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Abstract
The behaviour of cells is modulated by their microenvironment or ‘niche’. While cellular
therapies offer promising curative solutions for many diseases, the efficacy of transplanted cells
is often hampered by a suboptimal microenvironment. One strategy to overcome this limitation
is to reconstruct the niche of the cells of interest prior to transplantation. The central aim of this
thesis is to develop novel tissue engineering approaches to further understand and reconstitute
the cellular niche. While these approaches were specifically validated in the retinal and islet
systems, they were also designed to be easily implemented in other biological systems.
One project showcases a novel scaffold-free, scalable and injectable retinal pigment
epithelium (RPE) microtissue for minimally invasive transplantation. While RPE transplantation
holds great potential to cure various retinal degenerative diseases, cells transplanted as cellular
suspension exhibit suboptimal survival and function. Conversely, transplanting RPE as coherent
cellular sheets has yielded better outcomes, but they are complex to transplant and produce at
large scale. Our RPE microtissues were designed to capture the benefit of both approaches:
namely, simplicity of production and transplantation, as well as enhanced performance. We
found that our RPE microtissue exhibited superior cellular behaviour in terms of gene expression
and in vitro function when compared to standard adherent culture.
Another project presents a unique approach to produce transplants with a reconstituted
cellular niche. This approach aims to repopulate the niche by incorporating finite amounts and
proportions of niche cells into transplantable constructs. Using it enabled us to produce sizecontrolled pseudoislet constructs that contained various proportions of mesenchymal stem cells
(MSCs), fibroblast and endothelial cells, and to quantitatively evaluate their in vitro performance.
Further, applying this approach led us to discover more than one favourable condition that
yielded improvements in islet cell performance in vitro. While the islets of Langerhans were used
for biological validation, the approach was designed to be broadly applicable to various biological
systems.
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In sum, this thesis offers several novel approaches for scientists to better understand and
enhance the cellular niche. The simplicity, accessibility and scalability of these approaches render
them suitable for both scientific applications and clinical translation.
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CHAPTER ONE
General Introduction
1.1

Regenerative Medicine and Tissue Engineering
The term regenerative medicine was first coined by Leland Kaiser in 1992 as he predicted

the emergence of a new subdiscipline of medicine that tries to change the prognosis of chronic
illnesses by regenerating failing tissues and organs (Kaiser, 1992). Since then, the fields of
regenerative medicine and tissue engineering have emerged, in which scientists, engineers and
clinicians collaborate to replace, engineer, or regenerate human cells and tissue to re-establish,
restore or enhance normal function (Berthiaume et al., 2011; Bianco and Robey, 2001; Gomes et
al., 2017; Marks and Gottlieb, 2018). Regenerative medicine and tissue engineering approaches
are numerous; ranging from the generation of cardiac valves, to cancer and brain organoids, to
organ substitutes such as urinary bladders (Atala et al., 2006; Bianco and Robey, 2001; Jana et
al., 2014; Mansour et al., 2018; Stock and Vacanti, 2001; Vlachogiannis et al., 2018). Not only
does this field have the potential to revolutionize healthcare by producing substitute tissues and
organs (Gomes et al., 2017), but it could also accelerate drug development (Fatehullah et al.,
2016; Griffith and Naughton, 2002; Miranda et al., 2018; Vlachogiannis et al., 2018). While these
fields continue to make discoveries and cover new ground, engineering complex organs, with few
exceptions, is still beyond our current capabilities (Murphy and Atala, 2014; Wobma and VunjakNovakovic, 2016). This is primarily due to the incapability of our current technologies to mimic
the complex environment and micro-architecture of fully functional organs (Murphy and Atala,
2014).
In general terms, regenerative medicine utilizes three approaches to treat failing tissues,
including: transplantation of newly isolated or cultured cells; transplantation of tissues
engineered in vitro; and , in situ regeneration of tissue (Griffith and Naughton, 2002). In addition
to treating injured tissues and diseases, engineered tissues are being utilized as in vitro platforms
for development, drug testing and disease modeling (Li and Izpisua Belmonte, 2019; Wobma and
Vunjak-Novakovic, 2016; Yu et al., 2018). While the field is readily covering new ground and
making significant progress, regenerative medicine approaches are not widely implemented in
clinical settings (Dimmeler et al., 2014). Two of the main challenges currently faced by the field
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are securing sustainable sources of cells and providing the right environment for these cells to
survive and function in vitro and upon transplantation (Dimmeler et al., 2014; Duscher et al.,
2016; Martin, 2017). Cellular sources may include autologous cells from the patient, allogeneic
cells from a human donor, and xenogeneic cells from a different species (Gage, 1998). These cells
can be fully differentiated adult cells (donor tissue) or derived from stem cells, which are capable
of both self-renewal and differentiation into various cell types. While substantial research is being
conducted to secure sustainable and scalable sources of cells, ensuring these cells have a healthy
and functional environment in vitro and upon transplantation is the primary focus of this thesis.
1.2

Cellular Niche
The cellular niche refers to the microenvironment that surrounds a cell of interest within

an anatomical location (Scadden, 2006). The behaviour and function of cells are highly affected
by changes to their microenvironment (Barthes et al., 2014). The niche may influence a wide
variety of cellular processes including differentiation, homeostasis, proliferation, migration,
apoptosis and damage repair (Jones and Wagers, 2008; Warrick et al., 2008). It orchestrates
cellular behaviour and enables intercellular communication by establishing and maintaining a
variety of physical and biochemical cues. In the field of stem cell biology, it has been well
established that stem cell function and behaviour is critically influenced by extrinsic signals
derived from its niche (Wagers, 2012). Similarly, niche interactions play important roles in the
progression and proliferation of certain types of cancer (Borovski et al., 2011; Plaks et al., 2015;
Quail and Joyce, 2013). Correspondingly, studying the balance and interplay between cells and
their niche has been a major focus for cell, cancer and stem cell biologists, among others, over
the past several decades (Borovski et al., 2011; Migliorini et al., 2014).
1.2.1 Components of the cellular niche
As demonstrated in figure 1.1, the cellular niche typically consists of: (i) cells of interest; (ii)
supporting cells surrounding the cells of interest; (iii) extracellular matrix (ECM); (iv) soluble
factors such as cytokines and growth factors; and, (v) mechanical cues and physical properties of
the niche (Coronel and Stabler, 2013; Plaks et al., 2015; Wagers, 2012).
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1.2.1a Supporting cells
Supporting cells play an instrumental role in constructing and maintaining the
microenvironment that surrounds a cell of interest (Kaviani and Azarpira, 2016; Simó et al., 2010).
As illustrated in figure 1.1, the niche of a cell typically contains a variety of supportive cell types
that play various roles (Voog and Jones, 2010). These cells contribute to the niche by directly
interacting with the cells of interest, secreting soluble factors, and/or depositing ECM (Coronel
and Stabler, 2013; Plaks et al., 2015; Wagers, 2012). The bidirectional communication between
supporting cells and cells of interest can be either through direct physical interactions, or indirect,
through secreted factors and ECM (Franke, 2009; Lane et al., 2014). Direct contact between cells
within the niche is typically facilitated by gap and adherens junctions along with a variety of
receptors including cell-cell adhesion molecules and membrane-bound ligands (such as Notch)
(Franke, 2009; Lane et al., 2014).
1.2.1b Secreted Factors
Another means of communication among cells within their niche is facilitated by secreted
and membrane-bound signalling molecules. This is perhaps the most well-described means of
cellular communication within a niche. Secreted and membrane-bound factors specifically bind
intracellular or cell surface receptors to regulate their behaviour through various signal
transduction pathways (Lane et al., 2014). For instance, cytokines are small secreted proteins
that carry specific messages among cells within the niche (Zhang and An, 2007). Growth factors
are considered a subclass of cytokines that regulate a wide variety of cellular processes such as
cellular growth, differentiation, proliferation and healing (McGeachie and Tennant, 1997).
Cytokines are frequently produced in a cascade; one cytokine activates specific niche cell/s to
secrete other cytokines (Zhang and An, 2007). Moreover, secreted factors may act on the cells
that released them as a feedback loop mechanism (autocrine signalling), on neighbouring cells
(paracrine signalling) or even distant cells (endocrine signalling) (Zhang and An, 2007).
Understanding the relevant signalling pathways within a cellular niche is of great significance for
tissue engineers as they attempt to mimic/engineer various aspects of the microenvironment. As
such, in chapter 3, we developed a software that predicts relevant signalling pathways by mining
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published microarray data for the expression of molecular receptors on a cell of interest and
validated its utility using retinal photoreceptors.

4

Figure 1.1 The cellular niche is a dynamic entity that influences cellular behaviour
The cellular niche is the dynamic microenvironment that surrounds and interacts with cells of
interest. This microenvironment orchestrates cellular behaviour by influencing a wide variety of
cellular processes such as differentiation, metabolism, migration, proliferation, apoptosis and
damage repair. The cellular niche consists of: (i) cells of interest (purple); (ii) a variety of
supporting cells (green, red and blue); (iii) ECM (blue, green and red mesh); (iv) secreted factors
(specifically coloured based on cell of origin); and, (iv) mechanical forces and physical properties.
Tissue engineers have taken interest in developing strategies to recapitulate the native
microenvironment for regenerative medicine applications. Since cellular behavior and function
is highly dependent on the cellular niche, engineered niche is hypothesized to enhance the
survival and function of transplanted cells.
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1.2.1c Extracellular Matrix (ECM)
In addition to secreting signalling molecules, cells produce and deposit various types and
amounts of ECM into their microenvironment. ECM is composed of a diverse, complex and
dynamic combination of macromolecules such as collagens, laminin, fibronectin, glycoproteins,
and proteoglycans (Barthes et al., 2014). While it was previously thought that ECM was an
inactive matrix that merely offers structural support, it is now well-established that it also plays
a critical role in regulating cellular behaviour (Jhala and Vasita, 2015; Scadden, 2006). Indeed,
ECM enables cells to respond to mechanical and biochemical changes in their microenvironment
via integrin signalling, among other mechanisms (Kim et al., 2011). The ECM’s impact on cellular
behaviour is not only dependent on its composition but also on its physical properties such as
surface topography and stiffness. To ensure that the cellular niche remains very dynamic, cells
within the niche regulate and remodel ECM by secreting proteases such as matrix
metalloproteases (MMPs) (Birkedal-Hansen, 1995). Cells manage ECM composition and levels by
balancing the processes of ECM deposition and remodeling as a function of various signals within
the niche (Frantz et al., 2010). Interestingly, the ECM is also capable of storing some signalling
molecules to increase the local concentration of a certain signal and provide another level of
control over cellular behaviour within the niche (Brizzi et al., 2012). Hence, the deposition and
remodelling of various ECM components can affect the local concentration of certain signalling
molecules.
Integrins are a large family of cell-adhesion receptors that anchor cells and play a pivotal
role in facilitating their interaction with the ECM (Bukoreshtliev et al., 2013). They connect the
ECM to the cytoskeleton of cells, which allows for bidirectional exertion of force across the
cellular membrane (Bukoreshtliev et al., 2013). Cells have specific integrin subtypes that
specifically bind to the various ECM molecules; for instance, integrin α1β1 specifically binds
fibronectin while α6β1 binds laminin (Jhala and Vasita, 2015). This specific binding causes
integrins to cluster, activating various downstream signalling pathways and eliciting a response
(Jhala and Vasita, 2015)
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1.2.1d Mechanical Forces
In conjunction with secreted factors and ECM, cells interact with their microenvironment
through mechanical signals, which influence various cellular behaviours and processes such as
differentiation and development (Vining and Mooney, 2017; Wang, 2017). Mechanotransduction
is the process by which cells sense mechanical cues and convert them into a biological response
(Paluch et al., 2015). In their niche, cells exert intrinsic forces on the ECM and nearby cells via a
variety of mechanisms (Vining and Mooney, 2017). Cells also experience external forces such as
shear, tensile and compressive forces from their environment (Vining and Mooney, 2017; Wang,
2017).Regardless of the source of the mechanical cues, alternation of cellular behaviour depends
on the cell type and the physical properties of the niche (Vining and Mooney, 2017; Wang, 2017).
For instance, while the stiffness of ECM seems to regulate apoptosis, the actual stiffness
threshold that activates apoptosis may differ dramatically depending on the cell type and its
niche (Bukoreshtliev et al., 2013). Independent of ECM, cells also experience forces exerted by
their neighbouring cells via cell-cell contact (Bukoreshtliev et al., 2013). Two adjacent cells can
be in direct physical contact through various intercellular junctions including desmosomes,
adherens junctions, tight junctions and gap junctions (Bukoreshtliev et al., 2013). In addition to
the mentioned intercellular junctions, cadherins link cells together at intercellular junctions. They
form complexes that sense and translate changes in tension, ultimately influencing various
cellular processes such as cell cycle and differentiation (Leckband and de Rooij, 2014).
The ability of cells to respond to mechanical forces in their niche is dependent on their
capacity to sense these cues (Paluch et al., 2015; Vining and Mooney, 2017). Multiple
mechanisms and structures have been identified to enable cellular mechanosensation including:
integrins, G-protein coupled receptors, the cytoskeleton, primary cilia and ion channels
(Bukoreshtliev et al., 2013). For instance, integrins enable the transition of mechanical forces
from the ECM to the cytoskeleton of the cell, and vice versa. Additionally, mechanically-activated
ion channels can affect cellular behaviour by modulating their permeability to ions in response
to mechanical cues (Bukoreshtliev et al., 2013). Furthermore, cells can sense fluid shear forces
by expressing deformable structures on their plasma membrane called primary cilia (Vining and
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Mooney, 2017). While the mentioned mechanisms allow cells to sense mechanical cues, cells
respond to these cues by changing their cytoarchitecture, secondary messenger signalling and
gene expression (Bukoreshtliev et al., 2013). This ultimately results in altered cellular behaviour.
1.3

