
forebrain development. (Watanabe et al., 2005; Itsykson et al., 2005) Inhibition
of these signalling pathways lead to production of various anterior neuronal
cell populations, which must be guided towards retinal progenitor lineage.
Therefore, addition of growth factors such as insulin-like growth factor-1 (IGF-
1) has shown to be essential at this stage for production retinal progenitor

cells. (Lamba, et al. 2008a).

In order to establish an order of importance we investigated degradation and
cellular requirements of these four growth factors DKK-1, Noggin, IGF-1 and
bFGF in the well-plate cultures. This study will assist us to better understand
the cellular dynamics and adapt our perfusion flow rate to address those
cellular needs and hence create a steady-state concentration of soluble

factors in demand.

3.5.1 Study Design
To study the degradation and consumption of the four key growth factors in

retinal differentiation at 37°C, three conditions were considered to undertake
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this study. In the first condition differentiation medium was used alone without
presence of any cells to study degradation of the growth factors. In the second
condition hiPSCs were added to each well; however, no medium exchange
did take place to observe consumption of the growth factors compared to their
degradation and their possible production. In the third condition, medium and
cells were used and medium was exchanged once every 48 hours as per
retinal differentiation protocol. The latter was used to observe cellular
demands where the initial input concentration was used within the first 48
hours. The study was performed for the first 96 hours of the differentiation
culture after EBs were prepared and seeded onto the Matrigel™ in well-plate
cultures. In all conditions 1 mL of medium was used with consideration of using
100 pL of collected media for each growth factor and 500 pL for metabolic

analysis and the final 100 uL as a buffer for errors.

3.5.2 Degradation of bFGF, Noggin, DKK-1 and IGF-1
Figure 3.16 (A-D) shows the analysis of DKK-1, bFGF, Noggin and IGF-1
concentrations during the first 96 hours of retinal differentiation of hiPSCs.
DKK-1 had the fastest initial rate of degradation. (Fig 3.16A) In the first 8 hours
only 48% of the initial stock remained. bFGF and Noggin (Figs 3.16B-C)
degradation showed 69% and 46% drops in their initial concentrations within

the first 24 hours. IGF-1 showed no degradation at 37°C. (Fig 3.16D)
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Figure 3.16 Degradation Profile of bFGF, Noggin, DKK-1 and IGF-1 at 37°C over 96 h at
37°C.

(A) Degradation of the DKK-1 shows that this cytokine degrades by 48% of its initial
concentration within the first 8 hours. After 72 h only 23% of DKK-1 remains. (B) bFGF
degrades gradually with 69% of its initial concentration remains after the first 24 h. After 72
h, 99% of this growth factor was degraded. (C) In the first 24 h, 46% of the Noggin degrades.
The remaining concentration was stable for the rest of the study. (D) IGF-1 did not show
any visible degradation over the course of 96 h. Error bars represent one SEM about the

mean of 3 independent data points (n=3).
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3.5.3 Consumption of bFGF, Noggin, DKK-1 and IGF-1
As explained earlier measurements for consumption of the growth factors were
taken in the presence and absence of a full medium change at 48 hours to
detect possible production of these growth factors by the cells. After obtaining
the consumption of the growth factors and their respective cell numbers at
each collection point, then cellular consumption rate of each growth factor was
calculated. The consumption rates were calculated by subtracting the
degradation from the consumption value and then divided by the number of
cells collected at each time-point. The cellular consumption rates per hour
were calculated by dividing the value of consumption in those hours by the

number of hours.

Figure 3.17A shows the consumption of DKK-1, where it falls by 66% of its
initial concentration in the first 8 hours. The cellular consumption rate of DKK-
1 in the first 8 hours was 0.3 x10° ng.mlt.Cellt.h. (Fig 3.17B) DKK-1
consumption rate decreased by 12% more between 8 and 24 hours where it
remained stable before the media exchange at 48 hours. After the media
exchange, the consumption rate was similar to the first 8 hours. There was an
increase in DKK-1 concentration after 84 hours indicating that perhaps cells
had started to secrete the growth factor. These results showed that more than
50% of the DKK-1 is lost 8 hours after inoculation or the medium exchange.
Figure 3.17C-D shows that concentration of bFGF remained high in presence
of cells in cultures with and without media exchange. This is interesting as it

shows that bFGF concentration was maintained by the cells and its production
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could be linked to the increasing number of the cells in the culture. bFGF

production was fastest in the first 8 hours at 0.54 x10-° ng.ml*.Cell1.hL.

Noggin had the highest demand compared with all other growth factors with a
consumption rate of 0.18 x10* ng.ml1.Cell-t.h-t in the first 8 hours. (Fig 3.17E)
Noggin’s consumption rate was 6 times more than DKK-1 in the first 8 hours.
After the 8 hours, Noggin’s concentration remained until the media exchange
at 48 hours. After the media exchange, 92% of the Noggin was consumed

within the first 4 hours at the rate of 0.17 x 10% ng.ml*.Cell'*.h'! (Fig 3.17F)

Figure 3.17G shows concentration of IGF-1 with consumption rate of 0.58x10"
5 ng.ml.Cellt.h in the first 8 hours. Consumption rate of this growth factor
decreased to 0.13 x10° ng.ml*.Cellt.h' between 8 and 24 hours and it
remains unchanged until the media exchange at 48 hours. Following the media
exchange IGF-1 was consumed at much lower rate of 0.02 x10° ng.ml1.Cell

1.h1 for the rest of the experiment. (Fig 3.17H)

To summarise, the study of the growth factors’ interaction with hiPSCs and
their degradation at 37°C showed that; of all 4 growth factors, DKK-1 has the
fastest degradation rate followed by bFGF, Noggin and IGF-1 respectively. In
regard to consumption rate, Noggin had the highest consumption rate followed
by IGF-1 and DKK-1. During this study, bFGF was produced, showing highest
rate of production by the cells during the first 96 hours. In conclusion, to create
a steady state soluble factor concentration, a flow rate must be selected that

provides a steady concentration of DKK-1 and Noggin in the culture medium.
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3.5 Degradation and Consumption of Growth Fact

Figure 3.17 Consumption of bFGF, Noggin, DKK-1 and IGF-1 in the First 96 h of Retinal
Differentiation of hiPSCs.

(A) DKK-1 concentration shows 66% fall in its initial concentration in the first 8 h. (B) The
cellular consumption rate of DKK-1 in the first 8 hours was 0.3 x10-° ng.ml2.Cell*.h-%. The
highest amount of consumption for DKK-1 takes place in the first 24 h. After the media
exchange at 48 h, the consumption rate of this cytokine drops to only 40% of its cellular
consumption in the first 48 h. (C) bFGF concentration remained constant during the
experiment, indicating the possible production of this factor by the cell. (D) Shows
production of the bFGF during the first 96 h. bFGF was the only cytokine that was
produced during the retinal determination step. (E) More than 80% of the Noggin was
consumed in the first 8 h. (F) Noggin’s consumption rate was the fastest among the
growth factors with the rate of 0.18 x10 ng.ml-%.Cell1.h-1, which was 6 times more than
that of DKK-1. (G) In the first 24 h, 47% of the initial concentration of the IGF-1 was
consumed. After the media exchange the consumption rate of the IGF-1 dropped by 31%.
(H) IGF-1 consumption rate was highest after Noggin. Error bars represent one SEM

about the mean of 3 independent data points (n=3).

3.5.3.1 Analysis of Metabolic Factors During Consumption Stud

ors

y

Medium analysis of the metabolic factors, glucose and lactate was also

performed for all culture conditions during the consumption study. Results

showed that glucose levels in the wells without any cells showed no changes

in concentration during the 96 hours. In wells with cells but no me

dia

exchange, dropped by 35% and wells with media exchange, by 28.3%. Lactate

concentration levels only raised by 0.74 g/L and 0.37 g/L in wells without and

with media exchange respectively. No sudden drop in glucose or rise in lactate

levels were detected, showing no detrimental effects on cells during the course

of experiment. (Fig. 3.18)

129



5.00

4.50

4.00

3.50

3.00

2.50

2.00

Concentration [g/L]

1.50

1.00

0.50

0.00

3.5 Degradation and Consumption of Growth Factors

—&— Glucose (Media only) —— Lactate (Media only)
—@— Glucose (Media+Cells) —a— Lactate (Media+Cells)
—%— Glucose (Medium Ex+Cells) —%— Lactate (Medium Ex+Cells)

Time [h]

Figure 3.18 Spent Media Analysis of Retinal Differentiation of hiPSCs During the
Consumption Study.

Glucose concentration showed no significant changes in wells with media during the 96
hours. In wells with cells but no media exchange, dropped by 35% and wells with media
exchange, by 28.3%. lactate concentration levels only raised by 0.74 g/L and 0.37 g/L in
wells without and with media exchange respectively.

Results of the degradation studies showed that DKK-1 had the fastest

degradation rate in the first 8 hours and bFGF had the highest degradation in

the first 24 hours of retinal differentiation. As explained in section 1.1.2.1 the

neural commitment of the cells in ectoderm is regulated by production of the

bFGF at the start of gastrulation stage and inhibited by TGF- and Wnt signals.

(Streit et al., 2000) Inhibition of the Wnt signalling pathway via its antagonist

DKK-1, allows for induction of the dorsal genes in the neural tube and

formation of the forebrain. bFGF prepares the cells for BMP signals while Wnt

pathway is inhibited. (Kazanskaya et al., 2000; Hashimoto et al., 2000)
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3.5 Degradation and Consumption of Growth Factors

Further studies into consumption and production of these molecules, revealed
that bFGF concentration is maintained by the cells and since it is not stable
over extended periods of time at 37°C, therefore it has been produced by the
cells intrinsically. It was reported that addition of heparin to the culture medium
can increase bFGF’s half-life significantly. (Damon et al., 1989) However,
since results showed production of this growth factor by the cells, therefore it
will not be necessary to use heparin in this protocol. Moreover, since effects
of heparin on the cells and its interaction with other cytokines is unclear it is

best avoided at this stage.

Noggin is the antagonist to BMP signalling pathway and its role is to preserve
the neural fate. (Hemmati-Brivanlou et al., 1994; Bouwmeester et al., 1996)
The increased demand for Noggin after the media exchange shows that it must
be provided to the cells during the early stages of differentiation. IGF-1 also
plays a crucial role in the anterior neural formation and it is essential in later
stages of retinal differentiation. In this study, IGF-1 shown to be resistant to
degradation during the course of 96 hours and its consumption by the cells is
decreased after the media exchange. Therefore, it may not be essential to
actively provide this growth factor to the cells. It also must be noted that IGF-
1 is the smallest molecule of the group and therefore it will require higher flow

rate to reach steady-state condition in the culture medium.

Finally, DKK-1 had the higher degradation rate compared to other growth
factors, which can limit its consumption given during the short availability
period. The interesting observation here was decreased demand for this

growth factor after the media exchange at 48 hours. Nonetheless, the relatively
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high demand for this molecule and its essential role in inhibition of Wnt
signalling pathway at the earlier stage of retinal differentiation indicates that it

must be provided to the cells at a steady-state.

Other supplements included in the retinal differentiation medium are B27 and
N2. Presence of these supplements has also shown to enhance EFTFs
expression with N2 resulting in higher efficiency of photoreceptor maturation.
(Mellough et al., 2012) B27 contains 21 and N2 includes 6 different molecular
ingredients. Some of their key molecules include, bovine serum albumin
(BSA), transferrin, and insulin. In this study, due to importance and costs
associated with growth factors we only studied consumption of these
molecules. However, in order to create steady-state condition via use of
perfusion molecular contents of these supplements also have to be accounted

for as they play a key role in retinal differentiation of hiPSCs.

The spent media analysis study was performed to detect any detrimental
changes in concentration of glucose and lactate during the experiment.
Aerobic and anaerobic metabolism are the most common means of providing
energy for the cells. The cells’ metabolic state has a significant effect on the
differentiation and both protein activation and protein conformation of the stem
cells. (Gatlik-Landwojtowicz et al., 2004; Vishwasrao et al., 2005) As a result,
cells metabolic state will have a direct effect on growth factors and their

function during the differentiation.

Glucose concentration across all three culture conditions did not show any

sudden drops or sign of depletion to critical levels during the experiment. The
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glucose concentration in cultures without media exchange was lower than
those with media exchange, however no significant difference was observed
between the two conditions. Lactate is a by-product of glycolysis and is an
indicator of anaerobic metabolism in cell culture. The increased levels of
lactate indicate hypoxic conditions or rapid increase of metabolic activity.
(Vishwasrao et al., 2005) Concentration of this molecule also did not show any
sudden increase among all culture conditions. The higher concentration of the
lactate in cultures without the media exchange was expected, however there

was no significant difference observed between the two conditions.
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3.6 Summary
The pluripotency of the stem cells can be characterised using various
indicators such as morphology, expression of pluripotency markers
qualitatively as well as quantitatively. The culture of induced pluripotent stem
cells exhibited their tendency to spontaneously differentiated as a result of
genetic and epigenetic factors. (Hough et al., 2009; Narsinh et al., 2011; Tonge
et al., 2011; Singh et al., 2013) Culture and characterisation of the cell line
used in this thesis (MSUHO001-hiPSCs) also confirmed that it is prone to
spontaneous differentiation as the other cells lines co-cultured with MEFs.
(Draper et al., 2004) The effects of MEF’s density on heterogeneous
expansion of these cells showed the need for a strict working routine with
condition that minimises the influence of these environmental cues.
Nevertheless, the issue of heterogeneity exists within such cultures and its

effects on the process yield and purity is uncertain.

Prior to using these cells for differentiation cultures as a valid control, several
factors had to be considered and adjusted in different steps of differentiation
protocol. One of the main varying factors was the size of EBs and method of
production. As discussed in section 3.3.1 methods used for creating the EBs
will have a direct effect on their heterogeneity, size, aggregation kinetics and
differentiation pathway. Methods such as static suspension cultures have low
control over EB size, number of cells per EBs and the cell death. Other
methods such as hanging drop methods and encapsulations will create more
varying factors to the process, are difficult to scale-up and labour intensive.
With aim of scaling down to adjust the process for the microfluidic culture, we
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required a method that can allow for control in the number of cells per EB
resulting in the same EB size, to be simple with fewer steps and highly
reproducible so that we can create EBs of the same size and number every
time to reduce variability between cultures. Among various methods used to

form EBs, use of low adherent micro-well plates were the most appropriate.

In choosing the right EB size, two opposing factors were in consideration. First
was the relationship between the EB size and its differentiation lineage and
second the relationship between mass transfer limitations and the EB size.
Various studies shown EBs with larger sizes of 450 um and above show more
neurogenic differentiation capability and EBs with smaller sizes of below 200
um show more endothelial differentiation capability. On the other hand, EBs of
larger size face mass transfer limitations in terms oxygen transfer, glucose and
cytokine penetration. Concentration of cytokines in EBs with sizes of 200-400
um were not significantly different, hence indicating a range of ideal size in
regard to mass transfer and differentiation lineage. The other factor needed
consideration here was the dimensions of the culture area of the MFCD.
Having the height of 450 um inside the culture chamber with the media inlet at
the height of 220 um, EBs with size of 200 pum in diameter seemed to be the
ideal choice. This size allowed each EB to have approximately 1000 cells per

EB.

Using unified sized EBs also allows for greater control over the sample size in
both well-plates and the MFCD. However, in respect to total RNA extracted
from each sample it may be different due to culture conditions. Therefore, total

amount of RNA for each culture condition must be quantified and then
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normalised to the same concentration levels before it is used for the cDNA
synthesis. Extracted RNA could be contaminated with genomic DNA, salt,
carbohydrates, peptides, phenol and guanidine thiocyanate present at the
lysis buffer at the extraction stage. Therefore, measurement of the quality and
purity of the extracted RNA is also essential and will affect the accuracy of the
gene expression analysis downstream. The final key point in performing
accurate qPCR analysis is selection of the right reference genes. Dependence
of optimal number of reference genes on sample type and combination of the
genes used, was confirmed by results of the gene expression stability analysis.
This finding also confirmed that using multiple reference genes does not

necessarily increase the accuracy of the gene expression analysis.