Tissue Culture
Tissue culture is an essential modality that allows scientists to understand the fundamental

mechanisms of cellular behaviour, tissue assembly and disease modeling (Merten, 2006). While
tissue culture has revolutionized biomedical research, it suffers from some limitations that cause
in vitro cellular behaviour to deviate from endogenous behaviour (Marinkovic et al., 2016). As
cellular behaviour is highly impacted by the niche, tissue culture systems ought to mimic the
cellular microenvironment to acquire relevant cellular behaviour (Marinkovic et al., 2016). This
thesis discusses some tissue engineering strategies to enrich the cellular niche in vitro, promoting
cells to behave in a physiologically relevant manner.
Over the last century, scientists have utilized two-dimensional (2D) cell cultures as an in
vitro model system to study cellular behaviour and response to numerous environmental stimuli
(Duval et al., 2017). While the classic 2D culture system has enhanced our knowledge and
understanding of cell biology, cultured cells often deviate from their in vivo behaviour (Duval et
al., 2017). Perhaps the 2D culture system most clearly demonstrates its limitations when it is used
to recapitulate a cellular event that happens in a 3D environment in vivo (Ravi et al., 2015). For
instance, 2D culture systems are not appropriate to model and study tumor cells, as they typically
have a 3D niche; much of the cancer research is subsequently moving towards 3D culturing
systems (Baker and Chen, 2012; Li and Izpisua Belmonte, 2019; Riedl et al., 2017). This does not
only apply to cancer cells, but to many cells in the body that grow in and respond to a 3D
microenvironment (Li and Izpisua Belmonte, 2019). Moreover, in many cases 3D culture has
shown increased deposition of ECM around cells which affects various cellular processes such as
survival, proliferation and differentiation (Baker and Chen, 2012). Another difference between
2D and 3D culture systems is in the cellular morphology: specifically, cells grown in 2D culture are
typically flat, while cells grown in 3D culture assume stellate morphology in the presence of ECM
(Baker and Chen, 2012). Since tissue culture is typically used to recapitulate physiologically
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relevant events, 2D and 3D culturing systems are arguably appropriate for different cell types
depending on their natural microenvironment. To that end, chapters 2 and 5 present a unique
tissue culturing approach to produce size-controlled 3D retinal and pancreatic microtissue.
In addition to the challenge of replicating the cellular microenvironment in culture, in vitro
cellular behaviour may deviate due to inadequate delivery of nutrients, signaling molecules and
oxygen (Al-Ani et al., 2018). Indeed, most cells in vivo are supplied with adequate nutrients,
dissolved signals and oxygen via blood vessels as many tissues and organs are highly vascularized
(Muoio et al., 2014). This is not the case for most tissue culture systems as they rely on diffusion
to deliver adequate amounts of nutrients, signaling molecules and oxygen. This limits the
complexity of the tissue grown in vitro, as larger tissues develop necrotic core due to inadequate
delivery of nutrients and oxygen via diffusion (Van Winkle et al., 2012). Even though nutrients,
signaling molecules and oxygen have more access to cells in the 2D culture platforms, delivery
limitations still exist. One of the parameters that is often underappreciated by cell biologists
when designing their experiments is oxygen delivery (Al-Ani et al., 2018). Variation in oxygenation
can significantly impact cellular behaviour in terms of energy production and gene expression, as
well as survival and function (Al-Ani et al., 2018). As we were designing our experiments, we
discovered that local oxygen levels experienced by cultured cells is often overlooked by biologists
and underreported, even in high impact journals. We correspondingly launched a research
project to investigate the extent of this problem and educate our community about the
importance of considering oxygenation as a variable for in vitro experiments.

Adequate

oxygenation for cultured cells depends on several factors including cell type, seeding density, and
media depth, as well as temperature, O2 partial pressure, media composition and convective
mixing (Al-Ani et al., 2018). As demonstrated in Appendix A, this research project yielded a wellreceived publication that evaluated the extent of the problem and made easily-implementable
recommendations to avoid problems in reproducibility and oxygen delivery (Al-Ani et al., 2018).
1.4

Tissue Engineering of the Cellular Niche
In the fields of cell biology and regenerative medicine, it is widely accepted that the

behaviour of a given cell is highly influenced by its microenvironment (Wagers, 2012). To ensure
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that cells behave and function in a desirable manner, scientists recognize the importance of
maintaining a supportive niche. Niche engineering is a rapidly growing subfield of tissue
engineering that takes interest in utilizing design to recreate and maintain the physical, biological
and chemical conditions of the cellular microenvironment (Peerani and Zandstra, 2010).
1.4.1 Rationale
Niche engineering is particularly relevant considering recent advancements in regenerative
medicine and stem cell biology (Marks and Gottlieb, 2018). The various cell types that can be
produced hold great therapeutic potential for many diseases (Marks and Gottlieb, 2018);
however, upon transplantation, many of these cells are often unable to survive and integrate into
their new environment. This is perhaps not a surprising outcome considering that cells are
stripped from their niche and transplanted into a relatively foreign environment (Aghazadeh and
Nostro, 2017; Barthes et al., 2014). A potential solution for this challenge is to restore and
maintain their niche in culture and transplant these cells along with their niche as a coherent
functional construct. Certainly, designing tissues that mimic and maintain the cellular
microenvironment has become a major focus in the discipline of tissue engineering (Barthes et
al., 2014). For instance, in the field of RPE cell replacement therapy, it has been established that
RPE grown as tissues outperform single cells in terms of morphology, survival and function upon
transplantation (Kamao et al., 2014; Sachdeva and Eliott, 2016), inspiring several promising
clinical therapies (Da Cruz et al., 2018; Kashani et al., 2018; Mandai et al., 2017). Similarly,
engineered islets with enhanced niches have been shown to outperform their counterparts in
vitro and in animal models (Coronel and Stabler, 2013; Gamble et al., 2018; Jiang et al., 2018).
Overcoming the challenges associated with low survival and integration upon transplantation is
a major step on the road to develop curative cell therapies for several diseases.
1.4.2 Niche engineering approaches
Niche engineering focuses on recreating and/or supplementing the cellular niche to ensure
that it behaves in a representative and desirable manner (Berthiaume et al., 2011; Peerani and
Zandstra, 2010). While niche engineering was initially pioneered by stem cell biologists to
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modulate stem cell behaviour, it can be extended to other cellular systems such as the retinal
pigment epithelium (RPE) and pancreatic β cells. Indeed, successful cellular therapies often
require an understanding of how to create/recreate the cellular niche to guide these cells to
function in a desired manner (Peerani and Zandstra, 2010). Prior to the design process, one must
understand the complex interactions among the various parameters of the niche and how they
influence cellular behaviour. As mentioned earlier and highlighted in figure 1.1, the cellular niche
typically consists of cells of interest, supportive cells, ECM, soluble and membrane bound
signalling molecules, as well as mechanical forces. Discussed below is a brief overview of
commonly used strategies to construct and manipulate the cellular niche. As shown in figure 1.2,
niche engineering demands dynamic control over soluble and surface cytokines, cell-cell
interactions, ECM, physiochemical cues and mechanical forces (Peerani and Zandstra, 2010).
Perhaps one of the most common ways to control the cellular niche is to supplement finite
amounts of soluble molecules including signalling molecules and drugs that intervene with
various signalling pathways. These soluble molecules are often supplemented through media for
in vitro experiment and by direct injections for in vivo experiments. While effective in some
instances, some molecules are unstable as they have a short half-life and/or can be enzymatically
deactivated and degraded (Chen et al., 2009). Moreover, these soluble molecules need to reach
a specific target at the right concentration to obtain the desirable effect (Müller and Schier,
2011). For instance, using biodegradable hydrogels to deliver sustained and localized levels of
VEGF has been shown to be more effective in activating angiogenesis than a bolus or systematic
delivery of VEGF (Silva and Mooney, 2007). This is not a foreign idea, as ECM molecules bind
many soluble factors and release them slowly into the niche, providing a localized source of
signalling molecules. While designing biomaterials to store and control the release of growth
factors has great potential, it is limited by the complexity of the system and our knowledge of
the cellular niche. Though it has been demonstrated that it is possible to deliver two factors with
unique release kinetics (Barthes et al., 2014), it becomes quite complex to deliver many more
factors at once. Besides, these hydrogels typically release signalling molecules at predefined
rates, which ignores the fact that the cellular niche is a dynamic environment and the release of
various secreted factors is governed by feedback loops.
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Figure 1.2 Tissue engineering strategies for the cellular niche.
Various tissue engineering strategies can be utilized to reconstitute and monitor the cellular
niche. This illustration focuses on the most commonly utilized approaches in the field to
reconstitute various aspects of the cellular niche, including: signalling molecules; ECM; cell-cell
interaction; and, dynamic control of the various niche parameters. There are several ways to
restore the cell-cell interactions within the cellular niche, including co-culturing these cells in vitro
using a 3D culturing system such as the microwell system. Additionally, tissue engineering
strategies to supplement signalling molecules may include adding a certain amount (bolus) of
signalling molecules, using microfluidics to finely control the amount over time, using
biodegradable materials that release ligands at a designed rate, or incorporating supporting cells
known to secrete beneficial factors. Furthermore, tissue engineers utilize several modalities and
material sources to restore the ECM-cell connection. For instance, one can use a naturally
occurring or synthetic ECM material depending on the specific application and by weighing the
pros and cons of either approach. Sophisticated 3D ECM networks can be designed and built
using the rapidly evolving bioprinting technologies. Finally, bioreactors coupled with
sophisticated monitoring technologies are often used to mimic a healthy and dynamic
microenvironment to maintain a native-like cellular behaviour in culture.
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Another strategy to engineer the cellular niche is to incorporate various ECM molecules
into their microenvironment. The composition and physical properties of ECM have a
considerable effect on cellular behaviour, depending on the cell type (Weber et al., 2011).
Manufacturing artificial ECM networks with various biochemical and mechanical properties is the
focus of much research in the fields of biomaterials and tissue engineering (Barthes et al., 2014).
The idea behind this approach is to mimic the properties of ECM within a specific cellular niche.
For instance, pancreatic islets lose several components of their niche, including ECM, during the
enzymatic isolation process from the pancreas (Smink and de Vos, 2018). Several groups have
demonstrated that replenishing islet niche with various ECM components such as laminin and
collagen enhances β cell survival and function in vitro (Llacua et al., 2016, 2018a; Weber et al.,
2008). While supplementing the cellular niche with specific ECM components has shown capacity
to enhance cellular survival and function, this approach comes with some limitations. Adding a
fixed amount of ECM molecules with certain physical properties ignores the fact that ECM within
the cellular niche is a very heterogeneous and dynamic entity, that is constantly modified and
reconfigured by cells to allow for various cellular processes (Birkedal-Hansen, 1995; Frantz et al.,
2010; Gattazzo et al., 2014; Tibbitt and Anseth, 2012). Chapter 5 attempts to address this
challenge by repopulating the β cell niche with supportive cells known to dynamically orchestrate
the deposition and remodeling of ECM, such as fibroblast cells.
Most of the reviewed strategies aim to mimic and modify the cellular niche by
supplementing signalling molecules and biomaterials to enhance cellular behaviour. While these
strategies have demonstrated success in improving cellular survival and function, they can be
thought of as a temporary solution to the problem. The cellular niche is a very dynamic
environment that is tightly governed by cells sensitive to various intrinsic and extrinsic signals
(Wagers, 2012). However, it is technically challenging to continuously visualize and monitor the
microenvironment of 3D tissues, especially if they are in vivo (Barthes et al., 2014). With a limited
feedback mechanism, supplementing the niche with a fixed amount and number of ECM and
signalling molecules may not be a long-term solution as it may not address the dynamic nature
of the niche. A more sustainable solution may be to supplement the niche with the supportive
cells that are known to monitor and replenish various niche components.
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This thesis presents strategies to enrich the cellular niche by reconstructing cell-cell
interactions. Indeed, the development and function of living tissue is highly dependent on the
interactions of its cells (Hui and Bhatia, 2007). Microscale tissue engineering enables us to finely
tune the interactions among various cell types (Peerani and Zandstra, 2010; Takahashi et al.,
2018b; Takebe et al., 2015). There are three approaches to re-establishing cell-cell interactions
including: (i) direct co-culture of multiple cell types addressing the cell-cell contact and paracrine
signaling; (ii) trans-well cultures with limited cell contact; and (iii) conditioned media (CM) culture
to isolate soluble signals (Peerani and Zandstra, 2010). For instance, stromal cells and
hepatocytes have been cultured on machined silicon substrate with mobile parts, in order to
dynamically modulate their cell-cell interactions (Hui and Bhatia, 2007). Reintroducing niche cells
does not only have the potential to restore the cell-cell interactions but could also replenish other
niche components such as secreted factors, ECM and even certain mechanical properties. Thus,
a major focus of this thesis has been to develop accessible approaches that allows scientists to
produce transplantable microtissues that consist of cells of interest co-cultured with their niche.
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1.5

The Retina

1.5.1 Why the retina
The mammalian retina was used as a model organ to demonstrate the utility of applying
tissue engineering approaches to reconstitute the niche of highly functional cells, such as RPE
and photoreceptors. Although the mammalian retina is complex, many of the outer retinal
diseases can be linked to a problem with a relatively simple niche epithelial monolayer: the retinal
pigment epithelium (RPE) (Ramsden et al., 2013; Takiuti et al., 2018; Zając-Pytrus et al., 2015).
Additionally, the retina is easily accessible in the presence of transparent cornea and it is
immune-privileged due to the brain-retina barrier (Ramsden et al., 2013). Further, the potential
benefits of improved quality of life by regaining lost vision generally outweigh any potential risks
of cell therapy, as the eye is highly compartmentalized and not necessary to sustain life (Jones et
al., 2017). Thus, the retina has been used as a proof-of-principle model organ to study and
validate cellular therapies.

1.5.2 Basic retinal anatomy and visual pathway
In general terms, the mammalian retina consists of three glial and six neuronal general cell
types categorized based on their morphology and function. Retinal cells are organized into three
easily distinguishable nuclear layers: (i) rod and cone photoreceptors in the outer nuclear layer
(ONL); (ii) bipolar, horizontal and amacrine cells (interneurons) in the inner nuclear layer (INL);
and, (iii) retinal ganglion cells in the retinal ganglion layer (RGL) (figure 1.3) (Demb and Singer,
2015). Rod and cone photoreceptors capture the light that enters the eye and convert it into
changes in membrane potential that are transmitted to and processed by interneurons in the INL
(Demb and Singer, 2015). The signal is then transmitted by retinal ganglion cells to visual centers
in the brain where it is further processed. Disrupting the flow of information at any point in the
described pathway can impair visual function. As will be discussed in the next sections, retinal
degenerative diseases are typically characterized by the irreversible loss of photoreceptors,
ultimately leading to a disruption of the signal flow within the visual pathway, which often results
in a permanent loss of vision.
15

Figure 1.3 Human visual pathway and retinal anatomy.
Photoreceptors are the first components of the mammalian visual pathway and their
degeneration leads to blindness. Rod and cone photoreceptors are housed and trophically
supported by the retinal pigment epithelium (RPE). A dysfunctional and/or degenerated RPE
monolayer often leads to irreversible loss in photoreceptors and ultimately visual impairment.
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1.5.3 Photoreceptor-RPE interactions
The RPE monolayer is an important component of the retinal niche that plays a pivotal role
in eye growth; it is absolutely essential for proper retinal development, as it finely orchestrates
photoreceptor differentiation and retinal lamination (Bharti et al., 2006; Fuhrmann, 2010;
Nguyen and Arnheiter, 2000; Raymond and Jackson, 1995). Indeed, genetic disruption of the
developing RPE results in RPE-retina trans-differentiation, and abnormal eye development
(Fuhrmann, 2010; Kagiyama et al., 2005; Martínez-Morales et al., 2003). The apical surface of RPE
houses photoreceptors’ outer segments (POS), while its basolateral side faces Bruch’s membrane
that separates RPE from the choroid (Simó et al., 2010; Sparrow et al., 2010). Healthy RPE
maintains visual function by housing photoreceptors and trophically supporting their survival and
function. As shown in figure 1.3, RPE’s strategic location, between the choroid and
photoreceptors, enables it to interact with both sides to establish and maintain a healthy niche
(Sparrow et al., 2010). Interfering with RPE function often leads to niche disruption, ultimately
resulting in dysfunction and loss of photoreceptors (Binder et al., 2007). As niche cells, RPE
performs a variety of supportive functions (figure 1.4) including light absorption, epithelial
transport, ion balance, visual recycling, phagocytosis and secretion of key factors (Sparrow et al.,
2010).
Being pigmented enables RPE cells to absorb some of the light energy that falls on the retina
(Boulton and Dayhaw-Barker, 2001). This is crucial as photoreceptors are exposed to a highly
oxygenated environment in their niche (Boulton and Dayhaw-Barker, 2001; Strauss, 2005). These
conditions are permissive for oxidative damage, especially with the increased reactive oxygen
species (ROSs) produced by damaged POSs (Miceli et al., 1994; Strauss, 2005). RPE contains
various pigments that absorb various wavelengths, especially wavelengths associated with high
energy and oxidative damage (Schmidt and Peisch, 1986). Most of the light absorption is done by
melanin within the melanosomes, which has been reported to decline with age (Schmidt and
Peisch, 1986). Thus, the light absorption function of RPE protects aganist cellular degeneration
caused by oxidative damage.
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As a niche cell, the RPE orchestrates the bidirectional transportation of nutrients, byproducts and ions between the choroid and photoreceptors (Dibas and Yorio, 2008). In the
subretinal-choroid direction, RPE transports water, ions and lactic acids away from
photoreceptors to the blood stream (Dibas and Yorio, 2008). The presence of Na+ - K+ ATPase,
Na+- HC03- and Na+ -K+ -2Cl- cotransporters assists in RPE’s function of maintaining ion and pH
homeostasis in the subretinal space by excreting Cl-, HCO3- and lac- (Strauss, 2005; Sugasawa et
al., 1994). On the other hand, RPE also transports important nutrients from the blood (choroid)
to the subretinal space. For instance, RPE highly expresses glucose transporters to facilitate
glucose transportation to the subretinal space (Strauss, 2005; Sugasawa et al., 1994).
In addition to protecting the retina from oxidative damage and orchestrating molecular
transport, RPE plays an essential role in the retinoid cycle and the phagocytosis of damaged POSs
(Baehr et al., 2003; Mazzoni et al., 2014). Photoreceptors are unable to replenish 11-cis-retinal
after visual transduction as they lack the necessary enzymes (Baehr et al., 2003). Following visual
phototransduction, the active form of retinal (11-cis-retinal) is depleted in photoreceptors and
all-trans-retinal (by-product) needs to be re-isomerized for photoreceptors to maintain their
ability to respond to light. Most of the all-trans-retinal is re-isomerized in the RPE to 11-cis-retinal
and transported back to photoreceptors (Cai et al., 2009; Kevany and Palczewski, 2010).
Highlighting the importance of the visual recycling function of RPE is the fact that several
inherited retinal degenerative diseases are caused by mutations in a variety of genes of the visual
cycle (Baehr et al., 2003). The RPE monolayer digests shed POS and extracts important molecules,
such as retinoids and docosahexaenoic acid, and redelivers them to photoreceptors through a
similar mechanism to visual recycling. RPE’s failure to phagocytize damaged POS has been
associated with several retinal degenerative diseases such as retinitis pigmentosa (RP) and Usher
syndrome (Gibbs et al., 2003; McHenry et al., 2004; Yu et al., 2017). Moreover, a defect in POS
phagocytosis might also contribute to the onset of age-related macular degeneration (AMD) as
undigested POS accumulate high amounts of oxidized lipids and proteins (Inana et al., 2018).
The secretory function of RPE is relevant to this thesis as it enables RPE cells to
communicate a variety of survival and functional cues to other RPE and photoreceptor cells. The
crosstalk between RPE and the retina is established early during development and is maintained
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for the life of the organism (Jablonski et al., 2000; Tanihara et al., 1997). The RPE monolayer
secretes several growth factors and cytokines to communicate with and support cells in the retina
and the choroid (Tanihara et al., 1997). RPE cells secrete fibroblast growth factors (FGFs);
Transforming growth factor (TGF-β); insulin-like factor-I (IGF-I); ciliary neurotrophic factor
(CNTF); platelet-derived factor (PDGF) (Mori et al., 2002); lens epithelium-derived growth factor
(LEDGF); Vascular endothelial growth factor (VEGF) (Saint-Geniez et al., 2009); various
interleukins; and, pigment epithelium-derived factor (PEDF) (Bouck, 2002; Strauss, 2005). PEDF
is a neuroprotective factor that is secreted by RPE to maintain the retina and protect
photoreceptors from apoptosis (Falk et al., 2009). Moreover, PEDF plays an important role in
stabilizing the choroid by functioning as an antiangiogenic factor (Barnstable and Tombran-Tink,
2004). On the other hand, RPE secretes VEGF from the basolateral side to modulate angiogenesis
and keep endothelial cells alive (Saint-Geniez et al., 2009). Finally, the RPE secrets several growth
factors as a response to injury including FGF-2 and CNTF, which are thought to protect
photoreceptors from oxidative damage (Farrar et al., 2015; Ikeda et al., 2004; Strauss, 2005).
The RPE monolayer is a crucial component of photoreceptor niche as it trophically supports
their survival and function. Some vision scientists go a step further to think of RPE and
photoreceptors as one functional unit due to their interdependence on each other. This point of
view is further supported by the fact that some retinal diseases resulting from genetic defects in
RPE eventually lead to the degeneration of photoreceptors, and vice versa (Jones et al., 2017).
Indeed, as previously mentioned, various genetic dysfunctions in RPE can compromise its
function and initiate its degeneration, ultimately leading to retinal degenerative diseases such as
subtypes of AMD, RP and Stargardt disease (Zając-Pytrus et al., 2015). Therefore, several clinical
trials have recently utilized cell therapy to replace the degenerating RPE and restore
photoreceptors’ compromised niche (Da Cruz et al., 2018; Mandai et al., 2017; Schwartz et al.,
2012, 2015). While these trials demonstrated encouraging proof-of-principle results,
transplanting dissociated RPE cells and RPE sheets have their limitations (Da Cruz et al., 2018;
Kamao et al., 2014; Kashani et al., 2018; Schwartz et al., 2015, 2016; Tezel and Del Priore, 1997).
Chapter 2 introduces a novel approach to address these limitations by producing scaffold-free
and injectable RPE microtissue.
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Figure 1.4 Retinal Pigment Epithelium (RPE) houses and trophically supports photoreceptors by
performing a variety of functions.
The RPE monolayer is a crucial component of the retinal cellular niche as it plays important roles
in retinal development and maintenance. More specifically, it closely interacts with
photoreceptors and performs a variety of functions that ensure photoreceptors’ survival and
optimal function. Being pigmented, RPE absorbs scattered light which leads to a sharp image and
minimized oxidative damage. The RPE monolayer also uptakes damaged POS and recycles
important molecules such as 11-cis retinal, which is required for phototransduction. Moreover,
RPE cells secrete a variety of crucial factors basolaterally and apically to relay massages in both
directions (to the choroid and neuronal retina, respectively). Finally, the tight junction between
RPE cells creates a blood-barrier, which allows RPE to control the transport of nutrients, water
and ions to and from the neuronal retina. Given the critical functions performed by RPE, it is not
surprising that diseased RPE leads to photoreceptor degeneration. This figure was inspired by a
similar figure published by (Strauss, 2005).
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1.5.4 Retinal degenerative diseases
Over 50 million people worldwide are visually impaired due to retinal degenerative
diseases (Lu and Zhang, 2018). These diseases are genetically heterogeneous with over 200
causative genes identified, ultimately affecting the survival and function of photoreceptors
(Thompson et al., 2015). Retinal degeneration can also be a consequence of genetic dysfunctions
in the RPE monolayer (niche cells), preventing it from playing its vital role in supporting
photoreceptor survival and function. Retinal degeneration can be clinically divided into a variety
of diseases including Retinitis Pigmentosa (RP), Leber congenital amaurosis (LCA), Usher
syndrome (USH), Stargardt disease, and age-related macular degeneration (AMD) among others
(Thompson et al., 2015). Most of these diseases typically manifest in a gradual loss of
photoreceptors and compromised vision, eventually leading to patients becoming registered as
blind.
1.4.4a Age-related macular degeneration
Age-related macular degeneration (AMD) is the leading cause of blindness in industrial
countries (Singer, 2014). The disease has two major subtypes: advanced neovascular (wet) AMD
(~ 10% of patients) and geographic atrophy (dry) AMD (~90% of patients) (Zając-Pytrus et al.,
2015). In their late stages, both dry and wet AMD cause substantial vision loss in patients (Lim et
al., 2012; Zając-Pytrus et al., 2015). In wet AMD, blood vessels from the choroid invade the retina
and cause scarring due to leaking fluids and lipids (Lim et al., 2012). The leaking fluids and scarring
result in the loss of RPE and photoreceptors in the late stages of the disease, ultimately leading
to an irreversible loss of vision. On the other hand, dry AMD is characterised by the abnormal
accumulation of yellow deposits (known as drusen) between the basal layer of RPE and Bruch
membrane (Zhao et al., 2017). As the disease progresses, increased drusen accumulation causes
RPE detachment and dysfunction, leading to the degeneration of photoreceptors (figure 1.5)
(Zając-Pytrus et al., 2015). While the cause of both forms of AMD is not yet known, they have
been linked with multiple environmental and genetic risk factors (Cheung et al., 2017).
Environmental risk factors may include: smoking; obesity; cardiovascular risks related to
unhealthy lifestyle; and low dietary intake of omega-3 fatty acids as well as vitamins A, C and E
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(Lim et al., 2012). Additionally, AMD has lately been associated with genes influencing various
biological pathways involving the immune system as well as ECM and angiogenesis pathways
(Lim et al., 2012).
1.5.5 Current clinical interventions
To date, there is no curative treatment available for AMD patients, and most of the current
clinical interventions aim to slow the development of the disease (Rolling, 2004). Since AMD has
been associated with dietary deficiencies, supplements containing antioxidants, zinc, β-carotene
as well as vitamins C and E have been reported to delay its progression (Lim et al., 2012; Taiti and
Marone, 2017). While they may suffer from more severe symptoms, wet-AMD patients have
more therapeutic options, especially with the emergence of FDA-approved and effective antiVEGF therapy in 2004 (Kim and D’Amore, 2012). After several clinical trials and iterations of drugs,
anti-VEGF injections have become a standard treatment for wet-AMD patients (Pożarowska and
Pożarowski, 2016). Though this approach does not provide a curative solution, patients can
minimize damage to their retina by regularly visiting their ophthalmologist for anti-VEGF
injections. On the other hand, dry AMD progresses much slower starting with a slow
degeneration of RPE cells leading to the eventual loss of photoreceptors and ultimately blindness.
The current clinical treatment for dry AMD patients involves prophylactic supplements as well as
attempting to slow the progression of the disease (Zając-Pytrus et al., 2015). Since photoreceptor
death in dry AMD is secondary to the loss of RPE cells, RPE cell therapy holds a great potential to
rescue photoreceptors in the early and intermediate stages of the disease. Indeed, the
development of a successful RPE cell therapy has the potential to offer a curative treatment for
dry AMD patients (Luo and Chen, 2018). RPE cell therapy will be discussed in more details in the
following sections.
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Figure 1.5 The dry form of age-related macular degeneration (dry-AMD).
(a) Demonstrates a healthy interaction between RPE and photoreceptors, where RPE houses and
trophically supports photoreceptors. In late stage dry AMD, however, that functional connection
between RPE and photoreceptors is disrupted as shown in (b). The yellow deposits (drusen) that
accumulate between the basal layer of RPE and Bruch’s membrane leads to RPE detachment and
degeneration, ultimately leading to photoreceptor degeneration.
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1.5.6 Promising therapies
1.5.6a Gene therapy
The last two decades have overseen significant progress in our understanding of the
genetic and molecular basis of several retinal degenerative diseases, inspiring several promising
efforts to treat retinal degeneration via gene therapy (Rolling, 2004; Sengillo et al., 2017;
Takahashi et al., 2018a; Thompson et al., 2015). Gene therapy is especially suited for monogenic
retinal diseases, which are caused by a known mutation in a single gene (Sengillo et al., 2017).
The first proof-of-principle was perhaps demonstrated in 1996 by Bennet and colleagues, when
they rescued the photoreceptors of a retinal degenerative mouse model by subretinally
delivering adenovirus with the wildtype allele (Bennett et al., 1996). Since then, much research
has been conducted to develop safer, more efficient and highly targeted approaches to deliver
DNA to specific cells in the eye. The eye is uniquely suited for gene therapy as it is small and
compartmentalised, which allows for high concentration of the virus to be retained following the
injection and minimizes risks for adverse systematic effects (Sahel and Roska, 2013). Moreover,
the optical transparency of the eye allows for continuous and non-invasive monitoring of
response to the treatment, often in the presence of an internal control (i.e. the untreated eye)
(Sengillo et al., 2017). The inherent advantages of using the eye combined with success in animal
trials has resulted in accelerated research, bringing gene therapy for several retinal disease to
the clinic (Sengillo et al., 2017). As such, gene therapy is currently in clinical trials to treat RP,
Usher Syndrome, Stargardt disease, and achromatopsia, among others. While data from gene
therapy trials are encouraging for monogenic retinal diseases, more complex polygenic diseases
such as dry AMD are less likely to benefit from it (Takahashi et al., 2018a). It is also important to
note that gene therapy is particularly suited for treatment of early-stage retinal degeneration
where most of RPE and photoreceptor cells are still present.
1.5.6b Electronic prosthesis
Electronic prosthetics represent a potential alternative therapy for retinal degeneration
patients. Although gene therapy has shown to be effective in early to mid-stages of retinal
degeneration (Sengillo et al., 2017; Takahashi et al., 2018a), it is not very effective in the late
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stages when the photoreceptor population has been severely depleted (Gasparini et al., 2018).
With photoreceptor replacement therapy far from the clinic (Gasparini et al., 2018), electronic
retinal implants aim to restore some of the visual function for patients who are completely blind
(Stingl et al., 2013). Electronic prostheses attempt to mimic the function of photoreceptors by
artificially detecting light (camera), converting light signals into electrical ones, and delivering the
signal to downstream retinal neurons and eventually to the visual center of the brain (Weiland
et al., 2011). After two decades of proof-of-principle animal and human trials, two retinal
prosthetic devices have been recently approved by the Food and Drug Administration (FDA) and
Conformite Europeenne (CE) (Cheng et al., 2017). While several retinal prostheses have
demonstrated restoration of some visual function in blind human subjects, many obstacles still
exist. For instance, current devices allows patients to avoid accidents by enabling them to detect
high-contrast edges, but not full clear images (Nirenberg and Pandarinath, 2012). This technology
is still in its infancy as it only offers very limited resolution vision; thus, more research is required
to develop a device that fully restores vision (Cheng et al., 2017). Current efforts are focused on
enhancing the resolution of the device stimulator to better relay the visual information to
downstream retinal neurons (Nirenberg and Pandarinath, 2012; Weiland et al., 2011).
1.5.6c Photoreceptor replacement therapy
While gene therapy is most effective in the early stages of monogenic retinal diseases,
photoreceptor cell therapy is an option for later stages when most photoreceptors are depleted.
Photoreceptor replacement therapy is a promising therapeutic approach that aims to
repopulate/replace the degenerated/diseased photoreceptors by employing applications of
regenerative medicine. Compared to gene therapy, this process is more controllable and can be
reversed if cells do not perform as anticipated (Tan et al., 2018). With accelerated advancement
in the fields of regenerative medicine and stem cell biology, scientists are now able to efficiently
produce various retinal cells from various cell sources including somatic cells, ESCs and iPSCs
(Gonzalez-Cordero et al., 2013; Mandai et al., 2017; Schwartz et al., 2012; Waldron et al., 2018;
Zhong et al., 2015). However, despite the encouraging advances in stem cell biology and cellular
reprograming, photoreceptor replacement therapy has not yet been translated to the clinic due
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to several unresolved issues (Gasparini et al., 2018). One of these challenges is the low survival
and engraftment of photoreceptors upon transplantation in animal models. Even with optimized
cell enrichment and surgical techniques, photoreceptor engraftment into recipient’s retina is
very modest (< 1% of transplanted cells) (Pearson et al., 2012; Santos-Ferreira et al., 2014). Even
these dismal engraftment rates are optimistic as new emerging evidence suggest that most of
the “integrated” photoreceptors are in fact endogenous to recipient mice (Pearson et al., 2016;
Santos-Ferreira et al., 2016; Waldron et al., 2018). This low integration rate is insufficient for
clinical use, especially as integration efficiencies may be further reduced when photoreceptors
are transplanted into a degenerative environment (Pearson et al., 2012).
1.5.6d RPE cell therapy
Highlighting the pivotal role RPE plays as niche cells in housing and trophically supporting
photoreceptors, RPE transplantation is considered a suitable treatment option for patients with
a dysfunctional RPE monolayer. Encouraging results from several animal trials further highlights
the therapeutic potential of transplanting stem cell-derived RPE (Diniz et al., 2013; Li et al., 2012;
Lund et al., 2006; Maeda et al., 2013). For instance, a group from Columbia university
demonstrated that human iPSC-derived RPE is able to rescue visual function in retinal
degenerative mouse models (Li et al., 2012). These iPSC-derived RPE cells were transplanted
subretinally into an RP animal model, RPE65-/- mice, that had deteriorated visual function due
dysfunctional recycling of photoreceptor’s chromophores (Li et al., 2012). The group reported
improved visual efficacy, as measured by electroretinogram, in recipient mice (Li et al., 2012).
These results were validated by Maeda et al. as they examined iPSC-derived RPE cells ability to
perform the visual recycling function in vitro and in vivo (Maeda et al., 2013). Generated RPE cells
were transplanted into Lrat-/- and Rpe65