On proceeding to retinal differentiation of hiPSCs, on day 5, down regulation
of the pluripotency markers Oct4 and Nanog coincided with upregulation of
Nestin a neuronal progenitor marker Nestin and Otx2. This was further
confirmed by immunocytochemical staining of the retinal markers, indicating
that hiPSCs are progressing towards anterior CNS lineage. On day 10,
expression of series of eye field transcription factors (EFTFs) Pax6, Lhx2, Six6
and Vsx2/Chax10 were expected on the route to retinal progenitor lineage.
This expectation was confirmed through upregulation of these markers in
gPCR analysis relative to hiPSCs. The EFTFs include a network of genes that
are interdependent in their expression. Otx2 and Sox2 expression triggers the
expression of Rax, which subsequently activates expression of Lhx2, Six3 and
Pax6. (Zuber et al., 2003) Six6 is expressed in formation of optic cup through
cooperation of Pax6 and Lhx2. (Tétreault et al., 2008) Vsx2/Chx10 is the first

136



3.6 Summary

of the specific retinal marker that is expressed in the optic vesicle (OV) and its
expression indicates the presence of retinal progenitors, and hence onset of

neural retinal development. (Horsford et al., 2004)

Since it was discovered that post-mitotic precursors cells that express both Nrl
and Crx have the highest chance of integration into the host retina post-
transplantation, expression of these two markers were of interest at the end of
the differentiation protocol. (Maclaren et al., 2006; Lamba et al., 2010) On day
21, gPCR analysis showed expression of these markers, which was further
confirmed with immunocytochemical staining. Nrl, a rod photoreceptor specific
marker showed 2 folds’ higher expression than Crx, a cone and rod
photoreceptor marker. In other studies, Nrl has shown to inhibit S-cone
pathway via activation of Nr2e3 gene, hence allowing for rod photoreceptors

formation. (Mears et al., 2001)

Degradation study of the growth factors revealed that DKK-1 and bFGF had
the fastest degradation rate at 37°C. Noggin’s degradation rate was 3 times
slower than DKK-1 and 1.5 times than bFGF. IGF-1 did not show any
degradation during the 96h study. Studying the consumption of these growth
factors by the hiPSCs, showed that bFGF was produced by the cells and
Noggin, IGF-1 and DKK-1 had the highest demand respectively in the first 48
hours of the culture. According to different studies BMP and Wnt signalling
pathway inhibitors i.e. Noggin and DKK-1, along with IGF-1, are critical factors
in guiding the hESCs towards retinal lineage. (Kim et al., 2011; Lamba et al.,
2008a) Presence of these molecules in the differentiation medium directs the

expression of EFTFs such as Pax6, Vsx2/Chx10, Lhx2 and Six3. Moreover,
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other studies confirmed that DKK-1 and Noggin are two key enhancers of the

retinal and photoreceptor progenitors.

In conclusion, Noggin and DKK-1 seem to be the key growth factors that had
to be provided to the cells due to their high demand and degradation rate.
bFGF is produced by the cells and IGF-1 has very low degradation rate at
37°C. An online and quick method for detection of these molecules in the
culture medium does not exist, therefore creating a perfusion regime that could
provide a balanced concentration of these cytokines is essential in creating a
steady-state concentration of soluble factors based on molecular demands

and dynamics of the differentiation culture.
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Chapter 4 Assessment of Microfluidic Culture Device
for Retinal Differentiation of hiPSCs

4.1 Introduction
Retinal differentiation medium is a highly-defined media with specific growth
factors that guide cells through various stages of differentiation. These growth
factors often contribute to the high cost of process development. In the
previous chapter, the cellular demands of such factors, their stability and
possible production rate were determined. Now a suitable perfusion rate
based on the cellular demands and degradation of these factors can be
established. Microfluidic devices designed specifically for culture of cells can
provide high degree of control over cellular microenvironment, soluble factors
and physical properties of the culture. These qualities can be utilised to better
understand complex biological phenomena taking place during culture and

differentiation processes.

In this chapter, first we look at the use of shear stress as a mean for
establishment of an operational window for performing perfusion cultures in
the MFCD. Next, we utilise dimensionless ratios such as Péclet (Pe) and
Damkohler (Da) numbers to find a critical perfusion rate and starting cell

densities for creating a steady-state concentration of soluble factors.

In the second section, we assess the mechanical and fluidic suitability of the
MFCD for long-term perfusion cultures. Operational parameters such as pH,
temperature, asepsis and oxygen concentration as well as burst pressure and

fluid flow at desired flow rates are evaluated. In the final section, cell culture
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capabilities of the MFCD are assessed by culture of MEFs and hiPSCs before
proceeding to culture of EBs on chip. Adjustments made to the differentiation
protocol for expansion of EBs in MFCD are explained and possible absorption
of growth factors to PDMS is evaluated. Morphological evaluations and
immunocytochemical staining were used as an end-point analysis of the
cultures. Last, DKK-1 concentration in MFCD was measured over a course of
10 days culture to study differences in consumption of this key molecule in
MFCD and static well plate culture.

4.1.1 Operational Parameters During Cell Culture Experiments in
MFCD

Successful culture of stem cells requires certain operational parameters to be
controlled and maintained in a defined range. These parameters include,
shear stress, temperature, pH, osmotic pressure, dissolved oxygen
concentration, nutrients, ECM, and removal of the waste products. Following
are parameters that were kept in a defined range during the culture conditions.
Other parameters explained in section 4.2 and 4.3 were tested in MFCD to
make sure they are within the defined range for creating steady-state

concentration of soluble factors.

4.1.1.1 Temperature
For human stem cells and the human induced pluripotent stem cells the
optimum culture temperature is usually 37°C. In order to maintain this
temperature throughout the culture, the MFCD was maintained in

temperature-controlled incubators.
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4.1.1.2 Osmotic Pressure
The osmotic pressure has a direct effect on the cellular viability and its function
and it is created through the medium composition. Differentiation medium is
often very defined and changes to its composition has direct effect not just on
the cellular function but also on their differentiation pathway. (Chaudhry et al.,
2009) In conventional well-plate cultures in an incubator at 37°C, medium
evaporation will take place in these conventional vessels. Which consequently
leads to an increase of the osmotic pressure. To overcome this effect,
incubators are often humidified using evaporating water placed in water tanks
designed at the bottom of the incubators. For all our cultures humidity was
maintained by the incubators at 95% to avoid any possible evaporation from

the culture medium.

4113 pH
The pH plays a critical role in dynamics of the biochemical reactions inside the
cells. Consequently, it effects the maintenance and differentiation pathways of
stem cells toward a specific lineage. Therefore, it is essential to maintain the
physiological pH i.e. between 7.0 and 7.4 to avoid any negative effects on the
cells. (Wuertz et al., 2009) pH is also a function of the biochemical composition
of the medium and it is affected by culture conditions such as CO2 composition
in the gaseous content of the culture area as well as chemical waste from the
metabolic reactions inside the cells. Lactic acid often present in the metabolic
waste decreases the pH of the medium, which its effect is balanced out by
presence of bicarbonate created from the CO:2 in the gas phase (5%) of the

incubator.
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However, as cells grow the amount of lactic acid released into the culture
increases as well and the buffering effect of using bicarbonate alone will
decreases. Therefore, it becomes necessary to exchange the media regularly
to maintain culture’s homeostasis. In conventional cultures, the medium
exchange is performed manually, however in perfused cultures such as our
MFCD, this will take place according to the perfusion flow rate. For example,
at the flow rate of 130 uL/h, media is replaced more than 5 times in one hour,

which is approximately once every 12 minutes.
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4.2 Establishment of the Critical Perfusion Rate for Steady-state
Concentration of Soluble Factors
The ability to translate macro-scale in vitro cell culture into microscale, requires
knowledge of physicochemical microenvironment of the cells, design and
operational principals for microfluidic devices and cell culture techniques.
(Walker et al.,, 2004) Stem cells’ niche is composed of nutrients, soluble
factors, cell signalling factors and waste molecules, which has a direct effect
on their survival and behaviour of the cells. Other physicochemical properties
such as pH, surface structure, temperature and oxygen tension provide a cell
and process specific milieu to regulate stem cells function. Studies directed at
cellular microenvironment help clarify cellular functions in vivo and further
assists in providing an efficient working protocol in meeting therapeutic

demands. (Kirouac and Zandstra, 2008; Serra et al., 2012)

The cell signalling pathways are regulated by biomolecules such as cytokines,
hormones and growth factors to determine the cell fate. These soluble factors
are distributed via diffusion through autocrine and paracrine processes. The
effects of these signalling factors on the cells are dependent on their local
concentration, degradation and their affinity to cell surface receptors. (Discher
et al., 2009) The soluble concentrations exist in the vicinity of the cells often
act as a signalling factor itself and in case of differentiation cultures, guide the
cells to a particular lineage. (Kinney and McDevitt, 2012) In conventional cell
culture environments such as well-plates, chemical gradients form naturally
through diffusion. In such cultures, pH, osmolality, and soluble factors’
concentration will change constantly between the media exchanges. Factors
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such as pH can be controlled partially through CO2 concentrations provided in
the incubator. (Young and Beebe, 2010) However, accumulation of the waste
products as a result of metabolic activities of cells, shift this balance toward a
disfavoured environment. Concentration of the nutrients and soluble factors
are also affected by cellular consumption, degradation and production. (Ungrin
et al., 2011) In scaled-down differentiation cultures such as microfluidics, one
of the main objectives is to apply more control over environmental factors to

reduce variability that exist in macro-scale cultures. (Walker et al., 2004)

Continuous perfusion of the culture, assists in removal of the waste molecules
and provides cells with essential nutrients. However, the key question here is,
how fast the perfusion rate must be to provide a balanced physicochemical
culture environment for a differentiation culture such as retinal differentiation.
Diversity that exists in terms of different molecules in a highly-defined culture
media such as retinal differentiation, means that different flow rates are
needed for steady supplementation of different soluble factors. In the previous
chapter, we studied the culture dynamics in the static form and established an
order of importance in terms of consumption and degradation rates for the key
growth factors used. Using the latter, physical properties of the MFCD and
required media exchange rate, we can establish operational boundaries for
continuous perfusion of the culture in microscale before determining the best

perfusion rate.
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4.2.1 Perfusion Rate Boundaries for Retinal Differentiation in MFCD
In microchannels the media height above the cells considered to be most
important dimension due to length and width of the channels being much larger
comparatively. Therefore, channel height becomes the limiting factor for
diffusion of the soluble factors. Beebe and colleagues determined that the
effective culture time in a microchannels are linearly proportional to the
channel height compared to the media height in well-plates. (Yu et al., 2005;
Young and Beebe et al., 2010) For example, in retinal differentiation culture in
48-well plates the medium is exchanged at 250 uL per 48 hours. The media
height in the 48-well plate is 2.3 mm, which compared to our MFCD culture
area height (450 um) is 5.1 times higher. Considering the exchange rate of
once per 48 hours, therefore for MFCD the media must be replenished 5.1
times faster than the well-plate, i.e. 48 divided by 5.1 results in exchange time
of once per 9.4 hours. Having a culture chamber volume of 23.4 pL in MFCD,

therefore, flow rate of 2.5 pL/h could be the minimum flow rate for our MFCD.

In very low flow rates, mass transport takes place via diffusion often due to
having higher diffusive rate of molecules than the flow rate itself. Therefore,
the usual concerns often shift towards, nutrient degradation, concentration
gradients and difficulty in maintaining such low flow rates. However, in
selecting the upper perfusion boundary, one needs to consider wash-out of
the nutrients and soluble factors before they get the chance to be taken up by
the cells, and most importantly possible effects of the hydrodynamic shear

stress on the culturing cells.
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4.2.1.1 Effects of Shear Stress in Selecting the Upper Perfusion

Boundary

In adherent cell cultures that are perfused, fluid flow by medium applies shear
stress over the cells. There is a certain threshold for each cell type to initially
experience the negative effects of the fluid flow and then detach from the
culture surface. These threshold boundaries are dependent on the cell and
culture type, surface coating and period of time that cells are exposed to the
fluid flow. Studies conducted by Toh (2011), Korin (2007) and Lu (2004) on
effects of shear stress on mouse embryonic stem cells (MESCs) and human
foreskin fibroblasts (HFFs), showed that ability of the cells for enduring shear
stress are time and type dependant. (Lu et al., 2004; Korin et al., 2007; Toh et
al., 2011) For example, in Korin and Lu’s studies on HFFs, under a constant
perfusion regime, fibroblasts could only endure shear stress of less than 20
mPa for constant flow and 100 mPa for only few minutes. Toh on the other
hand, discovered that mMESCs showed negative effects of the shear such as
limited growth and expansion at shear rates of >4.5x10* Pa. In HFF using a
threshold of 5x102 Pa resulted in similar culture characteristics as well as a
gene expression profile compared to the static culture. In mESCs, shear rates
of >1.6x10-3 Pa showed similar expansion rate and morphology, however the
gene expression profile for Fgf5 gene were different to the static culture,

indicating the effects of shear at this level. (Toh et al., 2011)

In our microfluidic culture device, Reichen reported that finite element
modelling showed a mean hydrodynamic shear stress of 1.33x10* Pa +

0.37x10* Pa at the height of 10 ym above the culture surface at a flow rate of
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4.2 Establishment of the Critical Perfusion Rate

300 uL/h. The analytical solution for hydrodynamic shear stress with
assumption of infinite parallel plates at the culture surface was reported to be
1.48x10* Pa, supporting the finite element modelling results. (Reichen et al.,
2012) Comparing these results with the previous studies, the shear stress
experienced in our device is still an order of magnitude lower than the
threshold experienced by mESCs showing effects of the shear stress.
Therefore, even at flow rates as high as 300 uL/h used for expansion of the
hESCs, wash-out of the cells are unlikely. In our MFCD, the shear stress of
1.6x103 Pa requires a flow rate of 3600 pL/h. Even though such high flow rate
can potentially result in wash-out of key growth factors and nutrients and its
effect on retinal differentiation culture is not clear, it could be used as the upper
boundary in our perfusion rate calculations to establish a clear range of
operation. Figure 4.1 shows the perfusion rate boundaries as well as

respective shear stress rates associated with them in our MFCD.
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Figure 4.1 Perfusion Boundaries and the Shear Stress Associated with Various Perfusion

Rates.

The potential range of operation for perfusing retinal differentiation culture is shown using

previous studies to establish a minimum and maximum flow rate. The top line shows the

shear stress studies performed on adherent cell cultures. The lowest shear rate that acts

as a threshold for creating negative effects on the expression of Fgf5 gene in mESCs,

were used to act as the upper perfusion rate boundary. The lower perfusion boundary was

set as the perfusion rate equal to that of the medium exchange rate for retinal differentiation

in 48-well plates.
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4.2 Establishment of the Critical Perfusion Rate

4.2.2 Convective Delivery of Growth Factors
Now that we have established the perfusion boundaries, we need to look at
the delivery of key specieis within this range in order to create a steady-state
condition. To do this, the reaction diffusion equation (Equation 4.1) is often
used to model spatiotemporal fluctuations in species’ concentration inside a

bioreactor.

(4.1)

dc;
a_tl +u.Ve; = V.(DeiVe;) + Rinet

Where c¢; is the concentration of soluble species in the media, Dei is the
effective diffusivity of species i, u is the velocity profile of media inside the
culture device, and Rinet is the net volumetric degradation, secretion and
uptake of the species i. In microfluidic devices, channel’s width are often much
greater than its height. Therefore, by ignoring the changes that takes place
along the width of the channel, we can arrive at a 2-D representation of the
culture area. In this model media flows in the x-direction (Length of channel,
L) and diffusion of the growth factors takes place along the height (h) at the y-
direction. (Mehta et al., 2006) In this model, adherent cells are assumed to be
at the bottom of the chamber. However, for simplification purposes, if cellular
thickness considered to be negligible, then R; disappears due to coupling of
the equation 4.1. at the boundry condition with cellular and volumetric uptake

rate.

Therefore, considering these assumptions, for a non-dimensional scenario,

the following equation is derived from equation 4.1.
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4.2 Establishment of the Critical Perfusion Rate

(4.2)

AaCl LU aCl _ a 02Ci
ot 0X  Pe 0Y2

Where A is the ratio of time scales (ti/tq4 = L/(ta<u>), tris the residence time,
74 is the cellular proliferation doubling time), a is the geometric ratio (L/h), and
Pe is the Péclet number. Equation 4.2 was non-dimensionalised to broaden
its applicability in finding determining factors in distribution of the soluble
factors in the culture area. Based on Mehta’'s work, Pe/a shown to have a
controlling effect on the concentration of the species delivered via medium flow
rate. A value of greater than 1 for the Pe/a denotes the species of interest are
carried out by convection i.e. via fluid flow to the cells and values of less than
1, indicates diffusive delivery of these soluble factors. Therefore, in order to
create a steady-state concentration for a target species in the culture area, the

following equation can be used:

4.3)

U is the flow velocity, h is the channel height, De is diffusion coefficient of the

growth factor, and L is the channel length.

As mentioned in the previous chapter growth factors used in retinal
differentiation protocol were Noggin (46 kDa), DKK-1 (25.8 kDa), IGF-1 (7.5
kDa), and bFGF (17.4 kDa). Since diffusion coefficients of these molecules

have not been reported yet, to calculate the Pe/a for we used diffusion
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4.2 Establishment of the Critical Perfusion Rate

coefficients of fluorescently labelled dextrans of known molecular sizes (10,

20 and 40 kDa) (Table 4-1).

Table 4-1. Variables Used for Calculations of Péclet Number.

Variable Values Units Reference
Diokpa @37°C in Water 4.00E-10 m2s-1 (Cimetta et al. 2010)
D2okpa@37°C in Water 8.00E-11 m2s-1 (Braga et al. 2004)
Daokpa@37°C in Water 6.00E-11 m2s-1 (Cimetta et al. 2010)
Length 4.00E-3 m Measured
Width 1.30E-2 m Measured
Height 4.50E-4 m Measured
T Residence time min Calculated

Figure 4.2 shows the calculated Pe/a ratio and the corresponding flow rates
required to have each species of the known molecular size in convective
delivery. Each line in the figure represents a fluorescently labelled dextran with
sizes of 10, 20 and 40 kDa from right to left. Where the line intersects with the
Pe/a =1, it shows the minimum flow rate required to have the species of the
respective size and higher in convective delivery. Therefore, based on these
calculations, for species of 10kDa and higher a flow rate of 650 pL/h is
required. This means bFGF, Noggin, and DKK-1 will be in convective delivery
at this flow rate. Flow rate of 130 uL/h will place all species of 20 kDa and more
in convective delivery, which includes DKK-1 and Noggin. Finally, in flow rate
of 100 uL/h any species of 40kDa and higher will be in convective delivery,

which only includes Noggin out of all growth factors. IGF-1 has a molecular
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4.2 Establishment of the Critical Perfusion Rate

weight of 7.5 kDa, which requires a flow rate of more than 650 uL/h to be

delivered to the cells by convection.