-/-

blind mice, and demonstrated endogenous 11-cis-

retinal production and enhanced visual function (Maeda et al., 2013).
Encouraging results from animal studies inspired several groups to take RPE
transplantations to clinical trials. In a groundbreaking study, Schwartz and colleagues
transplanted hESC-derived RPE cells subretinally into two patients with AMD and Stargardt
macular dystrophy in a clinical trial (Garg et al., 2017a; Schwartz et al., 2012). The study reported
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that the transplantation was safe as there was no signs of tumor formation or abnormal
proliferation (Garg et al., 2017a; Schwartz et al., 2012). Since then, several other clinical trials
have brought RPE cell replacement therapy a step closer to the clinic (Da Cruz et al., 2018; Kashani
et al., 2018; Mandai et al., 2017).
RPE cells can be transplanted into patients as a cell suspension or as an in vitro RPE tissue
(Sachdeva and Eliott, 2016). RPE transplanted as a cell suspension demonstrated marginal
success as cells fail to survive, integrate and function in their new environment (Tan et al., 2018).
This could possibly be attributed to the lack of physical and biochemical support within their new
and foreign microenvironment upon transplantation. As such, scientists have utilized tissue
engineering principles to produce RPE tissues that incorporate various aspects of their native
niche. RPE transplanted as a tissue have demonstrated enhanced performance in terms of the
transplant’s morphology, survival and function (Da Cruz et al., 2018; Kamao et al., 2014; Mandai
et al., 2017; Sachdeva and Eliott, 2016). This is not surprising and can be attributed to the partial
restoration of RPE niche by culturing and transplanting RPE as a tissue. Unlike RPE cells
transplanted in single cell suspension, RPE cells within a tissue have some restored cell-cell and
cell-ECM connections, as well as mechanical support in some scaffolded tissues (Tan et al., 2018).
Several tissue engineering approaches have been utilized to produce effective RPE
transplants and address some of the limitations associated with RPE cell therapy. Perhaps the
most common approaches can be broadly categorized into scaffold-based approaches and
scaffold-free cell RPE sheets.
1.5.6d (i)

Scaffold approaches

RPE cells can be grown on scaffolds made from biocompatible materials of natural or
synthetic origins and transplanted as a cellular sheet (Ben M’Barek et al., 2017; Tan et al., 2018;
White and Olabisi, 2017). Scaffolds are typically designed to mimic the mechanical properties of
RPE’s native niche, as well as to allow the tissue to withstand surgical manipulations (Tan et al.,
2018; Zarbin et al., 2019). Moreover, culturing RPE on a substrate with the right mechanical
properties prior to transplantation allows for more efficient tissue maturation and development
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(Lutolf and Hubbell, 2005). Natural ECM components such as collagen, laminin and fibronectin
have been used to construct a scaffold with specific mechanical properties (Tan et al., 2018;
White and Olabisi, 2017). However, they are harder to manipulate and represent a source of
concern for zoonotic diseases and allergic reactions depending on the source of the ECM
components. Synthetic polymers, on the other hand, allow for much better control over their
properties including biocompatibility, mechanical strength and degradation (Tan et al., 2018).
There have been several encouraging clinical trials that utilize a form of synthetic scaffolding to
grow and transplant RPE tissue. For instance, in the US, Kashani and colleagues are conducting
a phase 1 clinical trial to assess the safety and effectiveness of their ESC-derived RPE transplant
on advanced dry AMD patients (Kashani et al., 2018). Their transplant consists of a polarized
monolayer of RPE on a thin synthetic and non-biodegradable substrate that mechanically mimics
Bruch’s membrane (Kashani et al., 2018). The surgery was successful in four out of the five
patients enrolled, and the initial data suggests that the implant integrated with host
photoreceptors (Kashani et al., 2018; Takiuti et al., 2018). Another example comes from the UK
where Da Cruz and colleagues developed an RPE patch by growing ES-derived RPE on a polyester
membrane coated with vitronectin (Da Cruz et al., 2018). The group went on to successfully
transplant their RPE patches into two patients with wet AMD in a phase 1 clinical trial (Da Cruz
et al., 2018). Initial reports from this trial are encouraging as patients reported visual acuity gains
12 months after transplantation (Da Cruz et al., 2018). While very encouraging, both trials are
relatively recent and were done on a small number of patients; further investigations are thus
required to ensure their safety and efficacy.
1.5.6d (ii)

Scaffold-free cell sheets

Scaffold-free RPE cell sheets represent an alternative approach to engineering RPE
transplants. This approach attempts to address some of the drawbacks associated with using
scaffolds; for instance, they have been associated with inflammation and RPE detachment shortly
after transplantation (Kamao et al., 2014; Yamato and Okano, 2004). Engineering cell sheets
depend on the native capacity of the cells to fuse into cohesive sheets and produce enough ECM
to mechanically support the structure (Ovsianikov et al., 2018). One method to produce scaffold-
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free cell sheets is to grow cells on temperature-responsive polymer covalently linked to a culture
vessel and allow the cells to reach confluency and deposit ECM (Yamato and Okano, 2004). Upon
reduction of temperature, the polymer becomes more hydrophilic, decreasing its interaction
with the deposited ECM and enabling the harvest of a coherent cell sheet (Jha and Bharti, 2015;
Yamato and Okano, 2004). Alternatively, Kamao and colleagues generated iPSC-derived RPE
sheets by culturing cells on collagen gel and utilized collagenase treatment to release the RPE
sheets (Kamao et al., 2014). These sheets were then transplanted into RCS Rats (that have
dysfunctional RPE due to inherited mutations) and non-human primates (Kamao et al., 2014).
Their results were encouraging as transplanted sheets did not elicit immune rejection or tumor
formation (Kamao et al., 2014). In 2017, the same RIKEN Center group generated and
transplanted a patient-specific iPSC-derived RPE sheet into a 77-year old female patient with wet
AMD (Mandai et al., 2017). While the surgery did not seem to improve or worsen visual acuity of
the patient, the transplanted sheet remained intact one-year post surgery (Mandai et al., 2017).
Though scaffold-free RPE sheets show promising therapeutic potential, their transplantation is
considered quite invasive as they are too big to be subretinally injected. Moreover, it is very labor
intensive and technically inaccessible for healthcare workers to produce high quality RPE sheets
(Mandai et al., 2017; Owaki et al., 2014).
1.5.6d (iii)

Our approach: scaffold-free and injectable RPE microtissue

Chapter 2 presents an alternative and novel approach to producing scaffold-free RPE
transplants to address some of the limitations associated with the previously described methods.
This approach combines the simplicity of handling and transplanting single cell suspension with
the superior performance of an established and coherent tissue. Chapter 2 showcases the
production and characterization of size-controlled and scaffold-free 3D RPE microtissue that are
scalable, easy to handle and injectable using a 30-gauge needle. This approach could have the
potential to achieve the best of both worlds: enhanced RPE performance, accessibility and
minimal invasiveness upon transplantation.
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1.6

The Islets of Langerhans and Diabetes

1.6.1 The pancreas
The pancreas is an elongated organ that is located in the upper left side of the abdomen,
behind the stomach. It is composed of three regions: a head region that attaches to the
duodenum; a body region; and, a tail region that attaches to the spleen (Veld and Smeets, 2015).
It is a gland that carries out both digestive exocrine and endocrine functions. As such, it has four
distinct yet interrelated types of tissue: the endocrine tissue; exocrine tissue; ducts; and,
connective tissue that perform both digestion and glucose homeostasis functions (In’t Veld and
Marichal, 2010). The exocrine tissue is composed of acinar cells (>95% of the pancreatic mass)
that secrete bicarbonate and digestive enzymes into the duodenum to help with digestion
(Longnecker, 2014; Veld and Smeets, 2015). Endocrine cells (1 -2 % of the pancreatic mass) are
responsible for glucose homeostasis and carry out their function by releasing hormones into the
blood stream (Longnecker, 2014). These cells are organized into clusters or islands of cells
scattered throughout the exocrine tissue, called the islets of Langerhans (Veld and Smeets, 2015).
The islets of Langerhans are composed of various endocrine and supportive cell types that work
in harmony to maintain glucose homeostasis.
1.6.2 Islets of Langerhans
The islets of Langerhans in humans are composed of several endocrine and supportive cell
types including: insulin-secreting β cells (70-80%); glucagon-secreting α cells (15-20%);
somatostatin-secreting δ cells (5-10%); pancreatic polypeptide-secreting PP cells (2%); Ghrelinsecreting ε cells (<1%); and, other niche cells, working in concert to establish and maintain
normoglycemia (Da Silva Xavier, 2018; Veld and Smeets, 2015). Islet architecture and size vary
among species; for instance, rodent islets are characterized by the β cells mostly located in the
core of the islet, while α and δ cells are scattered in the periphery (Brissova et al., 2005; Kim et
al., 2009a; Steiner et al., 2010). This is not the case in primates where various endocrine cells are
scattered throughout the islet with no recognizable pattern (Brissova et al., 2005). The relatively
disorganised architecture of human islets has been proposed to enable β cells to respond to low
concentrations of glucose to which rodent islets are irresponsive (Cabrera et al., 2006; Kim et al.,
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2009a). This could be partially due to the proximity and direct contact between β and α cells,
which is enabled by the “disorganized” architecture of human islets. The body mass of an
organism closely corelates with the mass of the pancreas and β cells (Montanya et al., 2000). This
is intuitive as more insulin is needed for larger organisms. Surprisingly, the size of individual islets
escapes this correlation, as primate islets are similar in size to rodent islets (Steiner et al., 2010).
This could mean that there is a size limit to maintain the functionality of individual islets and that
larger animals deal with their increased insulin demand by increased number of islets (Kim et al.,
2009a). Regardless of their architecture and the species they come from, islet function is highly
dependent on cues from its unique and complex microenvironment.
1.6.3 Islet and β cell niche
The islets of Langerhans are specialized micro-organs with a unique microenvironment that
allows them to function in an effective and desirable manner. In general terms, islet niche is
composed of the various endocrine cells, vasculature (Olerud et al., 2009), nerve fibers
(Rodriguez-Diaz and Caicedo, 2014), supportive cells (Hogan and Hull, 2017), ECM (Smink and de
Vos, 2018), secreted factors and immune cells (Zinselmeyer et al., 2018). These components work
in concert to establish and maintain a dynamic microenvironment that supports the survival and
function of the various endocrine cells, including β cells. Prior to secreting their hormones,
endocrine cells sense and integrate many environmental cues such as glucose, secreted
molecules, and neurotransmitters as well as mechanical signals (Aamodt and Powers, 2017).
Moreover, islets’ function is dependent on the crosstalk among the various endocrine cells, which
is typically mediated by signalling molecules, neurotransmitters, cell adhesion molecules and gap
junctions (Bavamian et al., 2007; Jaques et al., 2008; Olofsson et al., 2009; Soltani et al., 2011).
For instance, gap junctions mediate islet-islet and β cell-β cell direct communication by linking
the cytoplasm of adjacent cells and allowing for flow of ions (Bavamian et al., 2007). This
facilitates synchronized glucose-stimulated insulin secretion (GSIS) while maintaining the
production and storage of insulin (Bavamian et al., 2007).
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Figure 1.6 Human islet biology and β cell Niche
The islets of Langerhans are scattered throughout the pancreas and account for ~ 1-2 % of the
pancreatic mass. They are composed of multiple endocrine and stromal cells including: insulinsecreting β cells; glucagon-secreting α cells; somatostatin-secreting δ cells; pancreatic
polypeptide-secreting PP cells; and Ghrelin-secreting ε cells, along with niche cells such as
fibroblasts. Human islets are separated from exocrine tissue by a capsule made of two basement
membranes separated by fibroblast cells and ECM. Islet niche is composed of various
components that directly affect islets’ performance including: endocrine cells, vasculature, nerve
fibers, stromal cells, ECM, immune cells and secreted factors.
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In addition to close communication among endocrine cells, the vasculature is a crucial
component of the islet and β cell niche. The islets of Langerhans are highly vascularized; while
islets only represent <2% of the pancreatic mass, they receive up to 20% of blood flow to the
pancreas (Aamodt and Powers, 2017). The status of islet vascularization is partially controlled by
signals originating from β cells that allow them to rapidly respond to sudden changes in blood
glucose levels (Aamodt and Powers, 2017). Vascular endothelial cells are key players in the islet
niche as they are recruited by β cells’ secretion of VEGF-A to build a vascular network adjacent
to β cells (Nikolova et al., 2006). Additionally, these vascular endothelial cells deposit various ECM
components to construct the basement membrane. The basement membrane proteins such as
laminin, collagen and fibronectin have been shown to promote insulin gene expression as well as
β cell survival and proliferation (Nikolova et al., 2006; Weber et al., 2008). In addition to ECM
production, endothelial cells support β cell survival and function by secreting paracrine factors
such as FGF, CTGF and HGF (Hogan and Hull, 2017). Unfortunately, islet vasculature and its
population of endothelial cells are often depleted following islet isolation, which has been linked
to limited success of islet transplantation (Kaviani and Azarpira, 2016; Narayanan et al., 2017). As
such, several groups, including the Ungrin laboratory, have attempted to reintroduce endothelial
cells into the islet niche (Barba-Gutierrez et al., 2016; Quaranta et al., 2014).
Another crucial component of islets’ microenvironment is the extracellular matrix (ECM) as
it has been shown to influence the survival, proliferation and function of β cells (Smink and de
Vos, 2018; Weber et al., 2008). Indeed, enzymatically digested islets demonstrate low survival
upon transplantation, partially due to their loss of ECM (Smink and de Vos, 2018). In humans,
islets are separated from exocrine tissue by a capsule made of two basement membranes
separated by fibroblast cells and ECM (Aamodt and Powers, 2017). This contrasts with rodent
islets, which are surrounded by only one layer of basement membrane (Otonkoski et al., 2008).
The fibroblast cells surrounded by the dual basement membranes deposit various types of
collagens (I, III, V and VI) into their microenvironment. In addition to maintaining the structural
integrity of the capsule, it has been suggested that collagen plays a role in islet function (Stendahl
et al., 2009). Islet-matrix interactions are typically mediated by the binding of a specific subset of
integrin to an ECM molecule; for instance, α1β1 integrin of a β cell binds collagen IV of the
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basement membrane to enhance insulin secretion (Kaido et al., 2004). In addition to collagen,
laminin is another key component of basement membrane, which is present within and
peripheral to islets. β cells express various integrin and non-integrin receptors that bind laminins,
ultimately leading to enhanced survival, proliferation and function (Stendahl et al., 2009). Taken
together, ECM molecules are vital components of the β cell niche as they vastly influence the
survival and function of islet cells. This has sparked the interest of several groups, including ours,
to utilize tissue engineering approaches to reconstitute the ECM of isolated islets (Kaviani and
Azarpira, 2016).
Secreted factors are another crucial component of the islet niche as they play a vital role
in pancreatic development as well as islet survival and function. For instance, insulin-like growth
factor (IGF-1) is a growth factor present in the islet niche that initiates signalling pathways in β
cells known to enhance survival, proliferation and glycemic control (Stewart et al., 2015).
Additionally, IGF-1 demonstrated a protective effect as it reduced apoptosis and increased
proliferation of β cells in mice treated with streptozotocin (STZ), a drug that specifically damages
β cells and induces diabetes (Agudo et al., 2008). Moreover, Chen and colleagues demonstrated
that platelet-derived growth factor (PDGF) controls the process of β cell expansion in juvenile
humans and rodents, a process that declines with age (Chen et al., 2011). It turns out that adult
human β cells are unresponsive to PDGF treatment because they stop expressing PDGF receptor
(Chen et al., 2011). Furthermore, fibroblast cells in the islet niche secrete FGFs, and FGF signalling
is so essential that inhibiting it results in β cell death and diabetes (Hart et al., 2000). Indeed, Hart
and colleagues have shown that mice with attenuated FGFR1c signalling in the pancreas lose β
cell mass over time and develop diabetes (Hart et al., 2000). Besides IGF-1, PDGF and FGFs, islet
microenvironment is rich with several growth factors, hormones and mitogens that directly and
indirectly influence β cell behaviour. Scientists continue to study these signalling pathways with
the hope of finding a way to modulate and improve islet survival and function.
In addition to the vasculature, ECM and secreted factors, the islet niche is also influenced
by signals from the nervous system. Mouse islets are highly innervated by sympathetic and
parasympathetic fibers that deliver signals directly to both α and β cells (Aamodt and Powers,
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2017). These neuronal connections regulate hormone secretion and blood flow within islets
(Rodriguez-Diaz et al., 2012). Moreover, it has been hypothesized that these neuronal inputs play
a role in regulating islet mass and proliferation in mice. For instance, Lami et al. demonstrated
that hepatic neuronal activation of ERK signalling induced β cell proliferation and β cell mass
(Imai et al., 2008). Interestingly, human islets are rarely innervated, but rather sympathetic axons
innervate muscle cells that line the blood vessels, which indirectly controls islet behaviour by
modulating islet blood flow (Aamodt and Powers, 2017). However, it is unknown if neuronal
signals influence β cell proliferation in humans.
1.6.4 Blood glucose regulation
Blood glucose levels are strictly regulated by the actions of insulin and glucagon: two
hormones secreted by the islets of Langerhans (Röder et al., 2016). Insulin secretion by β cells is
amplified as a response to high blood glucose levels, instructing cells to absorb glucose from the
blood, ultimately lowering blood glucose levels