3.00 y
Only Noggin Noggin and DKK-1 Bfgf, Noggin and DKK-1
in convective flow in convective flow in convective flow
T=33min ,,"’ T=25.4min T=5min
100 pul/h ',"' 130 ulL/h 650 ul/h
2.00
=]
B
5
oy
1.00
e | 0K Daa
------------- 20KDa
40KDa
T= Residence Time
0.00

0 100 200 300 400 500 600 700 800 900 1000
Flowrate [pL/h]

Figure 4.2 Critical Perfusion Rate for Convective Delivery of Species Using Péclet Number.

Solid black line represents the molecules with molecular weight of 40kDa, dashed line, 20kDa
and dotted line, 10kDa. Pe/a>1 represents the convective delivery of the species by fluid flow
to the cells and Pe/a<1 denotes the diffusive delivery of the molecules. The intersection of the
representative lines with the Pe/a=1 shows the minimum required flow rate for having the
molecules of that size and above in convective delivery mode. The minimum perfusion rate
for having molecules such as DKK-1 and larger in convective delivery to the cells is 130 pL/h.
De of fluorescent Dextrans at 37°C in water Deiokpa=4.00E-10m?s?, Deookpa=8.00E-11m?s1,
Deaokpa=6.00E-11m?st. T represents the residence time for media to pass through the cell

culture chamber.

Other species with considerable molecular weight that can be effected by
perfusion rate and included in the retinal differentiation protocol are B27 and
N2 supplements. B27 along with DKK-1 were reported to enhance expression

of eye field transcription factors (EFTFs). Addition of the N2 supplement into

the differentiation media has shown to yield in higher efficiency of
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4.2 Establishment of the Critical Perfusion Rate

photoreceptor maturation. (Mellough et al., 2012) B27 comprises of 21 and
N2, 6 different molecules. The list includes, bovine serum albumin (BSA) (66.5
kDa), transferrin (80 kDa), and insulin (5.8 kDa) among the molecules with the

highest molecular weights that will be affected by the flow rate.

Results from the growth factors’ consumption study in the previous chapter
and perfusion rate calculations here in this chapter, shows that there is a
higher demand for DKK-1 and Noggin at the start of the differentiation culture.
DKK-1 degrades very rapidly at 37°C within only 4 hours, whereas molecules
such as IGF-1 is less affected by temperature. bFGF on the other hand, is
produced by the cells and degrades much more slowly at 37°C. Noggin, DKK-
1 and IGF-1 has shown to play an important role in the enhancement of the
differentiation of hiPSCs towards retinal progenitors. (Lamba et al., 2006) This
is further coupled with the key role of B27 and N2 supplements during the
differentiation process. A flow rate that could deliver all these growth factors
to the cells in our MFCD, could be well above 650 uL/h, which places the
smaller molecules at convective delivery, however, it could also result in wash-
out of the heavier and more important cytokines. Moreover, species like bFGF
are produced by the cells and IGF-1 showed resistance to degradation.
Therefore, having these molecules in convection may not be as necessary as
the other growth factors. Therefore, perfusion rate of 130 uL/h will place any
molecule of 20 kDa and larger in convection, which for retinal differentiation
protocol suggests that DKK-1, Noggin, BSA and transferrin will be delivered to
the cells via convection. At this flow rate, a steady-state condition can be

created based on cellular demands of retinal differentiation of hiPSCs.
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4.2 Establishment of the Critical Perfusion Rate

In order to have additional experimental control for the perfused differentiation
cultures, beside the static well-plate control we decided to use a second MFCD
with a different lid height that allows similar medium height in the 48-well
plates. The new lid assembly provides the culture chamber with the medium
height of 2.28 mm to closely match the media replacement rate to that of the
static culture. Flow rate of 5.2 pL/h was used for this MFCD, which is equal to

250 pL per 48 h.

4.2.3 Using Damkohler Number to Establish Critical Cell Density
Now that we have determined the operational window and desired flow rate to
have the molecules with molecular weight of 20 kDa and more delivered to the
cells, we can look into the cell density as a factor that effect the spatiotemporal
concentration of the cytokines. For this purpose, we can use another
dimensionless ratio named Damkoéhler number. Damkdhler number analyses
the characteristic times for diffusion of a species compared to the time it takes

to be taken up by the cells. This is defined using the equation 4.4:

(4.4)
h2
Da=T—D— D, Tmho
Tr Co.h D.. Cy
Tm. O

where Co is the substrate concentration at the start, rm denotes the growth
factor consumption rate by the cells, De is the diffusion coefficient of the growth
factors, o is the cellular concentration, and h is the culture chamber height.
For retinal differentiation protocol the values for the rm, growth factor

consumption rate and diffusion coefficient has not been reported. Therefore,
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4.2 Establishment of the Critical Perfusion Rate

we used values of TGFa (5.5 kDa) in mouse fibroblasts and BSA (66.5 kDa)
in hESCs as representatives of the smaller and larger cytokines respectively.
(Figs 4.3 and 4.4) Furthermore, we plotted the Damkohler number against cell
density for the oxygen, to analyse the limitations of these species in our MFCD

and know when the balance shifts to diffusion for the cells.

Table 4-2. Variables Used for Calculations of Damkdhler Number.

Variable Values Units Reference
Doz 3.30E-9 m2s-1 (Allen et al. 2003)

DreFa 1.00E-10 m2s-1 (Oehrtman et al. 1999)
Dalbumin 7.00E-11 m?2s-1 (Cimetta et al. 2008)

rmo2 2.50E-18 mol. cell'l. s (Allen et al. 2003)

I mTGFa 1.66E-22 mol. cell1. st (Oehrtman et al. 1999)
I'mAlbumin 3.80E-22 mol. cell1. st (Cimetta et al. 2008)

Co-02 0.21 Mol.m-3 (Allen et al. 2003)

Co-cr 0.19 Mol.m-3 Calculated

Various heights in the culture chamber (100, 225 and 450 um) were also
included to evaluate sensitivity of the species to height in our MFCD. Da > 1
denotes a diffusive transfer of the species and Da < 1, denotes an uptake
limited transfer of the species. Values used for calculations are reported in
table 4.2. At low cell densities mass transfer is limited by the consumption
rates, which means cells taking up growth factors when they need them. As
cell population increases, the competition for growth factors increases too,
therefore these species are transferred to the cells based on how fast they can
diffuse through the medium. The result showed chamber height has minimal

influence on the Damkohler number for larger molecules, however for smaller
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4.2 Establishment of the Critical Perfusion Rate

molecules, height plays a more critical role at higher cell densities. Overall,
cellular requirements for larger species happen at much lower cell densities
compared to the smaller molecules. Therefore, the need for convective
delivery of larger molecules is critical in maintaining the steady-state culture
condition. Oxygen levels shown to be in uptake limited regime even at higher

cell densities of 1.00x108 cells/cm?.
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Diffusion limited regime
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1.00E+00 =
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-
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Figure 4.3 Damkdhler Number as a Function of Cell Density for TGFa in Mouse
Fibroblasts.

Damkohler number is the ratio of the total cellular uptake rate to the diffusive rate from the
culture media. TGFa in mouse fibroblast activates a signaling pathway for cell proliferation,
differentiation and development. (MW of 5.5KDa) TGFa represents the smaller molecules
in the culture media and cell density of 2.5E+05 cells/cm? shows the border line cell
population for having this molecule taken up by the cells based on the reaction rate with cell
surface receptors. At higher cell populations, a diffusive limited uptake becomes dominant,
indicating cellular competition for this molecule, hence the requirement for perfusion to
deliver this molecule to the cells. All data used for calculation of the Da were collected from
Table 4-2. Measurements are taken at chamber heights of 450 um (MFCD chamber height),
225 ym (Medium inlet into the culture chamber) and 100 pum (middle of the EBs placed in

the culture chamber) calculated for the MFCD.

156



1.00E+02

4.2 Establishment of the Critical Perfusion Rate

Diffusion limited regime

1.00E+01 -
8.00E+04 cells/cm? Pt
"‘_," .
© L -7
O 1.00E+00 —o= =
L h=0.010cm
h=0.0225cm -

Uptake limited regime

h=0.045cm
1.00E-01 / P
p-—'- -
-
-
-
-
-
1.00E-02
7.00E+03

7.00E+04 7.00E+05

Cell Density (cells/cm?)

Figure 4.4 Damkohler Number as a Function of Cell Density for Albumin in hESCs.

Albumin (MW of 66.5 kDa) represents the larger cytokines in the culture media. Cellular

density of 8E+04 cells/cm? represents a stage at cell growth in the culture for reactive

limited uptake of this molecule.
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Figure 4.5 Damkdhler Number as a Function of Cell Density for Oxygen in Rat Hepatocytes.

Cellular density of 1E+08 cells/cm? represents the critical stage at cell growth in the culture

when addition of the oxygen to the culture media becomes necessary.
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4.3 Assessment of the Microfluidic Culture Device for Retinal
Differentiation of hiPSCs
Successful culture of cells in a microfluidic device demands high degree of
control over physicochemical and physiological aspects of the cellular
microenvironment. The accuracy of these cultural controls is dependent on the
device design, fluidic and environmental controls as well as instrumentations

used for monitoring these parameters.

The initial goal in this section is to evaluate suitability of the microfluidic culture
device designed previously by Reichen et al. (2012) in our lab for long-term
adherent differentiation cultures such as retinal differentiation. As explained in
section 4.2.2.1 our MFCD at flow rate of 300 uL/h can provide a shear stress
of up to 2 orders of magnitude lower than the threshold that can affect the
MESCs negatively. Our MFCD previously demonstrated successful 3 days’
expansion culture of hESCs (Reichen et al., 2012) and 84-hour expansion of

MESCs. (Macown et al., 2014; Super et al., 2016)

The modular design of the MFCD is greatly suited to use in a stepwise
differentiation protocol such as retinal differentiation. The lid design allows for
direct seeding of the EBs into the culture chamber, thus reducing the negative
effects of transferring EBs through microfluidic channels via direct seeding
method. The cassette design also allows for easier and more efficient
collection of cells at the end of the process, reducing the chance of losing
precious cell samples. The shortest retinal differentiation protocol is 21 days,
to study cells during this process means the MFCD must maintain a

bubble/leakage-free operation and be resistant to infection.
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4.3 Assessment of the Microfluidic Culture Device

In this section, changes made to the original design and tests performed to
compare them are reported. Assembly and operation of the device is also
reviewed, and finally the operational flow rates, oxygen concentration and

growth factor concentration at target flow rate are evaluated.

4.3.1 MFCD Parts Changed Compared to the Initial Model
An investigation into the final prototype of MFCD by Macown and Super et al.
(2016) showed the likely compression difference between the middle and
edges of the chip resulted in failure of the device and high leakage rate. At the
centre of the issue was the amount of torque applied to the screws for sealing

of the device.

As a result, a torque of 2 N.cm was advised for complete sealing of the device
which on the down side applies the least compression force on the PDMS chip.
Therefore, still the chance of leakage was high in long-term cultures as the
compression was also dependent on material and thread properties and prone
to change at higher temperatures like 37°C. In order to overcome this issue, a
clamping solution was advised by Macown, wherein a 3mm aluminium
brackets were placed around the connectors and the 5mm polycarbonate
bottom frame was also replaced with a 3mm aluminium bottom frame. (Fig.
4.6B) The changes made to the device assured a uniform compression force
applied to the top frame and was impartial to small variations in the screw
torques. The second issue raised while testing the device for long-term
perfusion was the chemical reaction of the aluminium clamps and frame with
stainless steel screws. This issue resulted from formation of a battery like

environment inside the high humidity environment of the incubator and
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consequently formation of metallic debris around the screws. In order to
overcome this issue, the M3 stainless steel screws were replaced with M3
nylon (polyamide) screws (Premier Farnell Limited, UK). Figure 4.6 C-D shows
the assembly of the MFCD using the M3 nylon screws, the microfluidic chip

and its cross section.

Lid cover (PC)

Gas permeable lid
(PDMS)

Top frame (PC)

Bottom frame

Culture
D chamber

Flow
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Figure 4.6 Exploded and Assembled View of the Microfluidic Culture Device and Chip.

(A) Exploded view of the previous prototype of MFCD including different parts and the material
they are made of. (B) The new prototype of the MFCD and parts that are added (Aluminium
clamps) and replaced (Aluminium bottom frame) in red. Courtesy of Macown and Super. (C)
Assembled MFCD with fluidic connections. (D) Microfluidic chip and its cross section and

dimensions.
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4.3.2 Bubble-free Assembly of the MFCD
In the process of preparing the MFCD for perfusion, having a robust priming
method to remove bubbles trapped in the channels and culture area is
essential. Presence of bubbles not just disturbs the flow of the medium but
most importantly are detrimental to cellular viability. This issue becomes even
more critical in microfluidic devices as there is no space above the culture
chamber as in traditional culture dishes for gases to escape to, leading to
entrapment of bubbles in the culture area. The modular design of our MFCD
with ability to access the culture chamber through an open lid allowed us to
use this feature for removal of the bubbles while preserving the asepsis of the

MFCD.

Priming method developed by Super et al. (2014) was adopted by use of a
bypass created between two 3-way valves at the inlet and outlet of MFCD with
a 10 cm of 1/16” OD tubing. The bypass allowed to direct the flow by using the
3-way valves in either directions of the culture chamber. Initially the culture
medium was pushed through the tubing using a syringe drive bypassing the
culture chamber to prime the tubing. Then, the flow was directed through the
inlet of the MFCD to remove the bubbles at the upstream part of the chip.
Using a pipette, air bubbles that were pushed through to the culture chamber
were removed along the excess medium. Then the flow was directed to pass
through the outlet into the culture chamber, removing bubbles in the
downstream area of the chip. At the final step, the lid was placed on the culture
chamber and slowly fitted in place to seal the MFCD. (See Appendices Fig.

7.1 A-J)
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4.3 Assessment of the Microfluidic Culture Device

4.3.3 Burst Pressure Measurements
To evaluate the robustness of the new assembly of the MFCD compared to
the previous prototype, burst pressure measurements were carried out. The
modular design of the device requires different parts are fitted through multiple
compression points in order to fully seal the device. In burst pressure
measurements, positive air pressure is applied to a fully assembled device via
a syringe drive. The maximum pressure that a sealed device can withstand
before failure due to pressure release through openings in between the parts,

is recorded as the burst pressure.

We compared three different assemblies of the MFCD, the first version with 5
mm polycarbonate bottom frame and M3 Stainless screws, the second version
with aluminium clamps and 3 mm aluminium bottom frames and stainless steel
M3 screws and finally the third version with aluminium clamps and 3 mm
aluminium bottom frames and nylon screws. The burst pressure recorded for
these devices were 50 kPa, 59 kPa and 55 kPa with standard deviations of
4.0, 1.4 and 2.5 kPa respectively (n=6). (Fig. 4.8) The burst pressure
measurements showed that using aluminium clamps and bottom frame has
increased the robustness of the device compared to the first version, and using
plastic screws had minimal effects on burst pressure measurements

compared to the stainless-steel screws.

In comparing the burst pressure to the flow rate, Macown et al. (2014) reported
that the pressure at flow rate of 500 mL/h is 20 kPa across the device. Since
our intended perfusion rate is 130 pL/h, which is three orders of magnitude

lower than the reported flow rate. Therefore, there is low probability of leakage
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at this flow rate. There was no significant difference in burst pressure
measurements between different assembly versions. Therefore, use of the
Nylon screws did not produce significant changes to burst pressure limits of

the MFCD.
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Figure 4.7 Burst Pressure Measurement Comparison Between Different Assemblies of
MFCD.

(A) Version 1 of MFCD with stainless-steel screws showed burst pressure of 50+4.0 kPa.
(B) Version 2 of MFCD with Aluminium clamps and bottom frame and stainless-steel
screws showed burst pressure of 59+1.4 kPa (C) Version 3 of MFCD assembly with
Aluminium clamps and bottom frame and Nylon screws and burst pressure of 55+2.5 kPa.

There was no significant difference between different assemblies of the MFCD. (n=6)
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4.3.4 Maintenance of Asepsis in the MFCD
All equipment and MFCD parts used in the experiments were autoclaved prior
to start of the experiments. The only exceptions were the 3-way valves and
TC-PS slide. The TC-PS slides were sterilised at the manufacturer’s site and
only opened in the biosafety cabinets and transferred to the device using a
sterilised tweezer. The 3-way valves were made of polyethylene (PE) at their
stem, therefore were not autoclavable. To sterilise them they were immersed
in 70% ethanol solution overnight prior to use in the experiments. Priming and
seeding of all the devices were carried out under the biosafety cabinet.
However, regardless the care taken to aseptically assemble the device, the

rate of contamination was high at the initial cell culture experiments on chip.

Presence of parts that could not be autoclaved and exposure of the device to
the unsterile environment of the incubators was the possible reason for
occurrence of the contaminations. Therefore, to overcome this issue, 1%
Antibiotic-Antimycotic solution was used in all the culture media. No sign of
contamination was observed after addition of the Antibiotic-Antimycotic

solution in the rest of the experiments.
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4.3.5 Dissolved Oxygen Concentration
As explained previously the MFCD benefits from a
cell culture chamber, which is covered with a

removable PDMS lid allowing sufficient surface area

for transfer of oxygen to the medium. In all Figure 4.8 Placement of
the Oxygen Sensor in

experiments, the MFCD was kept inside the Culture Areaof MFCD.

2 mm sensor spot

incubator with 21% oxygen in the ambient. However,
(PreSens, Germany) glued

to ensure that there is sufficient oxygen passes inthe middle of the MFCD

culture chamber. The

through the PDMS Iid, dissolved oxygen scale bar represents 2

concentration at both the inlet and culture area of the ™™

MFCD was measured and it was compared that to the T-flask measurements
taken simultaneously inside the same incubator. In order to do this, we used
two 2 mm sensor spots (PreSens, Germany) glued in the middle of a MFCD
(Fig. 4.8) and a T-25 flask. Moreover, one flow through sensor was also used
at inlet of the MFCD to measurement the incoming oxygen concentration into
the device. Before start of the measurements all the channels were zeroed
with zero oxygen solution using 1 g sodium sulphite (Na2SO3) and 50 uL cobalt
nitrate (Co(NO3)2) dissolve in 100 mL water. All channels were also calibrated
for 100% oxygen concentration. (see Fig. 7.2 for calibration curve). Phosphate
buffer solution was used for perfusing the device at flow rate of 130 pL/h. T-
25 culture flask was used as the control and all measurements taken at 37°C

in the incubator.

Figure 4.9 shows the oxygen concentration at the inlet and culture area of the

MFCD and a T-flask monitored over a 24 h period (n=3). The measurements
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Figure 4.9 Oxygen Concentration Measurements in MFCD at 37°C in Incubator.

Oxygen concentration measurement at the inlet (orange line) and culture area (green line)
of the MFCD. The average oxygen concentration at both MFCD inlet and the culture area
was 21% similar to the control at T-25 flask.
showed an average of 20.76% dissolved oxygen concentration in the MFCD

at the inlet and the culture area showed the average of 21.04% and the control

culture showed the average of 20.92%.

In conventional culture vessels, such as well-plates and T-flasks, oxygen is
provided via the headspace above the culture medium. The partial pressure in
the headspace determines the amount of dissolve oxygen in the culture
medium. In microfluidic culture devices, the dissolved oxygen can be
controlled by wuse of the gas permeable materials such as
poly(dimethylsiloxane) (PDMS) in device parts or silicone tubing in the fluidics.
By using gas permeable materials, MFCD can be kept in oxygen controlled
ambient like incubators. Results showed that sufficient oxygen is passed

through the PDMS lid of the MFCD.
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4.3 Assessment of the Microfluidic Culture Device

4.3.6 Flow Rate Measurements
In section 4.2 we concluded that flow rate of 130 uL/h is the suitable flow rate
for creating a quasi-steady-state concentration of the soluble factors based on
the cellular demands of the hiPSCs. Moreover, added a second perfusion rate
of 5.2 uL/h as a second control for the perfusion culture that has the same
medium replacement rate as that of the well-plate control. To create the
desired flow rates, we used syringe drives for their operational simplicity and
ease of use. Prior to starting the long-term experiments three different syringe

pumps were evaluated for their accuracy and operating precision.

Flow Sensor Viewer

RS485
PC
Flow Sensor
I L s

Syringe Pump

Rl
Qutlet

Microfluidic Culture Device

Figure 4.10 Schematics of the Setup for Flow Rate Measurements in MFCD Using Different
Syringe Pumps.

The flow meter SLG64-0075 (Sensirion AG, Switzerland) was placed downstream of the

outlet, connected to the “flow sensor viewer” programme via RS485 USB cable.

For flow rate of 130 uL/h we tested two syringe pumps Aladdin syringe pump
and KD Scientific 200 with a 20 mL syringes (BD- Plastic) and for the lower
flow rate of 5.2 uL/h we tested KD Scientific Legato 212 with 2.5 mL Norm-

Ject syringes. For both flow rate measurements, we used SLG64-0075
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4.3 Assessment of the Microfluidic Culture Device

(Sensirion AG, Switzerland) flow meter at the outlet of the MFCD at room

temperature. (Fig. 4.10)

Figure 4.11 shows the result of three flow rate measurements taken on Aladdin
syringe pump at 130 pL/h. The average flow rate measured on this pump was
132.18+6.24 pL/h. In the first measurement, there seems to be a massive
outburst of the fluid flow at the start of the experiment, which was believed to
be caused by adherence of the syringe plunger to the syringe wall. This is
often caused by the rubber at the tip of the plunger. The resistance created at
the site prevents the plunger to move forward and once the forward force from
the syringe pump overcomes it, it causes the plunger to jump forward and
create the observed effect. Clearly this effect could have a negative effect on
the cells if the fluid flow outburst reaches the shear rate thresholds. The other
reason for such effects are embedded in the design of the syringe pump itself.
The output movement in pump often results from transfer of the motor power
through series of cogs and threaded bars. The higher the precision of these
parts, the smoother transfer of the motor power and fewer pulsatility in the fluid
flow. Ignoring the flow outburst in the first measurements, using this syringe
pump takes around two hours for the flow to stabilise at the desired flow rate

with an average of 2+6.24 pL/h being above the target flow rate.

Figure 4.12 shows the flow rate measurement using the KDScientific 200
syringe pump at 130 pL/h. The average flow rate for this pump was
130.64%4.95 pL/h. Overall, it takes around an hour for the flow to stabilise and
less deviation from the target flow rate. Therefore, decision was made to use

this pump for the perfusion experiments at 130 pL/h.
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Figure 4.13 shows the flow rate measurement using the KDScientific Legato
212 for flow rate of 5.2 uL/h. The average flow rate measured using this pump
was 5.10£1.6 uL/h. The standard deviation showed a 30% change in the flow
rate, which at such low flow rates is caused by the pulsatility inherent to syringe
pumps. Moreover, the error rate for the Sensirion flow meter was reported by
the manufacturer to be £1.5 pL/h at such low flow rates. This error rate was
similar to the standard deviation obtained from the measurements. This
perfused culture was added as a second control to provide similar medium
exchange rate to the static culture. Since displacement of the medium was of
interest here, to ensure that pump delivered the given rate of 250 uL per 48
hours, the displacement of the plunger was marked on the syringe, which

showed consistent volume displacement in all experiments performed.
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Flow Rate Measurement - Aladdin Syringe Pump
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Figure 4.11 Flow Rate Measurements at 130 pL/h Using Aladdin Syringe Pump.

Flow rate measurements taken at 130 pL/h using Aladdin syringe pump. The outburst

of the fluid flow at 15t measurement was due to adherence of the syringe plunger to

the wall. The average flow rate measured using this pump was 132.18+6.24 pL/h.

The straight black line represents the flow rate of 130 pL/h. The average time for fluid

flow to stabilise using this pump was around 2 hours. PBS was used as the medium

and all measurements were taken on bench-top and at room temperature. (n=3)

170



4.3 Assessment of the Microfluidic Culture Device

Flow Rate Measuremt - KdScientific 200

Flow Rate [uL/h]

—1st Measurement

20 ——2nd Measurement

——3rd Measurement

0 1 2 3 4 5 6
Time [h]

Figure 4.12 Flow Rate Measurements at 130 pL/h Using KDScientific 200 Syringe
Pump.

Flow rate measurements taken at 130 pL/h using KDScientific 200 syringe pump. The
average flow rate measured using this pump was 130.64+4.95 uL/h. The straight black
line represents the flow rate of 130 pL/h. The average time for fluid flow to stabilise using
this pump was around 1 hours. Showing better performance for creating the target flow
rate. PBS was used as the medium and all measurements were taken on bench-top

and at room temperature. (n=3)
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Flow Rate Measurement -KdScientific LEGATO 212
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Figure 4.13 Flow Rate Measurements at 5.2 puL/h Using KDScientific Legato 212 Syringe
Pump.
Flow rate measurements taken at 5.2 pL/h using KDScientific Legato 212 syringe pump. The
average flow rate measured using this pump was 5.10+£1.64 pL/h. The straight black line
represents the flow rate of 5.2 pL/h. The average time for fluid flow to stabilise using this pump
was around 2 hours. PBS was used as the medium and all measurements were taken on

bench-top and at room temperature. (n=3)
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4.4 Assessment of the Cell Cultures in the MFCD
Now that we have evaluated the operational parameters and tested the
robustness of the MFCD in the past two sections, it is time to explore the cell
culture capabilities of our MFCD considering retinal differentiation culture. The
aim of this section is to adapt the retinal differentiation protocol to requirements
of the culture at microscale and make the necessary changes before

performing long-term differentiation culture.

4.4.1 Mouse Embryonic Fibroblast Culture in MFCD
The initial cell culture experiments were aimed at capability of the MFCD to
sustain living cells while we improved our skills in microfluidic cell culture and
handling cells from flasks to the MFCD. Therefore, the first experiment was
designed to look at viability of the Mouse Embryonic Fibroblasts (MEFs)
culture over a 24 hours’ period (n=3). In this experiment, the MFCD and 48-
well plates were seeded with 6.5x10* MEFs. The cells were counted for
viability using trypan blue exclusion assay and delivered the desired cellular
concentration to the MFCD. Cells were incubated in a closed MFCD without

perfusion and then harvest after 24 h and counted for viability.

Figure 4.14 shows images of the MEFs cultured on chip and the 48-well plate.
MEFs cultured in MFCD showed similar morphology to the control culture.
Figure 4.15 shows viable cell count in both vessels. Viable MEFs
concentration harvested from the MFCD were 11.3x10* showing 95% viability
compared with 11.8x10%, i.e. 97% viability in the 48-well plate. Results

exhibited successful expansion of the MEFs over a 24 h period in the MFCD.
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Figure 4.14 Mouse Embryonic Fibroblasts Culture in MFCD and 48-well Plate.

Culture of Mouse Embryonic Fibroblasts (MEFs) in 48-well plate (A) and MFCD (B).
Both cultures show similar morphology of the cells. MFCD showed successful culture

of MEFs over a period of 24 hours. (n=3) The scale bar represents 200 um.
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Figure 4.15 Cell Viability Assessment of MEFs in MFCD Compared to the 48-well Plate.
Assessment of the viability of MEFs in MFCD showed 95% viability in 24 hours’ period
compared to 97% viability in 48-well plate. MFCD showed successful expansion of the MEFs
over a 24 h period. (n=3).
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4.4.2 hiPSCs Co-culture in MFCD
Following the successful culture of the MEFs we proceeded to test co-culture
of the mitotically inactivated MEFs with hiPSCs over a period of 72 hours. After
seeding MEFs in the MFCD, 24 hours static culture was allowed for the cells
to adhere to the culture surface. On the second day, the media was changed
to the hiPSCs culture media and then 3.0x10* hiPSCs were transferred to the
culture area and incubated over night before starting perfusion on the third day

for a 24-hour period (n=3).

Figure 4.16 (A-D) shows the comparison of the cells in the MFCD and 48-well
plate. hiPSCs showed similar morphology with round and large cytoplasms in
MFCD compared to the well-plate culture. Following the culture on the third
day, immunocytochemical staining was performed for the pluripotency
markers Oct4 and SSEA4 on hiPSCs in MFCD and the well plate. Figure 4.17
exhibits the immunostaining images for the mentioned pluripotency markers in
both cultures. Both cultures showed positive and homogenous expression of
these markers, hence confirming the suitability of the MFCD for longer term

cultures.
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Figure 4.17 hiPSCs Culture in MFCD and 48-well Plate for 72 h.

Culture of hiPSCs in 48-well plate (A and C) and MFCD (B and D) over a period of 72
hours. Both cultures show homogenous expansion of the cells. Showing capability of
the MFCD for culture of hiPSCs. The scale bar represents 200 um.
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Figure 4.16 Expression of Pluripotency Markers of hiPSCs Culture in MFCD After 72 h.

Phase contrast and merged images of expression of DAPI and OCT4 and DAPI and
SSEa4 for hiPSCs culture in 48-well plate (top row) and MFCD (bottom row). MFCD
showed successful expansion of the hiPSCs and expression of the pluripotency markers.
Secondary antibodies used Alexa 488 (Oct4) and Alexa 594 (SSEA4). The scale bar
represents 200 pum.
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4.4.3 Effects of Matrigel™ on Expansion of EBs in MFCD
Following the successful 72 hours culture of the hiPSCs on chip, we
proceeded to retinal differentiation cultures. As explained in chapter 3 the
differentiation protocol starts with formation of the EBs in a 3-day culture
before transferring EBs onto the well-plates for the rest of the differentiation
culture. Similar to hiPSCs culture, a 24-hour period was allowed before starting
perfusion so that EBs adhere to the culture surface. To quantify the expansion
rate of the EBs, ImageJ software was used to measure the area of the
expanded EB (Flat area) and divided that to the area of the initial EB (Dense
area). (Fig 4.18) Culture of EBs in the MFCD showed that the expansion rate
of the EBs were 3.5 and 9 times less than those in the static 48-well plate after

24 and 48 hours respectively.

It was hypothesised that slower expansion rate of the EBs in the MFCD could
be due to thickness of the Matrigel™ coating used. Since equal volume of
Matrigel™ was transferred onto both MFCD and the well-plate, it was decided
to look into the timing that it was incubated in both devices. According to the
protocol the Matrigel™ solution was incubated in the MFCD for 1 hour prior to
seeding of the EBs. Extra cellular matrix (ECM) components in the Matrigel™
solution will sediment during the incubation time, hence creating the bedding
for the cells to adhere to the surface and grow into. However, if the culture

area geometries of the MFCD were as such that too much ECM components
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Figure 4.18 Expansion of hiPSC EBs in 48-well Plate Compared to the MFCD.

Using ImageJ software, the area of an expanded EB (Flat area) was measured and divided
by the area of the initial EB (Dense area) to quantify the expansion of the in MFCD. EBs in
MFCD showed 3.5 and 9 times slower expansion rate compared to the 48-well plate at 24
and 48 h culture.

were adhered to the surface in a way that prohibit the movement of the cells,
therefore shortening the incubation time should result in faster expansion of

the cells in the MFCD.

In order to test this hypothesis, a study was designed in which Matrigel™ was
incubated in both MFCD and the well-plate for the usual 60 mins, and then for
two MFCD’s shorter times of 30 and 15 mins. Then EBs were cultured and the
area measurements were taken as explained previously. Figure 4.19 shows
the expansion rate measurements at different incubation times. The increase
in expansion time of EBs in MFCD with shorter incubation time confirmed the

hypothesis regarding the ECM density in MFCD culture area. Therefore, 15
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minutes incubation time for Matrigel™ was adapted for both well-plate and

MFCD.
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Figure 4.19 Effect of Matrigel Incubation Time on Expansion of EBs in MFCD.

The figure shows indirect relationship between Matrigel incubation time and expansion of EBs

in MFCD. The expansion ratio is the area of the expanded EB (Flat area) divided by the initial

area of the EB (Dense area). Shorter incubation time of 15 min resulted in faster EB expansion

rate similar to the 48-well plate control culture. (n=4)
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4.4.4 Absorption of Growth Factor by PDMS
In order to find out if the key growth factors used in the retinal differentiation
protocol are absorbed by the PDMS in microfluidic chip we perfused the MFCD
without presence of cells at the flow rate of 130 uL/h. To avoid the negative
effects of the degradation at 37°C, experiments were performed on benchtop
at room temperature. The Media was collected after 2 hours at the outlet of
the MFCD and compared the growth factor concentration to that of the stock

solution.

The concentrations of bFGF, DKK-1, Noggin and IGF-1 collected at the outlet
of MFCD were 8.07+0.56, 9.13+0.45, 7.87£0.65 and 7.31+0.13 ng/ml
respectively. The measured stock concentrations of these factors were
8.11+0.55, 9.22+0.42, 7.89+0.57 and 7.20+£0.67 ng/ml. (Fig. 4.20) There was
no significant difference between the stock and the outlet concentrations of
these growth factors. Showing that PDMS had no effect on concentration of

these growth factors once perfused through the MFCD.
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Figure 4.20 Growth Factors’ Absorption by PDMS at 130 pL/h.

Shows concentration measurements of growth factors used in retinal differentiation protocol
after 2 hours of perfusion in MFCD. The result was plotted next to the stock solution
concentrations for each growth factor. No significant loss of the growth factors was observed
in this study. Error bars represent plus and minus standard deviation. (n=3)
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4.4.5 Culture of EBs in MFCD, Morphological Evaluations and

Expression of Pluripotency Markers

In this study, short-term expansion of EBs in MFCD were tested over a period
of 48 hours and cultures were evaluated morphologically. Furthermore,
immunocytochemical staining was used for pluripotency genes OCT4, SSEA4
and Tra-1-81 to observe down regulation of the markers as cells progress

through differentiation.

Oh 24h 48h

Figure 4.21 Culture and Expansion of hiPSC EBs in MFCD for 48 h.

Shows successful culture of EBs in MFCD (lower row) over a 48h period. EBs cultured in
MFCD show similar expansion as the 48-well plate (top row) confirming robustness of the

MFCD for longer cultures such as differentiation cultures.