(Berg et al., 2006). Conversely, glucagon

secretion by α cells is increased as a response to low blood glucose levels, instructing the liver
and muscles to break down glycogen and release glucose to the blood stream, ultimately
increasing blood glucose levels. The control of blood glucose is a great example of a negative
feedback loop; a process commonly employed by various systems in the body to ensure
homeostasis (Berg et al., 2006). Hence, the loss of insulin-producing β cells interferes with the
negative feedback system and homeostasis, leading to increased breakdown of macromolecules
to release glucose and inability of the cells to absorb the produced glucose (Röder et al., 2016).
1.6.5 Diabetes
Diabetes mellitus is a chronic illness characterized by the body’s inability to produce or
properly utilize insulin, a hormone that instructs cells to absorb glucose. The inability of cells to
absorb glucose causes high blood glucose levels (hyperglycemia), leading to serious long-term
complications including: cardiovascular diseases, retinopathy, chronic kidney disease, and
diabetic neuropathy (Pellegrini et al., 2016; Yu et al., 2018). According to the Canadian Diabetes
Association (CDA), over 3 million Canadians are living with diabetes, and the WHO projects that
it will become the 7th leading cause of death in 2030 (Mathers and Loncar, 2006). Moreover, the
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International Diabetes Federation reported that over 415 million people have diabetes
worldwide, and predicts that this number will grow to 642 million people by 2040 (Pellegrini et
al., 2016). Diabetes can be divided into two major categories based on insulin dependency; type
2 diabetes (T2D) accounts for approximately 90-95% of cases, while type 1 diabetes (T1D)
accounts for 5-10% (Rother, 2007). T1D is typically caused by the loss of insulin secreting β cells
due to an autoimmune response, ultimately preventing patients from producing sufficient
amounts of insulin to achieve hemostasis (Rother, 2007). Thus, regular supplements of insulin
and constant monitoring of blood glucose levels are required for the survival of T1D patients. On
the other hand, T2D is primarily caused by insulin resistance and is typically managed by
improvements in lifestyle including healthy diet, weight loss and physical activity. However, many
T2D patients develop insulin dependency as the disease progresses, requiring pharmaceutical
interventions including supplementary insulin (Ripsin et al., 2009). Although it is not fully
understood, some T2D patients do lose 40-60% of their β cell mass as the disease progresses and
become insulin dependant (Weir et al., 2011). Hence, T2D patients may also benefit from
curative cell replacement therapy aimed to replenish insulin-producing cells.
1.6.6 Current clinical treatments for T1D
The discovery of insulin in 1922 revolutionized the treatment of T1D, converting it from a
death sentence to a manageable chronic illness (Banting et al., 1922; Jamiolkowski et al., 2012).
Since then, exogenous insulin treatment has been the gold standard to manage the disease.
Insulin treatment has been reported to increase life expectancy and help manage complications
(Aghazadeh and Nostro, 2017). The two most common methods to deliver recombinant insulin
are described below.
1.6.6a Insulin injections
Injections of recombinant insulin on regular basis is currently the most common treatment
for T1D patients (Aghazadeh and Nostro, 2017). Although the Diabetes Control and Complication
Trial (DCCT) reported that strict insulin regulation prevents complications associated with T1D,
self-administration of insulin can be life threatening due to the risk of overdose and hypoglycemia
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(Jamiolkowski et al., 2012). Indeed, attempting to have stringent control over blood glucose
levels is linked to more frequent episodes of hypoglycemia, especially in severe cases, which
contributes to 10% of the overall mortality of T1D patients (Cryer, 2008; Jamiolkowski et al., 2012;
Krinsley et al., 2011).
1.6.6b Biomedical devices
While self-administration of insulin has saved many lives and minimized complications,
hypoglycemia due to overdose has claimed the life of many T1D patients (Cryer, 2008;
Jamiolkowski et al., 2012; Krinsley et al., 2011). To address this problem, over the past several
decades, multiple medical devices have emerged to automate blood glucose monitoring and
insulin administration (Bergenstal et al., 2010, 2016; Garg et al., 2017b). Insulin pumps and
continuous glucose monitoring systems were designed to help T1D patients to safely reach
healthy blood glucose levels (Bergenstal et al., 2010). The relatively recent development of
sensor-augmented insulin pumps has revolutionized insulin therapy for T1D by closely regulating
blood glucose levels (Brown et al., 2018). These systems aim to mimic the function of β cells by
closely monitoring blood glucose levels and administrating insulin accordingly, thus restoring the
feedback loop to ensure homeostasis. An Australian clinical trial enrolled 95 T1D patients
concluded that sensor-augmented pump therapy with automated insulin injection reduced the
rate of hypoglycemia in T1D patients (Ly et al., 2013), addressing the most serious concern of
insulin therapy by self-administration. While this technology continues to advance, offering a
viable treatment and higher quality of life for patients, like most electronic devices, insulin pumps
are limited by how they are programed, and patients’ lives may be threatened by an accidental
push of a button. Thus, cell replacement therapy aimed to replenish β cells may offer a safer and
more sustainable solution in the future. Various cell replacement therapy approaches to treat
T1D and their potential will be discussed in the following sections.
1.6.7 Cell Replacement therapies
Whole pancreas transplantation can be an effective treatment option for a subset of T1D
patients. However, this option is limited by a shortage of donated organs and being on a life-long
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immunosuppressive regimen (Aghazadeh and Nostro, 2017). Thus, pancreas transplantation is
only recommended when it is accompanied with kidney transplantation, which qualifies less than
1% of T1D patients for this procedure (Aghazadeh and Nostro, 2017). On the other hand,
compared to whole pancreas transplantation, islet transplantation is less invasive and has 20
times lower complication rates (Kaviani and Azarpira, 2016). Moreover, cell replacement therapy
is a logical therapeutic approach to treat T1D as it is characterized by the irreversible loss of
insulin-producing β cells, preventing patients from producing enough insulin to achieve
homeostasis. While insulin treatment has saved the lives of many diabetes patients, it does not
prevent complications, because it is difficult to mimic the dynamic insulin secretion orchestrated
by healthy β cells (Kieffer et al., 2018). Therefore, replenishing β cell population in patients is a
more sustainable therapeutic approach, as it attempts to restore patients’ glycemic control and
prevents further complications.
1.6.7a Islet allographs and the Edmonton Protocol
The first proof-of-principle of islet transplantation came about in 1972 when two
independent laboratories showed restored normoglycemia in diabetic rodents

after islet

transplantation (Jamiolkowski et al., 2012). Two decades later, in a breakthrough study, a group
from Edmonton led by Dr. Shapiro performed the first successful islet transplantation via the
portal vein on seven T1D patients (Shapiro et al., 2000). While after one year all seven recipients
stayed insulin-independent, a follow-up study reported that only 10% of the recipients
maintained insulin-independence 5 years after transplantation (Jamiolkowski et al., 2012; Ryan
et al., 2005). Since then, several adjustments have been made to the Edmonton Protocol and it
is now in phase 3 clinical trials at eight centers in North America (Hering et al., 2016). While
promising, there are still several limitations that prevent this approach from becoming a standard
treatment for T1D. The following sections will explore some of the challenges associated with the
islet transplantation and review potential tissue engineering solutions. Chapter 5 of this thesis
presents niche engineering approaches to address some of the drawbacks associated with the
Edmonton Protocol by repopulating the β cell niche with supportive stromal cells.
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1.6.7b Challenges associated with the Edmonton Protocol
While islet transplantation offers a curative solution for a subset of T1D patients, major
challenges remain. These challenges could be generally categorized into: (i) lack of a sustainable
source of cells due to donor scarcity; (ii) islet loss post transplantation; and, (iii) immune
suppression post transplantation (Aghazadeh and Nostro, 2017). These challenges need to be
addressed for cell replacement therapy to become a realistic option for the majority of T1D
patients. While this thesis will focus on strategies to enhance islet survival upon transplantation,
I will briefly discuss stem cells below as an alternative source for islet cells.
1.6.7c Stem cell derived β cells
One of the main limitations of islet transplantation is the sustainability of donor islets, as
the number of qualified recipients far exceeds available donor cadaver tissue. For this reason,
much research has been conducted to explore more sustainable sources – including stem cells –
to obtain functional islet cells. Dr. Kieffer’s group from the University of British Columbia
introduced a seven-stage protocol to derive β cell-like pancreatic progenitors from hESCs
(Rezania et al., 2014). These cells demonstrated glucose responsiveness in vitro and were able to
reverse diabetes in mice within 40 days (Rezania et al., 2014). Similarly, Dr. Melton’s group from
Harvard University derived functional β cells from T1D patient-derived iPSCs (Millman et al.,
2016). The generated cells responded to glucose stimulation both in vitro and in vivo (Millman et
al., 2016). Patient specific β cells would theoretically avoid immune rejection upon
transplantation and waive the need for patients to be on immune suppression (Zhou and Melton,
2018). While both stem cell approaches are promising, differentiation conditions require further
optimization to produce fully differentiated islet cells (Zhou and Melton, 2018).
1.6.7d Islet loss post-transplantation
Insufficient survival of islets upon transplantation is a major challenge for islet replacement
therapy, with a reported instant loss of over 60% of transplanted islets followed by more graft
loss over time (Aghazadeh and Nostro, 2017; Biarnes et al., 2002). This high cell loss can be
partially attributed to islets being stripped from their niche during isolation and handling. The
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enzymatic treatment of islets during the isolation process has been shown to disrupt many
aspects of islet’s native microenvironment, including their ECM, vasculature, and supportive
niche cells (Kaviani and Azarpira, 2016). The loss of microvasculature means that transplanted
islets will almost entirely depend on diffusion to acquire nutrients and oxygen, as islet
revascularization is a relatively slow process (Korsgren et al., 2008). However, diffusion is
insufficient to deliver enough nutrients and oxygen for cells in the core of larger islets, which
leads to hypoxia and starvation induced cell death (Yu et al., 2018). While the lack of functional
vasculature is detrimental for islets immediately after transplantation, disrupted niche
components such as ECM, secreted factors, and supportive cells leads to unhealthy grafts
destined to degenerate over time. Much research has been conducted to fully understand the
extent of these limitations and devise appropriate solutions. The following section will highlight
some tissue engineering approaches aimed at enhancing cell survival and engraftment after islet
transplantation.
1.7

Islet Niche Engineering Strategies
This section will review some tissue engineering approaches that have been reported to

overcome challenges associated with islet transplantation. Overcoming these limitations is
expected to improve the clinical outcome by enhancing survival, engraftment and ultimately
function of transplanted islets.
1.7.1 Vasculature development
The lack of microvasculature is likely to deem transplanted islets to have poor survival and
engraftment. One of the options to address this challenge is to pre-vascularize the site of
implantation prior to transplantation (Yu, 2018). For instance, a group from the University of
Miami produced and implanted a metal device subcutaneously in diabetic rats to vascularize the
site prior to islet transplantation (Pileggi et al., 2006). Their attempt resulted in a rich vascular
network at the transplantation site with the graft sustaining function for five months after
transplantation (Pileggi et al., 2006). Building on the idea of vascularizing the transplantation site,
five years later an Australian group engineered a pre-vascularized capsule and transplanted it
into the groin of diabetic mice 3 weeks prior to islet transplantation (Forster et al., 2011). They
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reported that islets transplanted into the capsule were well-vascularized and superior in their
ability to restore normoglycemia (Forster et al., 2011). Most recently, a Canadian group
demonstrated that it is not necessary to have a device to contain islets and that it may be more
effective for the islets to have more direct contact with blood vessels (Pepper et al., 2015). They
implanted a nylon catheter subcutaneously to elicit a controlled immune response, removed the
catheter after 30 days and transplanted islets into the well-vascularized site (Pepper et al., 2015).
The results from this study were promising as it reversed diabetes in over 90% of the mice and
maintained normoglycemia for <100 days (Pepper et al., 2015). While very encouraging, these
approaches have yet to demonstrate safety and efficacy in human subjects. An alternative
approach to the vascularization of the transplantation site is to enhance the transplant’s capacity
to connect to host’s vasculature. Chapter 5 presents a tissue engineering approach to repopulate
the β cell niche with various supportive cell types. One of the cell types used in the proof-ofprinciple experiments are endothelial cells, which are known to play an important role in
angiogenesis.
1.7.2 Extracellular matrix and biomaterials
Islets lose much of their ECM during the isolation and culturing processes prior to
transplantation, which has been identified as one of the causes of graft failure posttransplantation. Therefore, much research has been conducted to re-establish the islet and β cell
niche by incorporating certain ECM components and biomaterials for scaffolds. Several research
groups have utilized natural ECM components such as collagen, laminin and fibronectin to
improve islet health and function in vitro and post-transplantation. For instance, Sigmundsson et
al. demonstrated that culturing human and mouse islets on α5-laminins enhances their in vitro
and in vivo efficiency and performance (Sigmundsson et al., 2018). Moreover, Llacua and
colleagues showed that the combination of collagen IV and certain laminin sequences improve
GISIS in islets (Llacua et al., 2016). While promising, naturally occurring ECM components are
hard to customize, can trigger an immune response, and are not readily available (Kaviani and
Azarpira, 2016). Alternatively, synthetic biomaterials offer several advantages including their
availability, customizable mechanical properties and degradation rate, as well as their lack of
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immunogenicity (Kaviani and Azarpira, 2016). Perhaps the most commonly used biodegradable
synthetic material is poly-glycolic acid (PGA), which is a aliphatic molecule that is biocompatible
and mechanically consistent (Kaviani and Azarpira, 2016). Hou and colleagues reported that islets
cultured on PGA scaffold outperformed native islets when transplanted into diabetes-induced
rats in terms of glucose clearance and circulating insulin levels (Hou et al., 2009).
While it is not the focus of this thesis, our laboratory is currently working on incorporating
various ECM components into the human islet niche by utilizing hydrogel technology. We believe
that reconstituting the islet ECM can be complemented by re-introducing various supportive cells
in the islet niche, which is the focus of Chapter 5. The cellular microenvironment is very dynamic
and niche cells are typically required to orchestrate the process of ECM deposition and
remodeling (Arous and Wehrle-Haller, 2017). Various niche cells can sense their surroundings,
and remodel the ECM based on the cues they encounter, including cues derived from the ECM
itself. For this reason, we believe that repopulating the cellular niche with cells known to produce
and remodel ECM may be necessary to have dynamic and healthy niches.
1.7.3 Islet modification
An alternative approach to address the challenges associated with islet transplantation is
to modify the islets so they are better equipped to survive in their new environment. Various
modification strategies can be utilized including optimizing islets size and reconstructing their
microenvironment. The size of transplanted islets is detrimental for their survival and
engraftment (Yu, 2018). Indeed, modeling and clinical studies have predicted that smaller human
islets are more likely to survive and have enhanced performance upon transplantation
(Buchwald, 2009; Lehmann et al., 2007). This is not surprising as islets lose most of their
vasculature during the isolation process (Stendahl et al., 2009), and rely on diffusion to fulfill their
oxygen and nutritional requirements. This has encouraged much research to engineer smaller
islets that can survive on diffusion for the first few days after transplantation, until they are
connected to the recipient’s vasculature. While there has been several successful efforts to
dissociate islets and reassemble them into smaller pseudoislets (Cavallari et al., 2007; Green et
al., 2016; Guo-Parke et al., 2012; O’Sullivan et al., 2010; Persaud et al., 2010; Westenfelder et al.,
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2017), most of the published approaches were labour intensive and not scalable. As such, our
laboratory developed a simple platform to produce scalable and size-controlled pseudoislets that
demonstrated superior function when compared to native islets (Yu et al., 2018). In chapter 5,
we utilized similar approaches to not only control the size of these pseudoislets, but also
repopulate their niche with a variety of stromal cells. I incorporated adipose-derived MSCs,
endothelial, and dermal fibroblast cells along with islet cells into a coherent and injectable
microtissue.
1.8