Figure 4.21 shows similar expansion of the EBs in MFCD compared to the 48-
well plate culture. Both cultures showed identical expansion rate and cellular
morphology during the study. Figure 4.22 (A-L) shows down regulation of the
pluripotency markers in differentiated areas of the expanding EBs. Both MFCD

and 48-well plate shows similar expression of these markers.
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Figure 4.22
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4.4.6 DKK-1 Concentration at 130 pL/h
Based on calculations in section 4.2.2 the perfusion rate of 130 pL/h will deliver
molecules with molecular weight of 20 kDa and above to the cells convectively.
The key growth factor at this perfusion rate is DKK-1 with a MW of 25.8 kDa.
Therefore, to test steady-state concentration of this growth factor in the MFCD,
its concentration was measured at the inlet and outlet of MFCD during a
course of 10 days’ retinal differentiation culture at 130 pL/h. The
measurements in MFCD was compared to the DKK-1 concentration in 48-well

plate, which was used as the control. (Fig. 4.23)

The 48-well plate showed a pulsed exposure to DKK-1 experienced by
differentiating cells. This was due to the medium exchange once every 48
hours. As culture proceeded, drops in DKK-1 levels became less and less
pronounced, which from day 6 the concentration of DKK-1 showed minimal
changes to input concentration levels. In the continuously perfused MFCD,
concentration of the DKK-1 at both inlet and outlet, was significantly higher
(p<0.01) than the 48-well plate at 24 and 48 hours. The difference in
concentration between inlet and the outlet implies that cells were indeed
consuming DKK-1 as it passed through the chamber. DKK-1 consumption in
MFCD at the outlet showed a 45% reduction in consumption of this factor
within the first 48 hours compared to the static culture, at a steady manner,
avoiding peaks and troughs observed in the control culture. The concentration
was lowest during the early stages of the process at which point suggests that

consumption of this factor was the highest. Results from this study correlates
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Figure 4.23 DKK-1 Concentration in MFCD over 10 Days’ Retinal Differentiation of hiPSCs.

Shows DKK-1 concentration measurements in 48-well plate, MFCD inlet and MFCD outlet.
Both inlet and outlet of MFCD show significant difference in concentration (p<0.01) at 24 and
48 h compared to the 48-well plate control. The drop in DKK-1 concentration at the outlet of
MFCD indicates consumption of this growth factor by the cells. Compared to the DKK-1
concentration in 48-well plate, MFCD provides more stable concentration of this growth factors
to the cells at the flow rate of 130 pL/h. Error bars represent one SEM about the mean of 3
independent data points (n=3) A repeated measures ANOVA indicated a significant difference
in the expression of each gene between the 3 conditions. To establish significant different

between conditions, a Tukey’s post-test was applied.

with the previous DKK-1 consumption study in section 3.5 where 90% of the

DKK-1 was consumed within the first 48 hours.

The recovered levels of the DKK-1 on day 6 in the control culture could
perhaps, be associated with a reduction in the activity and/or number of the
low-density lipoprotein receptor-related protein 6 (LRP6). (Li et al., 2010) DKK-
1 inhibits Wnt signalling by binding to the LRP6 receptors, it is hypothesised
that as cells progress through different stages of retinal differentiation, these
receptors change and does not interact the same way as they did at earlier
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stages of differentiation. The alternative reason for reduced consumption of
the DKK-1 could be due to production of this growth factor by the cells. Based
on degradation studies, DKK-1 degrades rapidly within the first 8 hours,
therefore its presence in the culture could be due to its production by the cells.
Regardless of the underlying reason for this phenomenon, it could suggest
that presence of this growth factor is not essential to the culture at this point

and perhaps could be omitted from the protocol at this stage.
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4.5 Summary
In selecting an operational window for retinal differentiation of hiPSCs under
perfusion, we looked at effects of shear stress for choosing the upper perfusion
limit and medium replenishment rate requirements for selecting the lower limit.
Toh reported that shear stress of 1.6x103 Pa will result in no effects on
morphology and minimal changes in gene expression of mESCs. Using this
shear rate as the upper boundary means in our MFCD we will have a flow rate
of 3600 uL/h. (Toh et al., 2011) For selecting the minimum perfusion rate we
compared the height ratio of 48-well plate and our MFCD and it was
established that our device has to be replenished 5.1 times more than the well-
plate. Based on the culture area dimensions, flow rate of 2.5 pL/h was the
minimum flow rate we could use to have the same exchange rate as in the well
plate culture. At this flow rate medium in the MFCD is replenished once every

9.4 hours.

To create steady-state concentration of soluble factors, we utilised
dimensionless ratios such as Péclet and Damkdhler number to find the best
perfusion rate. Based on non-dimensionalisation of 2D reaction diffusion
equation, Péclet number over alpha was used to find the critical perfusion rate
for having various molecules (based on MW) to be in convective delivery to
the cells. Using the consumption and degradation studies in the previous
chapter, perfusion rate of 130 yL/h was selected to have molecules of 20 kDa
and larger delivered to the cells via the fluid flow. At this flow rate, molecules
such as DKK-1, Noggin, BSA and transferrin are delivered to the cells, hence
creating a steady-state conditions based on cellular demands.
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Using Damkdhler number against cell density for TGFa, Albumin (as
representative of smaller and larger molecules respectively) and oxygen we
established the critical cell density for having these molecules in diffusive
limited regime. Performing these measurements at different heights of the
medium showed low sensitivity of the parameter on the Damkdhler number
and confirming that delivery of the growth factors is limited by their

consumption rate.

A number of quality control tests were performed to evaluate robustness of the
MFCD for long-term differentiation cultures. Burst pressure measurements
revealed that there was no significant difference between the improved
prototype and the previous versions. Furthermore, use of the nylon screws
does not result in loss of robustness in terms of burst pressure and the
sustainability of the device. Dissolved oxygen concentration measurements
showed there is identical oxygen concentration in MFCD inlet and the culture
area at 21%. In evaluating the pumping solution, KDScientific 200 showed
more accurate delivery of the 130 uL/h flow rate and KDScientific Legato 212

for flow rate of 5.2 pL/h.

Assessment of cell culture capabilities of the MFCD, revealed successful
culture of MEFs and co-culture of hiPSCs in terms of viability, morphology and
expression of pluripotency markers OCT4, SSEA4 and Tra-1-81. Initial culture
of EBs resulted in significantly slower growth of EBs in MFCD compared to the
48-well plate. An investigation into the cause of this slow growth revealed an
indirect relationship between Matrigel™ incubation time and rate of expansion

in EBs. It was discovered that 15 minutes’ incubation of Matrigel™ in MFCD
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result in similar growth rate of EBs in 48-well plates. Possible absorption of
growth factors with PDMS was tested and showed no observable loss of the
growth factors in MFCD outlet measurements at flow rate of 130 pL/h.
Proceeding to adjustments made to Matrigel™ incubation time, EBs cultured
in MFCD showed similar expansion in MFCD compared to the 48-well plate.
Furthermore, cultures were compared morphologically and showed similar

down regulation of the pluripotency markers over a course of 48 hours.

Finally, assessment of the DKK-1 concentration in MFCD over a course of 10
days culture, revealed that at flow rate of 130 uL/h, MFCD can provide more
stable concentration of this growth factor compared to the 48-well plate culture.
Moreover, DKK-1 seemed to be either produced by the cells in the well plate
culture after 96 hours or there is a reduction in reaction with LRP6 surface
receptors. DKK-1 concentration on day 6 was similar to input levels in 48-well
plate culture, showing no requirement of this growth factor by the cells at this

stage of development.
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Chapter 5 Retinal Differentiation of hiPSCs in MFCD

5.1 Introduction

In chapter 3, hiPSCs were characterised to ensure their pluripotency and
establish a passaging routine for their maintenance. Normalisation steps
required for accurate gene expression analysis was explained and validated
the expression of the key markers during retinal differentiation of hiPSCs.
Finally, studied key growth factors used in retinal differentiation culture and an
order of importance was established based on cellular demands and

degradation rate of these molecules.

In the previous chapter, shear stress was used to establish a window of
operation for perfusing retinal differentiation culture. Next, dimensionless
ratios such as Pe and Da numbers were utilised to find the critical perfusion
rate for creating steady-state soluble concentration. MFCD was assessed for
long-term perfusion cultures by addressing issues raised regarding the
leakage, asepsis and expansion of the EBs. Initial perfusion cultures showed
similar expansion and differentiation of the hiPSCs in MFCD compared to the

control culture.

In this chapter, results of the two previous chapters were brought together to
initiate the perfusion cultures at two flow rates of 130 pL/h for creating steady-
state concentration of soluble factors and a lower flow rate of 5.2 pL/h as a
second control with similar medium height and same medium replenishment
rate as the static control culture. In each run, one well of the 48-well plate

culture was used as the control for one MFCD at low flow rate and one at high
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flow rate. All perfusion cultures at different flow rates were performed
simultaneously and in 4 independent replicates at each time-point (5, 10 and
21 days). One set of the runs were used for immunostaining and the other 3
were collected and stored at -80°C for RT-gPCR analysis. Morphological
analysis of perfused cultures was performed to identify similarities and
differences between the perfused and the control cultures. Finally, gene
expression profile of the perfused cultures for pluripotency to germ layer, eye-
field and retinal progenitor markers were performed and compared to the well-

plate control culture.

5.2 Considerations for Gene Expression Analysis
As explained in chapter 3, Lamba’s protocol for retinal differentiation of the
hESCs used in this work. The initial step in the protocol starts with formation
of EBs, where neural differentiation stimulation of the cells takes place by
incubating them with Noggin, DKK-1, IGF-1, Knockout serum, and B27
supplement. Once EBs were formed, 7 EBs were transferred onto the
Matrigel™ coated well of the 48-well plate and 7 EBs into culture area of each
MFCD. At this stage, higher concentration of the growth factors used in
addition of bFGF and B-27 to initiate retinal differentiation. 24-hour static
incubation was allowed in MFCDs before starting perfusion for 5, 10 and 21
days. Figure 5.1 show a schematic representation of the retinal differentiation

cultures performed in MFCD and 48-well plate.
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Figure 5.1 Process Flowchart of the Retinal Differentiation of hiPSCs Under Perfusion in MFCD.

The stepwise process of retinal differentiation was initiated by formation of the EBs using AggreWell™, followed by a 2 days’ culture of the EBs with
gentle shaking in low adherent bacterial dish. EBs were transferred onto one well of 48-well plate and MFCD coated with Matrigel for retinal determination
step. Following a 24-hour static incubation for attachment of the cells to the culture surface, started perfusion at two flow rates of 130 and 5.2 puL/h. The
lower flow rate of 5.2 pL/h provides similar medium height and identical medium exchange rate to the 48-well plate control, providing a second control
for the MFCD with higher flow rate. Expression of the retinal markers was analysed using immunocytochemistry and gPCR. The reported time on the
top of the progress lines indicates the time taken in each processing step and the one below shows the overall differentiation time.
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5.2 Considerations for Gene Expression Analysis

5.2.1 Normalisations for Gene Expression Analysis
In section 3.3.3 it was explained that multiple normalisation is required at
different stages of the gPCR analysis to have accurate measurement of the
gene expression. At the initial step prior to RNA extraction, it was essential to
use the same sample size in both control and the study group. This step has
a direct effect on the total amount of RNA extracted and consequently on the
amount of usable cDNA that can be used for gqPCR analysis. The extracted
RNA must be checked for its quality and purity before proceeding to the next
step. The next essential normalisation step is the use of equal concentration
of the RNA for cDNA synthesis step, which often involves using a control such

as untreated hiPSCs as a calibrator.

5.2.1.1 Sample Size
The culture area of the 48-well plate (0.95 cm?) is nearly twice as large as the
MFCD area (0.52 cm?). In order to find out if cells expand in similar numbers
in MFCD and the control 48-well plates, both devices were seeded with 7 EBs
and the same number of cells per EB i.e. 1000 cells per EB, making a total of
7000 cells per culture area. Cells were collected at the end of each time-point
and counted using Vi-Cell cell counter (Beckman Coulter, USA). Figure 5.2
shows cell counts between 48-well plate and the MFCD for a period of 5 days.
Result showed concentration of the cells in the control culture reached 4.1+8.3
x10% and in MFCD were 3.3+5.6 x10* cells/ml by the end of day 5. Cell counts
showed comparable number of cells in both cultures, however, the lower
concentration of the cells in MFCD requires further normalisation at later steps

of gPCR.
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Figure 5.2 Comparison of the hiPSCs Concentration in 48-well Plates and MFCD.

Cell counts in 48-well plate and MFCD shown similar concentration of cells up to 48 h. The
cells in the 48-well plates showed higher average cell numbers after the 48 h, however they
weren't significantly different from the cell numbers in MFCD. Error bars represent one SEM

about the mean of 3 independent data points (n=3).

5.2.1.2 Total RNA Concentration
Proceeding to perfusion cultures at different flow rates and time lines, we
extracted the RNA and plotted a box-chart to demonstrate distribution of the
RNA concentration from each culture. Figure 5.3 shows this distribution of the
total RNA extracted from samples in 48-well plate, MFCD at flow rate of 5.2
pL/h and 130 pL/h. The amount of RNA obtained from 48-well plate and MFCD
at 5.2 uL/h shown to be statistically different from those of the MFCD at 130
uL/h. Therefore, it was essential to normalise each sample to an equal

concentration before proceeding to cDNA synthesis.

Since a large number of the RNA concentrations obtained from samples in

both control and lower flow rate MFCD were below 100 ng/uL, it was decided
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Figure 5.3 Total RNA Exctarted from Differentiated hiPSCs in Each Culture Vessel.

RNA concentrations after the extraction for each culture condition. Box chart was used to
show the spread of these values across different culture vessels. MFCD with faster flow rate
of 130 uL/h showed significantly much higher concentration of the total RNA extracted
compared to the 48-well plate and MFCD with slower flow rate. Therefore, it was essential
to normalise the RNA concentrations at this step before proceeding to the cDNA synthesis
step. Error bars represent one SEM about the mean of 9 independent data points (n=9). A
repeated measures ANOVA indicated a significant difference in the expression of each gene
between the 3 conditions. To establish significant different between conditions, a Tukey’s

post-test was applied.

to amplify the whole transcriptome to make sure all the target transcripts are
represented at a sufficient and equal quantity. The QuantiTect® Whole
Transcriptome kit (Qiagen, Germany) was used to amplify the concentration
of each sample to 200 ng/uL before it was used for RT-gPCR. One sample of
untreated hiPSCs was used to act as a calibrator to show relative up/down
regulation of different markers at various stages of the differentiation process.
Therefore, all RNA sample concentrations were first normalised to that of the

hiPSC’s concentration before performing cDNA synthesis.
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5.2 Considerations for Gene Expression Analysis

5.2.1.3 RNA Quality and Purity
The RNA quality was assessed using NanoDrop. (ND-1100, NanoDrop
Technologies, USA) As mentioned in section 3.3.3.2, the 260nm wavelength
used for nucleic acids, 280nm for proteins and 230nm wavelength used for
detection of contaminations. For evaluating quality of the extracted RNA, the
260/280 ratio is used and for its purity 260/230 ratio. Values of 1.8 to 2.1 is

often in range of acceptable quality for OD of A260/280. (Fleige & Pfaffl, 2006)

Figure 5.4 shows the A260/280 measurements obtained from samples at 5
(sample number 1,2,3), 10 (sample number 4,5,6) and 21 days (samples
7,8,9). Ratio of 1.86 was the lowest and 2.1 the highest absorbance obtained.
For contamination evaluation, A260/230 ratio of 2 is considered an acceptable
number. Figure 5.5 shows the measurements obtained for the A260/230 for
the samples collected at 5 (sample number 1,2,3), 10 (sample number 4,5,6)
and 21 days (samples 7,8,9). Ratio of 1.36 was the lowest and 2.0 the highest
absorbance obtained. Both quality and purity of the RNA samples obtained
were within the acceptable range, indicating integrity of the RNA samples used

for the gPCR analysis.
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Figure 5.4 RNA Quality Measurements at A260/280 Obtained from Samples in MFCD and

48-well Plate.

The measurements obtained for the quality of RNA samples collected at 5 (sample number
1,2,3), 10 (sample number 4,5,6) and 21 days (samples 7,8,9). A ratio of 1.8 to 2 is

considered to be acceptable quality for extracted RNA samples. (n=3)
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Figure 5.5 RNA Purity Measurements at A260/230 Obtained from Samples in MFCD and
48-well Plate.

The measurements obtained for the purity of RNA samples collected at 5 (sample number
1,2,3), 10 (sample number 4,5,6) and 21 days (samples 7,8,9). A ratio of up to 2 is
considered to be acceptable purity for extracted RNA samples. (n=3)
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5.3 Morphological Evaluation of the Cultures under Perfusion
Morphological analysis of long-term cultures such as retinal differentiation can
be challenging as each culture can and will expand differently. Differences
such as the location of the EBs on the culture plate and distance from each
other creates different physical dynamics that could result in changes in
cellular behaviour. Therefore, to better understand these changes and make
them more comparable, analysis of the cultures was based on three
observational parts. Starting with expansion of the EBs in each culture, then
evaluated the commonly occurring features among different culture vessels

and finally identified the exclusive features in each culture.

5.3.1 Expansion of the EBs
The expansion of the EBs was monitored by gradual growth of cells away from
the core of EBs in the first couple of days after seeding. Overall, all three
cultures showed similar expansion of the EBs. In 48-well plate cultures, EBs
had a tendency to aggregate more prior to spreading in the culture area.
However, in the MFCD this behaviour was less observed, especially in MFCD
with slower flow rate, where EBs showed more independence in their
expansion. On the other hand, the MFCD with slower flow rate of 5.2 pL/h
showed less cellular growth compared to the other two cultures during the
initial expansion period. However, in later stages of the culture, the cell density
in the MFCD with slower flow rate became identical to that of the control 48-

well plate culture. (Fig. 5.6)

Figure 5.7 shows panoramic view of the culture area in MFCD at both flow

rates. Similar expansion of the EBs was observed in both flow rates up to day
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5.3 Morphological Evaluation of the Cultures

10. The cellular growth in MFCD with flow rate of 130 puL/h seem to result in
higher number of cells compared to the lower flow rate. The MFCD chip was
designed as such that provides higher flow rate on either side closer to the
frame. Growth of the cells in MFCD with higher flow rate seemed to be inhibited
at these sites up to day 10, a feature that was not observed in MFCD with

lower flow rate.

Figure 5.6 Expansion of the hiPSCs EBs Across the Culture Devices Under Perfusion.

EBs in the 48-well plates shown a tendency to aggregate more creating a much denser 3D
area compared to the MFCDs. Generally, EBs expanded in the same fashion and rate
comparatively across all devices. First column shows EBs at seeding, second column are
EBs at 48 h, after one day of perfused culture and the last column are EBs at 72 h. Scale

bar represents 200 um.
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5.3 Morphological Evaluation of the Cultures

10 Days 21 Days
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Figure 5.7 Panoramic View of 21Day Retinal Differentiation of hiPSCs in MFCD.
Day 5 image of the culture area shows a similar expansion of the EBs in both cultures with
cells growing away from the core of the EBs. On day 10, cellular expansion continued in both
culture with a more monolayer in the MFCD with slower flow rate and thicker multi-layer in
MFCD with faster flow rate. Cells in MFCD with faster flow rate did not grow into either
longitudinal extremity of the culture area where flow rate was faster. However, this pattern
did not persist in later stages of the culture where cells expanded across the culture area on

day 21. Scale bar represents 1000 pm.
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5.3 Morphological Evaluation of the Cultures

5.3.2 Common and Exclusive Features in Each Culture
As cultures proceeded to day 5, appearance of 3D structures was observed
on all three formats. One of the most prominent features appeared during the
course of differentiation cultures was the neural rosettes. The neural rosettes
are formation of the columnar cells in a radial fashion, which express markers
that are mostly expressed in neuroepithelial cells in the neural tube. The neural
rosette often act as a signature for the development of neuroprogenitors in
ESCs differentiating cultures. (Wilson et al., 2006) hESCs and hiPSCs treated
with IGF-1, shown to have the appearance of neural rosettes at early stages
of differentiation. (Lamba et al., 2006) IGF-1 is also essential in formation of

the eye and retinal progenitors. (Pera et al., 2001)

In the control 48-well plate cultures, they formed at days 5-7 and remained for
few days before disappearing at days 8-9. In the MFCD with lower flow rate of
5.2 uL/h, they were formed at day 8-9 and stayed longer, before disappearing
at days 12-14, showing a delayed appearance. (Fig 5.8) The neural rosettes
did not appear at the MFCD with higher flow rate of 130 pL/h. The delayed
appearance of the neural rosettes at low flow rates and their lack of in higher
flow rates, suggests that perhaps formation of this feature is dependent on
autocrine signalling factors that have been wash out or affected by the fluid

flow at higher flow rates.

Some of the most common features observed in the 48-well plate cultures
were aggregation of the EBs into a large core, which often resulted in formation
of more complex 3D structures. In MFCD with lower flow rate, a monolayer of

the cells spreading throughout the culture area was observed. Multi-layer 3D
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5.3 Morphological Evaluation of the Cultures

formations in this device lacked morphology and less observed compared to
the other formats. In MFCD with higher flow rate, a more uniform multi-layer
of cells was observed in areas where cells were spreading. Like the MFCD
with lower flow rate, the 3D structures lacked any morphology. However, there

were much larger number of these formations comparatively.

Finally, in both MFCDs, the cellular debris remained on top of the culture and
was not washed away by the fluid flow. This phenomenon did not seem to
interfere with the growth of the cells in both perfused devices. However, it's

effect on cellular function or the differentiation culture is unclear. (Fig 5.9)
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5.3 Morphological Evaluation of the Cultures

Figure 5.8 Delayed Appearance of Neural Rosettes in MFCD with Flow Rate of 5.2 uL/h

During Retinal Differentiation of hiPSCs.

Neural Rosettes are radial formation of the columnar cells and a signature of the
neuroprogenitors cells. They often formed around days 5-7 in the control 48-well plate
before disappearing on days 8-9. In MFCD with lower flow rate of 5.2 pL/h, neural rosettes
appeared on day 8-9 and stayed longer before disappeared on days 12-14. Neural rosettes
did not appear in the MFCD with higher flow rate of 130 pL/h. Delayed appearance of the
neural rosettes indicates that signalling factors involved are affected by the perfusion. Scale
bar represents 200 pm.
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48-Well Plate

Figure 5.9 Common Features Observed in Expansion of hiPSC EBs in Each
Culture Vessel.

Among the common features observed in each culture device were, aggregation
of the EBs in 48-well plates and formation of complex 3D structures. In MFCD
with lower flow rate often exhibited a monolayer expansion of cells and larger
amount of cellular debris. MFCD with higher flow rate often showed a uniform

expansion of the cells specially between day 10 and 21. Scale bar represents 400
pm.
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5.3 Morphological Evaluation of the Cultures

Ak Sea s f.: & S b
Figure 5.10 Formation of the RPE-like Cells in MFCD with Flow Rate of 5.2 pL/h.

One of the exclusive features appeared among the culture formats, were formation
of the polygonal RPE like cells around days 10-12 of the culture. Lack of
pigmentation in these cells could be due to higher expression of Vsx2/Chx10.

Scale bar represents 200 pm.

Among other features observed during differentiation, was unique appearance
of layers of polygonal cells, resembling to early RPE cells’ morphology
between days 10 and 12 in the MFCD with lower flow rate of 5.2 uL/h. During
retinal differentiation of ESCs, after formation of the neural tube, if marker Mitf
is expressed in retinal progenitor cell in the optic vesicle and the optic cup, it
will guide the cells toward RPE formation. However, if markers such as
Vsx2/Chx10 expressed it will give rise to expression of Crx and Nrl, and
formation of the photoreceptor precursors. (Ikeda et al., 2005; Osakada et al.,
2009) It is worth noting that these cells did not show the presence of the
pigmentation, normally present in RPE cells. It was found that expression of
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5.3 Morphological Evaluation of the Cultures

Vsx2/Chx10 in RPE population, leads to lack of pigmentation in these cells.
(Rowan et al., 2004) This feature did not appear in control or the other MFCD
culture. Figure 5.10 shows instances of this cellular layer appeared in MFCD
with lower flow rate. Lack of the RPE like formations in the static and MFCD
with higher flow rate, indicates the flow response dependency of these
formations. However, the mechanisms in which lower flow rate affects the

culture to form these cells is unclear and requires further investigation.
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5.4 Expression of the Pluripotency, Germ Layer and Retinal
Markers
Following the morphological analysis of the cultures we carried out time-point
analysis of an array of pluripotency, germ layer and retinal markers on 5, 10
and 21 days’ perfusion culture samples. For this purpose, we used
immunocytochemical staining and gPCR to study effects of perfusion in more

details.

5.4.1 Downregulation of the Pluripotency Markers
To monitor progress of the differentiation in perfused devices, expression of
pluripotency markers Oct4, Nanog and Sox2 on 5, 10 and 21 days were used.
(Fig. 5.11) Moreover, immunocytochemical staining was used on day 5 for
expression of Oct4, SSEA4 and Tra-1-81 to visually confirm pluripotency
downregulation. (Fig. 5.12) As hiPSCs began to differentiate in the first 5 days
of the culture, downregulation of the pluripotency markers was observed
among all culture devices as well as the control culture. Continued
downregulation of pluripotency markers Oct4 and Nanog with no significant
differences between the MCFD and 48-well control was observed on days 10
and 21. However, for Sox2, following an initial downregulation on day 5, it
showed upregulation in all cultures apart from MFCD with slower flow rate of

5.2 pL/h.

Sox2 has a dual function as a pluripotency marker for stem cells and also as
a neural ectoderm transcription factor. (Heavner et al., 2012; Adachi et al.,
2013) Upregulation of Sox2 was expected as the cells progress to differentiate

into neural retinal lineages, where this gene cooperates with another early
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retinal marker Otx2 to activate expression of the gene Rax. Rax plays a key
role in development of the eye field by affecting expression of several eye field
transcription factors (EFTFs). (Andreazzoli et al., 1999; Zuber et al., 2003;
Danno et al., 2008) Heavner, studied the role of Sox2 in the mouse retina and
suggested that it antagonises the Wnt signalling pathway in the developing
retina. Consequently, it will positively affect the maintenance of the neurogenic
lineage while regulating the formation of the optic cup progenitors. (Heavner

et al., 2014)
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Figure 5.12 Downregulation of Pluripotency Markers Oct4, SSEA4 and Tra-1-81 in hiPSCs
During Retinal Differentiation.

Immunocytochemical staining of pluripotency markers as a visual confirmation of the
differentiation progress after 5 days of the perfusion culture across all culture devices. Most
of the pluripotency markers were expressed at the periphery of the EBs. Secondary
antibodies used Alexa 488 (Oct4), Alexa 594 (SSEA4) and Alexa 532 (Tra-1-81). Scale bar

represents 200 pm.
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5.4.2 Expression of Germ Layer Markers
In the next step, expression of early germ layer markers was analysed to
observe effect of perfusion on differentiation lineage of the hiPSCs. To do this
we analysed expression of Brachyury (a mesoderm marker), Sox17 (an early
endoderm marker) and Nestin (a neuroectoderm marker). The ectoderm
develops into the surface ectoderm, neural crest, and the neural tube. The
neural tube of the ectoderm develops into, brain, spinal cord, posterior
pituitary, motor neurons and retina. Retinal differentiation is part of ectoderm
layer and develops along the rest of the central nervous system initially.

(Heavner et al., 2012)

Gene expression analysis of these markers on days 5, 10 and 21 showed an
initial increase in the expression of Brachyury and Sox17 up to day 5 in all
three culture devices and then followed by downregulation for the rest of the
culture. It was interesting to note that Brachyury’s expression in MFCD with
higher flow rate of 130 uL/h, was significantly higher (p<0.05) on day 21
compared to the other cultures. On the other hand, Sox17 showed significantly
higher expression (p<0.05) in MFCD with lower flow rate of 5.2 uL/h at the
same time-point. Significant expression of the mesodermal and endodermal
markers at the late stages of retinal differentiation may have a less significant
effect on the homogeneity of the culture. However, since expression of both
markers are undesirable for retinal differentiation, further investigation is
required to establish a flow rate/regime that could mitigate expression of such

unwanted markers.
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5.4 Expression of the Pluripotency, Germ Layer and Retinal Markers

Nestin is the marker for CNS progenitor cells and plays an important role in
structural organization of the cells during early development acting as the
intermediate filaments. During differentiation, Nestin is downregulated and
instead is replaced by the lineage specific intermediate filaments. (Michalczyk
et al., 2005) The gPCR analysis of Nestin showed continuous increase in
expression during the culture. Overall, it increased 2.2 folds for the MFCD with
lower flow rate, 4.8 folds for MFCD with higher flow rate and 6.6 folds for the
control culture on day 21. (Fig 5.13 C) There was no significant difference
between the control culture and the perfused ones. Figure 5.14 shows
immunocytochemical staining for positive expression of this gene on day 5

across different culture vessels.
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Figure 5.13 Expression of the
Germ-layer Markers,
Brachyury, Sox17 and Nestin
During Retinal Differentiation
of hiPSCs.

(A) Expression of Brachyury
(mesoderm) on days 5, 10 and
21, showing upregulation of
this marker on day 5 across the
different  culture devices
compared to the hiPSCs. On
day 10, expression of this
mesodermal  marker  was
downregulated and remained
the same up to day 21.
Expression of this marker was
significantly higher (p<0.05)
than the control culture on day
21, indicating the negative
effects of the fluid flow in this
culture device. (B) Shows
expression of the Sox17
(endoderm) over the course of
differentiation culture.
Generally, Sox17 was
downregulated throughout the
culture across different
formats. However, on day 21,
expression of this marker was
significantly different than the
other culture devices (p<0.05).
(C) Shows upregulation of
Nestin (ectoderm) throughout
the differentiation cultures.
There was no significant
difference between the culture
formats. Error bars represent
one SEM about the mean of 3
independent data points (n=3).
A repeated measures ANOVA
test was used to indicate a
significant difference in the
expression of each gene
between the perfused cultures
and the static control culture, at
each time point: *p<0.05. To
establish exactly which
conditions were significantly
different from each other, a
Tukey’s post-test was applied.
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Figure 5.14 Expression Nestin on Day 5 of Retinal Differentiation of hiPSCs Across
Different Culture Devices.

Shows positive expression of Nestin, an ectodermal marker on day 5 of the culture. Nestin
is an intermediate filament that plays a key role in structural organisation during the early
developmental stages. Secondary antibodies used Alexa 594 (Nestin). Scale bar represents
200 pm.

5.4.3 Expression of the Eye-Field Transcription Factors
As explained in chapter 1, eye-field transcription factors (EFTFs) are
composed of a number of genes that form a network for regulation of the eye
development in vertebrates. The EFTFs regulate the intrinsic and extrinsic cell
signalling pathways that restructures the optic vesicle along its axes. (Tétreault
et al., 2008) Among the network of EFTFs, we analysed the cultures for Otx2,
Pax6, Lhx2 and Six6 on days 5, 10 and 21 to study effects of steady-state

concentration of soluble factors on expression of these markers.

Otx2 expression on day 5 was upregulated in the control culture, whereas its
expression was downregulated in both perfused devices. We observed the
highest expression of the Otx2 on day 10 across all cultures, prior to its
downregulation again on day 21. There was no significant difference in
expression of Otx2 in any of the time points. (Fig. 5.15 A) Otx2 is one of the

early retinal progenitor markers that is required in the anterior structure
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development, however it will be downregulated at later stages for eye-field
specification. Co-expression of Otx2 along with Sox2, induces expression of
Rax in the eye-field. Rax is a key marker in upregulation of the EFTFs such as
Pax6, and Lhx2 and hence coordination of the eye-field formation.

(Andreazzoli et al., 1999; Zuber et al., 2003; Danno et al., 2008)

Pax6 expression was highest on day 5 in the MFCD with lower flowrate of 5.2
puL/h (p<0.05), 4.5 fold higher compared to the control culture and 6 folds
higher compared to the other MFCD. Expression of this marker increased in
all formats on day 10 with no significant difference from each other and on day
21, MFCD with flow rate of 130 pL/h showed 2.7 times lower expression of this

marker than the control culture (p<0.05). (Fig. 5.15 B)

Almost all the multipotent retinal progenitor cells, post-mitotic amacrine and
horizontal cells express Pax6. (Brzezinski et al., 2011) Pax6 expression along
with Lhx2, also promotes expression of Six6, which is the marker expressed
in differentiating neural retina. (Tétreault et al., 2008) In humans with mutations
affecting Pax6, often show complications such as aniridia, a condition resulted
from malformation of the iris, and in some occasion result in microphthalmia,

corneal cataracts, and macular and foveal hypoplasia. (Heavner et al., 2012)

Lhx2 showed steady increase in expression throughout the cultures with no
significant difference in expression between all three formats. Overall, MFCD
with higher flow rate showed on average of higher expression of this marker
by 3.7 times on day 5, 2.9 times on day 10 and 1.6 times higher than the

control culture. (Fig. 5.15 C) Lhx2 expression is often linked with expression
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of Pax6 and their expression are equally important in development of the eye.
(Porter et al., 1997) In studies that Lhx2 was inactivated conditionally the optic
vesicle development was stopped prior to optic cup formation. However, the
expression of other EFTFs such as Pax6, Rax, and Six3 continued in the optic

vesicle. (Hagglund et al., 2011)

Expression of Six6 showed upregulation of this marker across devices on day
5. However, while both control culture and MFCD with lower flow rate
continued to increase on days 10 and 21, expression of this marker in MFCD
with higher flow rate, slowed on day 10 and plateaued afterward. The average
expression of this marker in MFCD with higher flow rate was significantly lower
(p<0.05) than the other MFCD on day 21. The only culture device that showed
continuous increase in expression up to day 21 was the MFCD with lower flow
rate, with final expression of 3.37 times higher than the control culture and
27.6 times higher than the MFCD with higher flow rate. (Fig. 5.15 D) Six6 is a
retinal and optic cup determinant factor during the eye-field development, and
mutations that affect this gene often result in anophthalmia. (Heavner et al.,
2012) Figure 5.16 confirms positive expression of markers Otx2 and Pax6 on

day 10 across all devices.
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Figure 5.15 Expression of Otx2, Pax6, Lhx2 and Six6 in All Culture Formats During Retinal
Differentiation of hiPSCs.