Thesis Rationale
Regenerative medicine and cell replacement therapy offer promising therapeutic options

for a wide variety of diseases including retinal degeneration and diabetes. One of the roadblocks
to adopting cellular therapies is low survival and engraftment of transplanted cells (Da Cruz et
al., 2018; Kamao et al., 2014; Ryan et al., 2005; Schwartz et al., 2016). This is not surprising as
cells are stripped away from their niche and forced into a foreign environment. Since it has been
well-established that cellular behaviour is highly influenced by cells’ microenvironment (Wagers,
2012), re-establishing the cellular niche in transplants prior to implantation is a logical step to
address this challenge.
In this work we develop tissue engineering approaches to understand, restore and enhance
the cellular microenvironment. More specifically, we develop methods to repopulate the cellular
niche and restore the cell-cell interactions (Franke, 2009). Repopulating the cellular niche can
also restore some of the ECM-cell interactions, mechanical properties and replenish soluble
signalling molecules (Peerani and Zandstra, 2010). Indeed, stromal cells within the niche are
known to establish and control various elements of the cellular microenvironment by responding
to intrinsic and extrinsic cues.
Retinal degeneration and diabetes affect millions worldwide, cause a substantial burden
on the healthcare system, and reduce quality of life. Additionally, AMD and T1D are characterized
by the irreversible loss of highly functional cells: RPE and β-cells for AMD and T1D, respectively.
Patients with these diseases are correspondingly good candidates for cell therapies, which are
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currently in clinical trials to validate their safety and efficacy (Da Cruz et al., 2018; Hering et al.,
2016; Kashani et al., 2018). While this is a promising first step, initial reports indicate that
transplanted cells demonstrate poor survival and engraftment for both AMD and T1D (Nazari et
al., 2015; Shapiro et al., 2016). This can be partially attributed to the absence of supportive
microenvironment for cells upon transplantation, which negatively affects the survival and
engraftment of transplanted cells (Nazari et al., 2015; Stendahl et al., 2009). This thesis highlights
some of the tools and approaches we developed to further understand and re-establish the
cellular niche. While these approaches were validated using the retinal and islet systems, they
were designed to be broadly applicable to other biological systems.
1.9

Specific Aims

1.9.1 Chapter 2: To produce injectable and scaffold-free RPE microtissue and characterize their
in vitro function
Rationale:
RPE transplantation has been identified as a viable treatment option for patients with early
stage retinal degeneration caused by dysfunction of the RPE monolayer. However, animal and
early clinical trials demonstrated suboptimal survival, engraftment and function of transplanted
RPE cells. This is not surprising as the transplanted cells have been stripped away from their niche
and forced into a new environment upon transplantation. To address this, several groups
restored cell-cell connections by growing and transplanting RPE as cellular sheets (Da Cruz et al.,
2018; Kashani et al., 2018; Mandai et al., 2017), resulting in superior engraftment and function
in animal and human subjects. Although promising, RPE sheets are technically challenging to
produce and surgically invasive to transplant. Chapter 2 presents an alternative approach that is
scalable, technically accessible and less invasive.
Questions:
➢ Can I produce scaffold-free and size-controlled RPE microtissue?
➢ How do these microtissue compare to standard adherent RPE culture in terms of gene
expression and in vitro function?
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Hypothesis:
I hypothesize that size-controlled and scaffold-free RPE microtissue can be produced and
that these microtissue will outperform adherent culture in terms of gene expression and in vitro
function.
1.9.2 Chapter 3: To identify novel signalling pathways in retinal photoreceptors through mining
published data
Rationale:
Paracrine signalling is one of the most well-studied means of communication among cells
within a niche. Our ability to understand and manipulate these signals has broad implications not
only in the fields of tissue engineering and regenerative medicine, but in other fields such as drug
development (Alimbetov et al., 2018). A starting point to understand the way cells communicate
within a niche is to ask, “what molecular receptors do these cells express?” or in other words,
“what signalling pathways does my cell of interest have the machinery to respond to?” While
having a receptor does not guarantee that the cell can respond to a certain signal, it is a good
starting point as it provides testable hypotheses. Therefore, we sought to develop a platform that
mines already published microarray data and predicts potentially active signalling pathways.
While the software is designed to mine microarray data to find receptors on various cell types,
we chose to validate it by identifying potentially novel signalling pathways in retinal
photoreceptors.
Question:
Can we identify a new signalling pathway in retinal photoreceptors using published
microarray data and evaluate its utility in vitro?
Hypothesis:
I hypothesize that using receptoR to mine published microarray data will allow us to
identify a new signalling pathway that affects photoreceptor’s behaviour in vitro.
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1.9.3 Chapter 4: To identify the effect of culture maturation on functional RPE genes
Rationale:
It is well recognized in the field that RPE cells cultured together for an extended period of
time (i.e. mature RPE) demonstrate superior behaviour and function both in vitro and in vivo (Da
Cruz et al., 2018; Davis et al., 2017; Dunn et al., 1996; Koss et al., 2016; Mandai et al., 2017).
While it is not surprising that RPE cells require a period to restore connection with their
neighbouring cells and re-establish their niche, to date no publishedwork has comprehensively
investigated the gene expression profile of mature RPE and identified specific functional genes
affected by this phenomenon. Moreover, while it has been reported that mature RPE is superior,
the optimal time of maturation that maximizes the expression of functional genes, especially
secreted factors, remains unclear. Since RPE cells are currently being derived from hESCs in vitro
and transplanted into AMD patients (Da Cruz et al., 2018; Schwartz et al., 2016), it is crucial to
understand the effect of maturation on RPE behaviour. Therefore, we sought to further
understand how the expression profile of RPE functional genes is affected by RPE maturation.
RPE cells from two different sources were utilized in this chapter: ARPE-19, a spontaneously
arising human cell line (Dunn et al., 1996); and, RPE cells derived from hESCs (Maruotti et al.,
2015).
Questions:
➢ Does RPE maturation affect the mRNA and protein levels of functional RPE genes?
➢ At what maturation age do ARPE-19 and ES-derived RPE demonstrate superior expression
of selected functional genes?
Hypothesis:
I hypothesize that mature RPE cultures upregulate the expression of several functional RPE
genes including PEDF.

46

1.9.4 Chapter 5: To generate highly functional and size-controlled pseudoislets by incorporating
various proportions of adipose-derived MSCs, endothelial and dermal fibroblast cells into the
islet niche.
Rationale:
The cellular microenvironment contains a variety of cues that finely modulate cellular
behaviour (Wagers, 2012). These cues are often produced and dynamically controlled by various
cells within the niche (Peerani and Zandstra, 2010). As such, one of the ways to improve the
cellular microenvironment is to repopulate it with relevant supportive cells. Hence, we sought to
develop an approach whereby we can produce injectable, size-controlled and scalable
microtissue containing finite proportions of supportive cells. As proof-of-principle, we elected to
repopulate the β cell niche with various supportive stromal cells. While islet transplantation is a
promising therapy for T1D patients, most transplanted islets are lost shortly after transplantation
due to ischemia, immune response, and poor vasculature, as well as transplanted islets being
deprived of their endogenous microenvironment (Aghazadeh and Nostro, 2017; Korsgren et al.,
2008). Hence, repopulating the islet niche by incorporating various stromal cells into sizecontrolled, injectable and highly functional pseudoislets may help address this challenge. Chapter
5 investigates the effect of incorporating various proportions and combinations of adipose
derived MSCs, endothelial and dermal fibroblast cells on pseudoislet function in vitro.
Questions:
➢ Can adipose-derived MSCs, dermal fibroblast and endothelial cells be incorporated into
size-controlled and injectable pseudoislets?
➢ Which combination and proportion of additive cells enhances the function of islet cells in
vitro?
Hypothesis:
I hypothesize that in vitro β cells performance can be enhanced by creating a size controlled
microtissue that incorporates specific amounts and combinations of supportive cells.
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CHAPTER TWO
Scaffold-free Retinal Pigment Epithelium Microtissues Exhibit Increased Release of PEDF

Summary
The retinal pigmented epithelium (RPE) plays a critical role in photoreceptor survival and
function, and RPE deficits are implicated in a wide range of diseases resulting in vision loss
including age-related macular degeneration (AMD) and Stargardt disease, affecting millions
worldwide. Subretinal delivery of RPE cells is considered a promising avenue for treatment, and
encouraging results from animal trials have supported recent progression into the human clinic.
However, the limited survival and engraftment of transplanted RPE delivered as a cell suspension
continues to be a major challenge. While RPE delivery as epithelial sheets exhibits improved
outcomes, this comes at the price of increased complexity at both the production and transplant
stages. In order to combine the benefits of both approaches, we have developed size-controlled,
scaffold-free RPE microtissues (RPE-µT) that are suitable for scalable production and delivery via
injection. RPE-µT retain key RPE molecular markers, and interestingly, in comparison to
conventional monolayer cultures, show significant increases in the transcription and secretion of
PEDF – a key trophic factor known to enhance the survival and function of photoreceptors.
Consistent with this phenotype, conditioned media from RPE-µT significantly enhanced the
survival of enriched photoreceptor cultures. We anticipate that this approach may provide an
alternative cell delivery system to improve the survival and integration of RPE transplants while
retaining the benefits of low complexity in production and delivery.
2.1