(A) Shows expression of Otx2 during the differentiation process across the culture devices.
Generally, there was upregulation of this marker on day 10 in different culture formats with
no significant difference comparatively. (B) Pax6 expression was significantly higher (p<0.05)
in MFCD with lower flow rate compared to the other MFCD and the control culture on day 5.
Expression of this marker peaked on day 10 across different culture vessels and remained
the same for the rest of the differentiation culture. MFCD with higher flow rate showed
significantly lower (p<0.05) expression of this marker compared to the control culture on day
21. (C) Shows expression of Lhx2 across the culture formats during differentiation. All
cultures showed steady increase in expression of this marker during the 21 days
differentiation culture. However, both perfused MFCD cultures showed higher expression of
this marker on average compared to the control culture. (D) gPCR analysis of the Six6
expression revealed increased expression of this marker up to day 10 across all culture
formats. The MFCD with higher flow rate and the control culture showed expression of Six6
plateaued between day 10 and 21. Whereas, the MFCD with lower flow rate continued to
increase in expression of this marker, where it was significantly higher (p<0.05) than the
other MFCD on day 21. Error bars represent one SEM about the mean of 3 independent data
points (n=3). A repeated measures ANOVA test was used to indicate a significant difference
in the expression of each gene between the perfused cultures and the static control culture,
at each time point: *p<0.05. To establish exactly which conditions were significantly different
from each other, a Tukey’s post-test was applied.
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Figure 5.16 Expression of Otx2 and Pax6 in Control and Perfused Cultures on Day 10 of
Retinal Differentiation of hiPSCs.

Immunocytochemical staining of Otx2 and Pax6 on day 10 of the culture, confirming
expression of these markers qualitatively across different culture vessels. Otx2 expression
along with Rax, induces the expression of EFTFs including Pax6, hence assisting in
development and specification of the eye-field. Secondary antibodies used Alexa 488 (Pax6),

and Alexa 555 (Otx2). Scale bar represents 200 um.
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5.4.4 Expression of Optic Vesicle Marker Vsx2/Chx10
Vsx2/Chx10 is a transcription factor associated with the formation of retinal
stem cells capable of differentiating into retinal neurons and it is required for
development of retinal precursor cells, retinal progenitor cells and bipolar cells
(an interneuron in the retinal inner nuclear layer). (Katoh et al., 2010)
Mutations affecting this gene, resulted in microphthalmia and abnormalities in
the peripheral structures such as the ciliary body. (Rowan et al., 2004)
Development of cells in the optic vesicle (OV) branches to two possible
lineages, neuroretinal progenitors that express Vsx2/Chx10, or retinal pigment
epithelium (RPE) progenitors, which express marker Mitf. It has been
discovered that Vsx2/Chx10 expression has an indirect relationship with
expression of Mitf i.e. expression of Vsx2/Chx10 downregulates the
expression of Mitf. Therefore, preventing formation of the RPE cells. (Horsford

et al., 2004).

Gene expression analysis of this marker in perfused cultures showed a sharp
increase in its expression on day 5 of the differentiation culture in both MFCDs
compared to the 48-well control. The MFCD with lower flowrate of 5.2 pL/h
showed 400 times higher expression than the control culture (p<0.01).
Expression of this marker was also significantly higher than the MFCD with
higher flow rate of 130 uL/h (p<0.01). The highest expression of this marker
on day 10 observed in the MFCD with higher flow rate with expression of 1.8
x10° folds relative to the hiPSCs. Expression of Vsx2/Chx10 downregulated in
MFCD with higher flow rate on day 21, but continued to increase for both

MFCD with lower flow rate and the control culture reaching values of 1.87x10°
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and 1.5x10° respectively. There was no significant difference between the
cultures in expression of Vsx2/Chx10 on 10 and 21 days. In morphological
studies, we observed formation of polygonal cells in MFCD with lower flow
rate. As explained earlier high expression of the Vsx2/Chx10 in RPE
population will result in lack of pigmentation in these cells. (Fig. 5.17) Figure

5.18 shows positive expression of this marker across the culture devices on

day 10.
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Figure 5.17 Gene Expression Analysis of Vsx2/Chx10 in Control and Perfused Cultures During
Retinal Differentiation of hiPSCs.

Vsx2/Chx10 is a key marker in retinal progenitor cells and promotes the expression of Crx and
Nrl, hence development of retinal neurons. Both perfused cultures showed significantly higher
(p<0.01) expression of this marker on day 5 compared to the control culture. Moreover,
expression of VSx2/Chx10 in MFCD with lower flow rate was also significantly higher (p<0.01)
than the other MFCD. Expression of this marker reached its peak for the MFCD with higher flow
rate on day 10. However, control culture and MFCD with lower flow rate showed continued
increase in expression of this marker up to day 21. Error bars represent one SEM about the mean
of 3 independent data points (n=3). A repeated measures ANOVA test was used to indicate a
significant difference in the expression of each gene between the perfused cultures and the static
control culture, at each time point: *p<0.05; **p<0.01. To establish exactly which conditions were

significantly different from each other, a Tukey’s post-test was applied.
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48-Well Plate MFCD -5.2 MFCD - 130

VSx2/DAPI

Figure 5.18 Expression of the Vsx2 in Control and Perfused Cultures on Day 10 of Retinal
Differentiation of hiPSCs.

Showing positive expression of the marker Vsx2 across all culture devices on day 10 of the

culture. Vxs2/Chx10 expression plays a determining factor in differentiation of optic vesicle

cells toward retinal progenitor cells by supressing the expression of the RPE cells Mitf.

Secondary antibodies used Alexa 568 (Vsx2). Scale bar represents 200 pm.

5.4.5 Expression of Photoreceptor Precursor Markers

The gPCR analysis of the cultures showed that expression of Crx was
significantly higher (26.5 times) in the MFCD with lower flow rate when
compared with 48-well controls (p<0.05) on day 5. Similar to expression of
Vsx2/Chx10, expression of this marker continued to rise on day 10 with no
significant difference in expression levels among the culture devices. On day
21, there was significantly more expression of Crx at the MFCD with higher
flowrate of 130 pL/h (p<0.05) compared to the MFCD with lower flow rate and
the control culture. The expression of Crx at this time-point was 7.4 times
higher than the MFCD with lower flow rate and 40 time higher than the control

culture. Overall, both MFCDs outperformed the standard 48-well static

cultures at this time point. (Fig. 5.19 A)

The gPCR analysis of Nrl revealed that this marker was expressed the most
in MFCD with lower flow rate on day 10. Compared to other devices,

expression of this marker was significantly (p<0.01) higher than the other

221



5.4 Expression of the Pluripotency, Germ Layer and Retinal Markers

MFCD (16.2 times) and the control culture (11.5 times). Extended culture in
the MFCD at both flowrates was associated with the downregulation of Nrl
where there were comparable levels of this key transcription factor in all three

culture systems. (Fig. 5.19 B)

Crx and Nrl have previously shown to be key markers for photoreceptor
precursors that are capable of translocating into the retina and differentiating
into full functional photoreceptors upon transplantation. (Maclaren et al., 2006)
Crx has a regulatory function in development of rod and cone photoreceptors.
Mutations affecting this gene has shown to lead to inactive rod and cone

photoreceptors. (Furukawa et al., 2000)

It was reported that Otx2 expression will trans-activates the expression of Crx
and Crx expression regulates the expression of Rhodopsin. (Nishida et al.,
2003) Nrl plays a key role in rod photoreceptor development by acting as a
'molecular switch' in directing rod-specific genes. Moreover, Nrl was found to
inhibit the formation of S-cones pathway by activating Nr2e3 expression and
also assists in regulation of Rhodopsin (Rehemtulla et al. 1996; Mears et al.,

2001)

Finally, the expression of Rhodopsin, a receptor protein found on the surface
of rod cells was assayed. (Reeves et al., 2002) Rhodopsin is the latest marker
of differentiation used to characterise the MFCD. At the end of the culture
period, expression of Rhodopsin was 2 times higher than the control culture
and 11.3 times higher than MFCD with lower flow rate. Cells differentiated

under the higher flowrates expressed significantly (p<0.05) higher levels of
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expression than the slower flow rate MFCD, indicating that there may be a
minimum flowrate needed to effectively differentiate hiPSCs into mature

photoreceptor cells. (Fig. 5.19 C)
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Figure 5.19 Gene Expression
of Crx, Nrl and Rhodopsin
During Retinal Differentiation
of hiPSCs.

(A) Shows expression of the
retinal precursor marker Crx.
Both perfused devices showed
higher expression of this
marker on day 5 and 21. MFCD
with lower flow rate showed
significantly higher expression
of this marker on day 5
compared to the control culture.
Whereas, MFCD with higher
flow rate showed significantly
higher expression of this
marker on day 21 compared to
the control culture and other
MFCD. (B) Shows expression
of the rod specific marker Nrl.
Expression of this marker was
highest in MFCD with lower flow
rate on day 10 of the culture,
where it was significantly
(p<0.01) higher than the control
and other MFCD. Expression of
this marker was downregulated
after day 10, where it was at the
similar levels across all three
culture formats. (C) Shows
expression of Rhodopsin during
the differentiation culture. The
highest expression of this
marker was observed on day 21
in MFCD with higher flow rate,
where the expression was
significantly higher than the
other MFCD. Error bars
represent one SEM about the
mean of 3 independent data
points (n=3). A repeated
measures ANOVA test was
used to indicate a significant
difference in the expression of
each gene between the
perfused cultures and the static
control culture, at each time
point: *p<0.05; **p<0.01. To
establish exactly which
conditions were significantly
different from each other, a
Tukey’s post-test was applied.
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48-Well Plate Crx/DAPI | 48-Well Plate " Nri/DAPI

MFCD-5.2 Crx/DAPI § MFCD-5.2 3 Nrl/DAPI

MFCD-130 Crx/DAPI MFCD-130

Figure 5.20 Expression of Crx and Nrl in Control and Perfused Cultures on Day 21 of
Retinal Differentiation of hiPSCs.

Showing immunocytochemical staining images for positive expression of the retinal
precursor markers Crx and Nrl across all culture devices on day 21. Crx is expressed in both
rod and cone photoreceptor and Nrl is a rod specific marker. Both genes play a key role in
development of the photoreceptors. Clinical studies on rat models has shown that retinal
progenitor cells that are expressing both Crx and Nrl have a better chance of integrating into
the host retinal after transplantation. Secondary antibodies used Alexa 488 (Nrl) and Alexa

555 (Crx). Scale bar represents 200 um.
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55 Summary
Prior to performing perfusion experiments number of normalisation steps were
considered for accurate gene expression analysis of the samples. In chapter
3, housekeeping genes that had the lowest M-value (highest stability) in
hiPSCs and the differentiated samples were identified. In this chapter, further
normalisation steps were carried out in obtaining the same sample size from
control and MFCDs. Following this step, number of cells in MFCD and the 48-
well plate were compared, and results showed comparable sample sizes in
both cultures. Next, total RNA from all samples were extracted. To minimise
effect of concentration spread between the samples total RNA concentrations
were normalised to one sample of hiPSCs. Next, due to large number of low
concentration of the RNA samples (<100ng/mL), the whole genome of the
samples was amplified prior to cDNA step and used equal concentration of the

cDNA for gPCR analysis.

In morphological studies of the cultures, expansion of the EBs, common and
exclusive features appeared at each time point were analysed. Overall, EBs
expanded in the same fashion and rate across the culture formats at the initial
5 days of the differentiation cultures. Some of the common features appeared
in each culture device were aggregation of the EBs in the 48-well plates that
lead to formation of dense, complex 3D structures. Monolayer population of
the cells in the MFCD with lower flow rate and multi-layer but uniform
expansion of the cells in the MFCD with higher flow rate. Among exclusive
features appeared in each culture formats, were delayed formation of the

neural rosettes and appearance of the polygonal RPE like cells in MFCD with
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lower flow rate. Taking gene expression analysis into account, overexpression
of marker Vsx2/Chx10 can provide an answer for lack of pigmentation in the
RPE like cells. (Rowan et al., 2004) The MFCD with higher flow rate did not
show appearance of neural rosettes or RPE like cells. Showing that formation
of the unique structures in MFCD with lower flow rate are dependent on the

flow rate.

However, differences in morphology did not necessarily reflected the same
features in gene expression in these cultures. For instance, the MFCD with the
lower flow rate of 5.2 uL/h showed higher expression of Pax6 (4.5 times,
p<0.05), Vsx2/Chx10 (426 times, p<0.01), Crx (26.5 times, p<0.05) and Nrl
(7.2 times) on day 5 of the culture compared to the control. Moreover, Nrl
showed significantly higher expression (12 times, p<0.01) in this culture on
day 10 compared to the control and MFCD with higher flow rate of 130uL/h. In
MFCD with higher flow rate, steady and continuous increase of Lhx2 (3.7
times), Vsx2/Chx10 (71 times) and Crx (11.9 time) was observed compared to
the control culture on day 5. On day 21, significantly higher expression of Crx
(40 time, p<0.05) and Rhodopsin (11 times, p<0.05) was observed compared
to the control culture. Table 5-1, provides an overview of the genes expression

across different culture devices throughout the culture.

Overall, significantly higher expression of Vsx2/Chx10 on day 5, Nrl on day 10
and Crx on days 5 and 21 was observed in both perfused cultures compared
to the control culture. Boucherie et al. work on retinal differentiation of hESCs
reported successful formation of retinal precursors by day 10 while used

Matrigel™ and supplemented the culture with N2 and B27. In their studies
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increased population of the Crx and Nrl positive cells were due to incubation
with Matrigel™. (Boucherie et al., 2012) Same time-shifts in expression of
these key markers were observed in our control cultures. Moreover,
significantly higher expression of these markers in perfused MFCDs show
impact of steady-state of soluble factors on retinal differentiation of hiPSCs.
Finally, the flow rate and time dependent higher expression of the key retinal
progenitor marker suggests that, a marker specific production can be achieved
by adjusting the perfusion time and the respective flow rate for highest

production yield, reducing the associated production and development costs.
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Table 5-1 Overview of Expression of Different Markers Throughout Retinal Differentiation of hiPSCs in Control and Perfused Cultures.

Table below provides average expression of genes at different time-points across control and perfused cultures. Boxes highlighted with colour green
indicate higher expression, and boxes in yellow, indicate lower expression of the marker compared to the 48-well plate control culture. Boxes with red
borders indicate statistically significant expression of the marker compared to control at the given device and time-point.

m A8wp 5.2 uL/h 130 pL/h 48wp 5.2 pL/h 130 uL/h 48wp 5.2 uL/h 130 uL/h
“ 0.29 0.60 0.33 0.13 0.04 0.11 0.00 0.01 0.01
0.20 0.29 0.24 0.06 0.04 0.17 0.04 0.01 0.03
“ 0.51 0.57 0.55 1.50 0.57 0.90 2.28 0.63 2.75
1.10 1.24 1.16 0.53 0.52 0.48 0.08 0.33 0.07
2.01 8.47 13.60 0.16 0.40 0.91 0.11 0.33 0.84
m 1.68 1.57 1.71 3.75 2.53 5.03 7.63 3.30 5.86
1.16 0.61 0.55 4.11 2.10 3.25 0.80 0.56 1.26
m 1.80 7.35 0.85 59.70 32.60 15.56 68.65 32.52 25.41
142.94 298.80 532.77 257.21 289.30 763.11 1.73x103 3.18x103 2.84x103
“ 158.01 74.47 29.10 3.63x103 1.28x10° 110.13 900.08 3.37x103 122.80
10.12 4.26x103 714.28 60.10x103>  26.83x10®°  178.60x10° 148.60x103 187.76x103 6.66x103
Crx 1.67 45.38 19.82 770.78 154.60 557.02 10.52 53.58 399.04
“ 46.85 335.35 144.28 34.95 405.92 25.31 14.33 33.03 27.25
1.28 2.14 1.70 1.64 2.04 11.15 10.74 2.31 26.68
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Chapter 6 Final Conclusions and Future Work

6.1 Conclusions
Advances made in therapeutic applications of hiPSCs and development of
protocols for differentiating these cells, has brought regenerative medicine
closer to fulfil what it has promised in the first place. Lack of complete
understanding of intrinsic cellular processes, precise control of large number
of operational parameters and high costs of process development, delay
materialisation of readily available stem cell therapies. Microfluidic cell culture
devices have shown great promise in controlling operational parameters in an
accurately defined range. A microfluidic culture device designed for
regenerative medicine process development has been developed by Szita
group and was used in this work for retinal differentiation of hiPSCs. (Reichen

et al., 2012)

The aim of this thesis was to first, find a flow rate for creating steady-state
concentration of key growth factors in retinal differentiation of hiPSCs and
second, to investigate upregulation of retinal progenitor (Pax6, Lhx2, Six6 and
VSX2/Chx10) and precursor markers (Crx and Nrl) as a result of steady-state

conditions.

In addressing the first aim of the thesis, degradation and consumption of key
growth factors used in retinal differentiation of hiPSCs were carried out.
Degradation study of the growth factors showed that in the first 8 hours only
48% of the initial stock of DKK-1 remained. bFGF and Noggin degradation

showed 69% and 46% drop in their initial concentrations within the first 24
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hours and IGF-1 showed no degradation at 37°C in the first 96 hours (Fig 3.16
A-D). In regards to consumption of these growth factors in the first 96 h,
Noggin, IGF-1 and DKK-1 showed the highest demand by the cells
respectively. bFGF on the other hand, showed production of this growth factor
by the cells. Based on cellular demands and stability of the growth factors, the
ideal flow rate for creating the steady-state concentration of soluble factors,

would deliver Noggin and DKK-1 to the cells during differentiation culture.

The second objective of the thesis was to establish critical perfusion rate
boundaries for creating steady-state concentration of soluble factors. To
establish the perfusion rate boundaries, previous studies on effects of shear
stress on adherent cell cultures were used for selecting the upper limits. Shear
rate of 1.6x103 Pa was chosen as the upper boundary since it has shown to
be the lowest shear rate for inducing a gene expression response in mESCs.
(Toh et al., 2011). Flow rate for the lower boundary was selected based on
minimum exchange rate required in the MFCD and calculated at 2.5 pL/h. (Fig.
4.1) To find critical perfusion rate for steady-state condition, the Pe number
was used to arrive at a flow rate of 130 pL/h. At such flow rate, all molecules
with a molecular weight of 20 kDa and higher are delivered to the cells by fluid
flow, which includes molecules such as DKK-1, Noggin, BSA and transferrin.
This method has shown to be effective in creating a steady-state concentration
as DKK-1 concentration measurements in MFCD showed a steadier
concentration of this growth factor in MFCD compared to the 48-well plate

control culture.
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The third objective of the thesis was to assess suitability of the MFCD for long-
term retinal differentiation culture and make the necessary changes
accordingly. Series of the preliminary cell culture experiments such as MEF
and their co-culture with hiPSCs showed suitability of the MFCD for adherent
2D cultures. However, in 3D EB cultures, there were differences between the
control and MFCD in regard to EB expansion rate. Further investigation into
the cultures revealed that, the one-hour incubation time with Matrigel™ prior
to EB cultures prohibited EBs expansion rate compared with the control
culture. Shortening this incubation time to 15 minutes, proved to resolve the

issue and provide comparable expansion rate of the EB in MFCD.

The last objective of the thesis was to evaluate effects of the steady-state
conditions on expression of key retinal progenitor and precursor markers.
Morphological studies of the perfused cultures during 5, 10 and 21 days
showed formation of the similar key 3D structures such as neural rosettes and
neuroepithelium in MFCD with lower flow rate and the control culture. Delayed
appearance of the neural rosettes in this MFCD indicated the fluid flow related
nature of these 3D formations. Moreover, appearance of the RPE like
structures in MFCD with lower flow rate, showed more heterogeneity present
at this flow rate compared to the other devices. Morphological analysis of the
cultures in MFCD with higher flow rate, showed more uniform multilayer
expansion of the EBs, indicating effects of fluid flow on wash-out of the waste
molecules from the culture area. Simple observations such as the medium
colour in the outlet of both MFCDs, showed the device with faster flow rate

was more efficient in maintaining a uniform pH.
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Gene expression analysis revealed that effects of perfusion on expression of
key retinal markers does not provide upregulation of all the retinal progenitor
and precursor markers at the same time. Overall, the MFCD with higher flow
rate showed statistically higher expression of markers such as Crx (40 time
compared to control, p<0.05) and Rhodopsin (11.3 time compared to lower
MFCD, p<0.05) on day 21, which indicates its suitability for production of
retinal precursors. The MFCD with lower flow rate, showed significantly higher
expression of Pax6 (4.5 times, p<0.05), Vsx2/Chx10 (426 times, p<0.01) and
Crx (26.5 times, p<0.05) on day 5, Nrl (7.2 times, p<0.01) on day 10 and Six6
(3.7 times, p<0.05) on day 21. Higher expression of various markers at
different time-points in perfused cultures showed that cellular requirements are
much more diverse during retinal differentiation. Higher expression of earlier
retinal progenitor genes at MFCD with lower flow rate, could suggest that a
slower flow rate is more suitable for production of progenitors and as culture
proceeds to later stages, the flow rate can be increased to assist maturation

steps.

Measurement of DKK-1 concentration during the course of 10-days cultures,
showed that there is no need for this growth factor by day 7-8 of the culture.
This finding showed that steady-state concentration of the soluble factors must
be adapted to the cellular needs during the course of differentiation. Moreover,
dynamics of the other growth factors are still unknown and a comprehensive
approach is needed to fully understand the cellular requirements of the retinal

differentiation culture.
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Significantly increased expression of some the markers in perfused cultures,
confirmed the stated hypothesis to some extent. However, to fully confirm the
thesis hypothesis, a revised protocol of retinal differentiation adapted for
perfusion culture must be developed. In which, growth factors can be added
separately when they are required by the cells and the flow rate must be
adjusted so it delivers them convectively. Therefore, this finding requires
longer (21 Days) and expanded (including all growth factors) revision of the
first objective of the thesis in mapping out the retinal differentiation dynamics.
The boundary conditions obtained for steady-state, can be utilised to adjust
the required flow rate. Finally, full repeat of the perfusion cultures using the
revised protocol and addition of the flow cytometry as an end-point analysis,
can provide a better distinction between static and customised perfusion

cultures.
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6.2 Future Work
Based on the work carried out in this thesis, the future works can be broken
down to two main groups; recommended extensions and improvements in the
cell culture experiments and next are the engineering improvements in use of

the microfluidic culture device.

Immediate extension of the cell culture experiments includes repeat of the
perfusion experiments with a mixed flow rate where lower perfusion is used
for the first 10 days and higher flow rate of 130 pL/h for the rest of the

differentiation.

On the qualitative data obtained via phase contrast microscopy and
immunocytochemical staining, other methods of analysis could have been
used to enhance the results. First, is the use of image processing to analyse
and quantify spread of the MEFs in the culture flasks. The quantitative results
obtained from image analysis could have provided the study with a more
accurate measure for comparison between the two MEF densities studied.
Moreover, data obtained this way, could have been correlated with the healthy
hiPSC colonies for detection of the pluripotency in future cultures.
Furthermore, image processing could also have been used in frame-by-frame
analysis to map movement of the cells and hence providing a better
understanding of how various 3D structures like neural rosettes form at early

stages of the retinal differentiation culture.

Immunocytochemical staining in general is a qualitative tool to ensure that

expression of the target markers occurred in the right place in cells. However,
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immunostaining alone does not provide any quantitative data and use of image
processing for detection of a particular marker can indeed assist in making a
better use of such data sets. For example, in case of a nuclear marker of
interest, the overlay of DAPI with the target marker indicates the correct
expression of the marker. Using image analysis could provide a fairly accurate

percentage of the marker expressed across a known surface area.

That said, there are some barriers in using image processing that must be
overcome to ensure its accuracy. Among such are quality of the phase
contrast images compared to the immunofluorescence images. The phase
contrast images often have higher level of noise, presence of halo effects
around the objects and shade-off effects. Moreover, methods must be
developed that could adapt to unique requirement of various differentiation
cultures and be able to detect common patterns as well as anomalies in such
cultures. (Jaccard et al., 2014) The other challenge is that differentiation
cultures often start with cells in aggregate forms such as EBs and then expand
to multi-layered population of the cells during experiment. Using 2D images to
monitor cellular behaviour ignores any cellular behaviour taking place in 3D
and are incapable of obtaining the full picture of what is taking place within the
culture. It must be noted that ongoing monitoring of the cultures using a
microscope requires addition of other equipment such as image acquisition
software, a controllable platform and gas controlled incubators for maintaining
a suitable environment for the cultured cells. Differentiation cultures are often
long and online monitoring of such cultures place high and exclusive demands

on use of the lab equipments.
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The second method that could be used to enhance the gPCR data is flow
cytometry. Flow cytometry is an antibody-dependent method that utilises the
specificity of antibodies for specific cell markers inside or on the surface of the
cells and sorts cells based on their interaction with the light stream. Flow
cytometry can provide multiparametric analysis of a heterogeneous cell
sample to provide specific cell numbers, size and expression of multiple

markers. (Robinson et al., 2004)

Using flow cytometry for retinal differentiation could provide us with specific
expression of each marker at different stages of differentiation as well as
differentiation yield at the end of 21 days. However, it must be noted that use
of a single MFCD with culture area of 0.52 cm? does not provide sufficient data
to draw a meaningful conclusion from each experiment. Therefore, technical
replicates as well as biological replicates are required to successfully obtain
sufficient material for analysis and provide a comparable dataset to well-plate

cultures.

Using flow cytometry, there are also limitations in number of markers that could
be analysed at the same time depending on the number of laser channels
imbedded in the flow cytometry machine itself. (Basiji et al., 2007) The latter
could add to the number of samples required if multiple markers are studied
at the same time. Using the current format of the MFCD it could be very time-
consuming and labour intensive to gather similar data as obtained in gPCR to
studying two flow rates at the same time. However, if MFCD could be designed
in a platform with at least six devices in parallel (each three devices are

allocated to one flow rate), sufficient number of samples can be obtained in a
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reasonable time frame. It must be noted that in flow cytometry, the information
about cellular structures and their morphology is not obtained and perhaps use
of other forms of cytometry such as image cytometry can assist in solving the
problem by allowing collection of cell imagery along with raw fluorescence

data. (McFarlin et al., 2016)

Finally, confocal microscopy could be used to provide an in-depth analysis of
the immunocytochemical staining and provide a higher resolution expression
of the markers in thick, multi-layered formations of the cells. (Zanacchi et al.,
2011) This method perhaps is more useful for analysing cell populations at the
end of the differentiation culture on day 21. It was estimated that in some areas
of the culture, the thickness of the cells could be over 200pum. Moreover,
markers such as Crx and Nrl were found to be expressed more in denser
layers of the culture, which is the reason for lower quality of the
immunostainings images for these markers. Therefore, confocal microscopy
can be used to provide better visualisation of these markers and hence
improving culture conditions by understanding the surrounding cells

population.

In reducing the number of variabilities available during retinal differentiation
culture, use of a feeder free cell line is strongly recommended as it can remove
cultural variations and unknown effects of the MEFs on differentiation process.
Using other cell lines, also add more credibility in obtaining repeatable results.
Another source of possible variability introduced into the culture were the use
of Matrigel™ as the ECM. Matrigel™ is made of 60% laminin, 30% collagen

IV, 8% entactin and the rest is mix of several growth factors and murine
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sarcoma derived products. (Giri et al., 2015) Matrigel™ is used in the original
retinal differentiation protocol by Lamba (2006). However, it is known that,
there is a batch-to-batch variability in Matrigel™, it also includes complex
compositions that makes it hard to provide similar experimental controls and it
contains proteins from other species which could makes it impossible to be
used in cell therapy applications. (Serban et al., 2008) Therefore, use of other
ECM products with simpler content and without animal products can improve
the repeatability of the experiments and remove the unknown effects of such

materials on the differentiation process.

Next, is expansion of the consumption study of the growth factors Noggin,
DKK-1, IGF-1 and bFGF to 21 days to obtain a full consumption profile of the
growth factors during the course of differentiation. The 10 days investigation
of the DKK-1 concentration in the MFCD revealed that the most demand for
this growth factor is in the first 4 days of the culture and the need for this growth
factors is non-existent from day 7-8 onward. It would be interesting to expand
this study for other growth factors as well. Knowing at which stage of the
differentiation process these growth factors are needed will assist in optimising
the current retinal differentiation protocols and assists in development of a

more economic manufacturing process.

Finally, in cell culture experiments, it would be interesting to repeat
differentiation studies using the optimised protocol mentioned above and study
the changes made to expression of retinal progenitor markers and the

subsequent yield of the differentiation protocol.
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Regarding engineering aspects of the project, recommendations can be
further broken down into parts associated with, use of computer models for
mass transfer, optimisation of the MFCD design and development of an

automated MFCD system.

Using data from the consumption and degradation studies, a computer model
can be devised to better predict spatial distribution of the growth factors inside
the MFCD culture area. Moreover, such models can assist in optimisation of
the flow rate boundaries set to create steady-state concentration of soluble
factors and possible redesign of microfluidic chip adapted for retinal

differentiation culture.

Modular design of the MFCD and lid configuration allowed direct access to
culture chamber, which was hugely beneficial in adapting the MFCD for retinal
differentiation culture. However, the cell culture surface area shape and
geometry made it difficult to provide accurate well-plate controls with the same
dimensions. In normalisation steps taken for accurate gqPCR analysis,
providing the same sample size is one of the initial steps. Having a surface
area, between 96 well-plates and 48-well plates, made it difficult to choose the
right control for the perfusion cultures. Choosing a control culture
smaller/larger than the MFCD, can create a bias for the perfused cultures or

alternatively hides the advantages of such devices.

The second changes required in the MFCD design, is the height of the culture
chamber. It was reported that EBs with diameter of 200-400 pum were more

suitable for ectodermal differentiation. (Van Winkle et al., 2012) In MFCD, EBs
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with diameter of 200 um were the largest size that could be used, due to the
medium inlet and culture chamber heights. Redesign of the MFCD in a way
that could house larger EBs, can potentially result in higher turnover of the

retinal progenitors.

Other recommendations to the MFCD design, include fluidic channels for
exclusive delivery of the growth factors in a way that releases growth factors
directly into the culture area or in its upstream. This way growth factors do not
have to travel through the tubing to reach the culture area, are subject to less

degradation and their quantity can be adjusted based on the cellular needs.

This feature naturally leads to development of the fully automated culture
platforms, where operational parameters can be monitored and controlled
accurately. Use of multiple MFCDs in a single platform allows to study more
diverse experimental conditions at the same time. Larger number of replicates
can be obtained for end-point analysis and reduces the manual labour. Live
monitoring of oxygen concentration in the culture area or the pH at the outlet
can be achieved by utilising sensors. Controlling such process parameters in
a defined range will be beneficial in studying effects of these soluble factors

on retinal differentiation.

Finally, in scaled down cultures such as microfluidics, where biological
samples are relatively at smaller quantities, live analysis methods such as
online monitoring and characterisation of the culture can track changes taking
place in the perfused cultures without the need for invasive end-point analysis.

Furthermore, use of live staining tools such as peptide conjugated quantum
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dots targeted at specific retinal markers could provide real-time data on key

events during the course of differentiation study.

The multi-parametric requirements of differentiation cultures such as retinal
differentiation makes it very challenging to adapt it to large-scale production
systems. Unfortunately, unlike suspension cultures used for large-scale
manufacturing of the other mammalian cells, there are few options currently
available for adherent cultures such as hESCs and hiPSCs. (Fernandes et al.,
2013) Most of the cell culture systems used include multilayer culture areas
such as Cell Factory System™ by Thermo Fisher Scientific or stacked flasks
like Millicel HY ™ Flasks by Millipore, and HYPERFlasks™, CellStacks™, and
CellCubes™ by Corning. However, none of the above systems provide

controlled culture condition and monitoring of the cells during production.

Other systems that include use of microcarriers could provide a more feasible
transition to large-scale production, however, precise control of culture
conditions and increased level of variations in terms of cell adhesion, density
variations, formation of large aggregates and their interactions in the culture
will add more challenges to such processes. In addition, recovery of the cells
from microcarriers and their purification at the end of the differentiation have
shown to be very difficult. (Serra et al., 2012; Fernandes et al., 2013) Hollow
fibore based bioreactors on the other hand provide fine control over
microenvironmental conditions and cells are protected against shear stress.
However, they lack monitoring capabilities of the cell cultures and recovery of

the cells at the end is very difficult. (Roberst et al., 2012)
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Spinner-flasks and rotating wall bioreactors are another option for scale-up of
differentiation cultures. Previous studies using cellular aggregates in such
systems for expansion and differentiation of PSCs are promising. (Steiner et
al., 2010; Serra et al., 2010; Ungrin et al., 2011; Olmer et al., 2012) However,
such devices have been used for suspension cultures mostly and their
adaptation for adherent cultures such as retinal differentiation will require
further studies. Similar to previous culture systems monitoring of the cells is
still a challenge in these devices and it is even more difficult to adapt other

monitoring systems such as image processing to such systems.

Given the nature of patient-specific therapies for retinal degenerating
conditions, scale-out strategies may provide a more appropriate approach to
production of these cells. Parallelization of the current MFCD in platforms with
custom-made designed parts specific to retinal differentiation protocol can be
a more feasible solution. This way, small scale studies, such as the one
performed in this work can be validated much easier and require less

adaptations for larger production of the retinal progenitor cells.
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Appendix 7.1

Figure 7.1 Bubble-free Priming of the Microfluidic Culture Device.

(A-B) Priming and bubble removal in the fluidics via the bypass through to the
waste bottle. (C-D) Priming of upstream of the MFCD by switching the flow
through the inlet. (E-F) Priming of downstream of the MFCD by switching the
flow through the outlet. (G-H) Placement of the gas-permeable PDMS lid. (I-J)
Placement of the lid cover and full assembly of the lid.
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Appendix 7.2

Phase [-]

4

Time [min]

Figure 7.2 Calibration of the Oxygen Sensors.
The long-dashed line, represents the 0% oxygen, and the short-dashed line, represents the 100%

oxygen. The Blue line is the phase reading of the oxygen sensor (PreSens, Germany). The 0% was
achieved with a sodium sulphite solution and the 100% oxygen with a water that was sparged with

compressed air for 20 minutes to saturate the oxygen content. All calibrations were taken at 37°C

and adjusted on the Oxy-4 mini programme for all channels.
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