Introduction:
Retinal degenerative diseases are the most common cause of blindness in industrial

countries, substantially impacting both quality of life and healthcare costs (Farrar et al., 2015).
Indeed, in the US alone, age-related visual impairment has a financial burden of over $5.5 billion
per year (Chou et al., 2013; Frick et al., 2007; Rein et al., 2006). Age-related macular degeneration
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(AMD) is the leading cause of blindness in the developed world, affecting up to 20% of people
over 65 years old (Huang et al., 2003; Kashani et al., 2018; Mitchell et al., 1995; Vingerling et al.,
1995). Dry AMD is characterized by the irreversible loss of RPE cells followed by a gradual loss of
photoreceptors in later stages of the disease (Bhutto and Lutty, 2012; Farrar et al., 2015).
Unfortunately, there is currently no curative clinical treatment for AMD patients, and most
current clinical interventions aim only to slow the progression of the disease (Rolling, 2004).
The RPE monolayer provides a critical trophic niche to house and support photoreceptors.
Strategically located between the choroid and visual retina, the RPE interacts with both
endothelial and photoreceptor cells and orchestrates the transfer of nutrients and waste
products in and out of the retina. Moreover, the RPE performs a wide range of additional and
essential supportive functions, including recycling vital proteins and secreting key trophic factors
(Azadi et al., 2007; Gouras et al., 2002; Moeller and Neubert, 2013; Di Pierdomenico et al., 2018;
Saint-Geniez et al., 2009; Strauss, 2005). In dry AMD, degeneration of the RPE results in
progressive photoreceptor erosion, and consequent vision loss. A promising therapeutic
approach is to replace the diseased/degenerated RPE cells with healthy ones derived from stem
cells (Pennington and Clegg, 2016; Ramsden et al., 2013). Several animal trials have established
the ability of stem cell-derived RPE to rescue the visual function of blind rodents with
dysfunctional RPE (Li et al., 2012; Maeda et al., 2013), inspiring subsequent human clinical trials
(Klassen, 2016; Schwartz et al., 2012, 2015).
In a groundbreaking study, Schwartz and colleagues transplanted hESC-derived RPE cells
subretinally into two patients with AMD and Stargardt macular dystrophy in a phase I/II clinical
trial (Garg et al., 2017a; Schwartz et al., 2012). The study reported no signs of tumorigenicity,
proliferation, or ectopic tissue formation (Garg et al., 2017a). Two follow-up clinical trials were
launched by the same group, which enrolled 18 patients and further demonstrated the safety of
transplanting ES-derived RPE subretinally into patients, with preliminary data suggesting some
enhanced visual function (Garg et al., 2017a; Schwartz et al., 2016).
While very encouraging, obstacles remain before RPE cellular therapy moves into routine
clinical use. In particular, concerns have been raised regarding the survival, engraftment and
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function of RPE transplanted as a cellular suspension (da Cruz et al., 2018; Kamao et al., 2014;
Kashani et al., 2018; Schwartz et al., 2015, 2016; Tezel and Del Priore, 1997). While modest vision
improvement may still be possible despite low engraftment, this is far from a complete solution,
especially as integration efficiencies may be further reduced when donor cells are transplanted
into a degenerative “real-world” environment (Pearson et al., 2012). Further, if only modest
improvement is expected, this must be weighed against the potential to damage or detach the
delicate structure of the diseased retina during surgery.
As one alternative, RPE transplanted as a tissue has been shown to be superior in terms of
morphology, physiology and survival (da Cruz et al., 2018; Kamao et al., 2014; Kashani et al., 2018;
Sachdeva and Eliott, 2016). However, transplantation of RPE tissues represents a greater surgical
and technical challenge (Alexander et al., 2015; Kamao et al., 2014; Reyes et al., 2016; Song and
Bharti, 2016; Stanzel et al., 2014). For instance, concerns have been raised regarding the use of
scaffolds to support these delicate structures during delivery, as they have been associated with
inflammation and RPE detachments from the choroid (Kamao et al., 2014). Scaffold-free stem
cell derived RPE sheets have been generated by several groups to address the limitations
associated with transplanting cell suspension and scaffolds, and following several encouraging
animal trials (Kamao et al., 2014), Mandai and colleagues were able to derive and successfully
transplant an RPE sheet from a patient’s iPSCs (Mandai et al., 2017). Although scaffold-free RPE
sheets show therapeutic potential, they are technically challenging and labour intensive to
produce, and their transplantation is surgically invasive as they are too large to be subretinally
injected (Kamao et al., 2014; Reyes et al., 2016). We believe a more viable treatment for public
healthcare systems should combine the simplicity of cell suspension with the superior
performance of engineered sheets, while also considering cost, accessibility and scalability.
In this work, we lay the foundations for an alternative approach to RPE transplantation, via
engineered scaffold-free RPE microtissues (RPE-µT) with dimensions suited for delivery via the
ultra-fine needles used in subretinal injections.
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2.2

Material and Methods:

2.2.1 Adherent and 3D microtissue RPE cultures
2.2.1a Adherent culture
In this study, we utilized two RPE cell sources: ARPE-19 and human embryonic stem cell
derived RPE (ES-derived RPE). ARPE-19 is a spontaneously arising human cell line that is widely
used in the field as it recapitulates human RPE behaviour and key functions in vitro and in vivo
(Ablonczy et al., 2011; Dunn et al., 1996). ES-derived RPE is a new model that is more complex to
obtain but better mimics endogenous RPE behaviour, and it is consequently being currently
pursued for clinical applications (Kozlowski, 2015; Slomiany and Rosenzweig, 2004).
ARPE-19 cells were seeded in a 24-well plate at 120,000 cells/well (60,000 cells/cm2) and
cultured for 8 days in 1 mL of ARPE-19 culture media that consisted of: DMEM/F-12 with HEPES
(Gibco. cat # 11330); 10% FBS (VWR cat # 97068-085); and, 1% penicillin/streptomycin (Gibco.
cat # 15140). Media change was performed every 48 hours replacing the old media with 1 mL of
fresh media.
ES-derived RPE cells were differentiated from hESCs, as previously described by Maruotti
and colleagues, with the following modifications: the HES-2 cell line (Josephson et al., 2006) was
grown to confluence under 5% CO2 and 5% O2 in mTeSR1; during induced differentiation; and a
concentration of 50 nM chetomin (CTM) was used (Maruotti et al., 2015). Cells were grown to a
low passage number (3 or 5) before being cryogenically stored. For all experiments, ES-derived
RPE cells were cultured in an identical manner to ARPE-19 cells, using RPE media that consisted
of: 70% DMEM (Gibco. cat # 11965); 30% F12 (Gibco. cat # 11765); 2% B-27 supplement (Gibco.
cat # 17504) and, 1% antibiotic (Gibco. cat # 15140) (Maruotti et al., 2015).
2.2.1b Microtissue culture
Adherent RPE cells were dissociated by adding 1 mL of warm TrypLE Express Enzyme
(Thermo. Cat#. 12604) per well and incubating for 5-10 minutes at 37 °C. To generate RPE
microtissues, a single cell suspension was seeded into 24-well AggreWell plates (STEMCELL
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Technologies, cat # 34411), as previously described (Ungrin et al., 2008; Yu et al., 2018). Cells
were cultured in 1 ml media at 37 °C for 8 days. Media was completely changed every two days.
Microtissue size was controlled by modulating the number of cells seeded per microwell, and is
reflected in the “Rxx” designation (e.g. R25 RPE-µT are formed by seeding 25 cells per microwell,
R400 represents RPE-µT formed from 400 cells apiece, etc). Total cell number per well was
calculated by multiplying the desired number of cells per microtissue by the number of
microwells per well (1,200).
2.2.1c Microtissue recovery
After allowing 8 days for the cells to consolidate, RPE-µT were washed out of the wells using
a wide-bore 1000 µL pipette and repeated pipetting up and down. The resuspended RPE-µT were
transferred into a 1.5 mL eppendorf tube to allow the RPE-µT to gravity settle. The resulting RPEµT were then dispersed over a glass slide and imaged to measure their size using 10X objective
on Olympus CKX41 microscope. RPE-µT size was assessed from calibrated photomicrographs
using ImageJ software (Ungrin et al., 2008; Yu et al., 2018). Finally, the volume of produced RPEµT was modelled by using the measured diameter and correlating it to the number of RPE cells
seeded.
2.2.2 RNA extraction and cDNA synthesis
To harvest the RPE-µT and adherent cultures, cells were dissociated by adding 0.4 mL of
warm TrypLE Express Enzyme (Thermo. cat # 12604013) to each well and incubating for 5 minutes
at 37 °C. Recovered cells were then centrifuged at 200 ×g and the resultant cellular pellets were
then stored at -80 °C to be used for mRNA extraction. mRNA was isolated by using a Total RNA
Purification Kit (Norgen Biotek.

cat # 37500) and quantified on a NanoDrop 2000

spectrophotometer (Thermo Fisher Scientific). The isolated RNA was reverse transcribed using
iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad. cat # 0000026440). The resultant
cDNA was then used to carry out real-time quantitative reverse transcription PCR (RT-qPCR) to
compare the expression profile of certain genes between RPE-µT and adherent culture (figures
2.2, 2.4 and 2.5). SYBR Green RT-qPCR was carried out with technical triplicates using 7500 Fast
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Real-Time PCR System (see table S2.1 for primer sequences), and analysed with the 2−ΔΔCT method
(Livak and Schmittgen, 2001), and with stable internal gene (CNTF).
2.2.3 Immunohistochemistry
RPE-µT were fixed by incubating them in 4% paraformaldehyde (PFA) for 10 minutes at
room temperatures. RPE-µT were then washed in PBS for 5 minutes at room temperature three
times. RPE-µT were then incubated in 0.5% Triton X-100 detergent for 5 minutes at room
temperature, followed by three washes with PBS. Primary antibodies were then added to the
RPE-µT at the proper concentration in PBT (0.1% TritonX-100 in PBS) and 1% BSA solution
(primary antibody details including concentration and cat# can be found in table S2). The
microtissues were then incubated in the primary antibody solution overnight at 4 °C, after which
they were washed three times in PBS, followed by blocking in 1% BSA for 10 minutes at room
temperature. The RPE-µT were then incubated in the secondary antibody solution (secondary
antibody and 1% BSA in PBS) for one hour at room temperature, before again being washed three
times with PBS. The nuclei of the RPE-µT were stained using DAPI stain before being mounted on
slides for imaging. Stained RPE-µT were imaged using Leica SP8 spectral confocal microscope.
2.2.4 Microtissue injection modeling
To verify the feasibility and practicality of RPE-µT delivery via subretinal injection, we
assessed survival after delivery through the bore of a 30-gauge needle. Microtissue of various
sizes (R100 and R400) were harvested from the AggreWell plate 8 days post-seeding and
approximately 200 microtissue were resuspended in 10 µL of PBS. The microtissue in PBS were
loaded to 100 µL syringe and injected manually through a 30-guage needle (BD. cat # 305128) at
a rate of 10 µL/minute. RPE-µT survival was evaluated using the live/dead cell assay (figure2.2 b
and c).
Image quantification for the live-dead assay employed a custom ImageJ macro (see
Appendix C for code and representative example images; analysis was carried out with default
settings unless otherwise specified). Signal in the Hoechst (nuclear staining) channel was blurred
prior to thresholding, followed by hole-filling and dilation-erosion cycles to give a smooth outline
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capturing the entire structure. Watershed segmentation was then employed to separate
structures in contact with one another, followed by particle analysis that calculated a mean signal
intensity for each particle in the green (live cell) and red (dead cell) channels.
2.2.5 Secreted protein quantification
Conditioned media (CM) was collected from the generated RPE-µT and standard adherent
culture during standard media change (48 hours after introducing the media). The CM was then
stored at -80 °C until analysis. Multiplexing Laser Bead Technology (Eve Technologies) was
performed on CM to estimate the concentration of proteins present.
2.2.6 Viability assay
Live/dead staining solution contained: Hoechst (Thermo. Cat # 62249) as a nuclear stain,
fluorescein diacetate (FDA) (Thermo. cat # F1303) to indicate live cells, and propidium iodide (PI)
(Thermo. cat # P3566) to indicate dead cells. All three regents were combined in a staining
solution (1/50 of each stain in PBS). Cells and RPE-µT were incubated in 50 µL of staining solution
for 5 minutes at room temperature. Cells or microtissue were washed three times with PBS and
imaged using an Olympus IX83 Microscope at 200X magnification using MicroManager software
(Edelstein et al., 2014). Images for photoreceptor viability assay were processed by using a Cell
Profiler pipeline that quantified the nuclei that are colocalized with either live or dead stains to
determine the percentage of live cells (Carpenter et al., 2006) and results were confirmed
manually by an evaluator who was blinded to the experimental conditions.
2.2.7 Photoreceptor enrichment and culture
Murine retinas were dissected from the eyes of postnatal day 4 (P4) CD1 mice obtained
through a secondary-use protocol approved by the Animal Care Committee at the University of
Calgary according to IACUCC standards (Ethics file ID: AC17-0073). Retinas were isolated from
multiple pups of one litter, pooled together and collected in calcium and magnesium free PBS on
ice prior to enzymatic digestion. Retinal dissociation was carried out by adding 100 µL of
dissociation solution per retina for 4-6 min in a shaking water bath at 37 °C (f=120 rpm).
Dissociation solution consists of 0.125% trypsin (Sigma. cat # T1005) and 0.3 mg/ml DNase I (EMD
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Millipore. cat # 260913) in calcium and magnesium free PBS. The enzymatic reaction was arrested
by adding 20% FBS in PBS solution to the dissociation tube. Retinal cell suspension was triturated
by using a glass Pasteur pipette and was centrifuged at 330 ×g for 5 minutes. The resultant pellet
was resuspended in 500 µl EasySep buffer (StemCell Technologies. Cat # 20144) before the
photoreceptor enrichment process. The EasySep system in conjunction with the Mouse PE
Positive Selection kit (StemCell Technologies. cat # 18554) were used to magnetically sort
photoreceptors per EasySep system instructions. 3 µg/ml of PE conjugated anti-CD73 antibody
(BD. cat # 550741) was used to sort out a positive photoreceptor fraction.
To culture the enriched photoreceptors, 96-well plates (Greiner. cat # 655090) were coated
with 50 µg/ml poly-d-lysine in DEPC-treated water (Corning. cat # 354210) for an hour and were
then washed twice with distilled water and left to dry. Enriched photoreceptors were plated at
3.1 x 105 cells/cm2 density in 200 µL of culture media containing: DMEM/F12 (70/30) with 2% B27 supplement and 1% Pen/strip (all Thermo/Gibco. cat #s 11965, 11765, 17504, and 15140122,
respectively).
2.3

Results

2.3.1 RPE-µT form efficiently and do not require adhesion to a culture surface
Size-controlled 3D RPE-µT were formed in our centrifugal-forced aggregation platform
(figure 2.1a) (Ungrin et al., 2008), as predicted by free energy minimization models (Foty et al.,
1996; Steinberg, 1975) and consistent with our previous observations in other cell types (Yu et
al., 2018), from RPE cells dispensed into microwells and allowed to coalesce for 8 days (figure
2.1b and c). While ARPE-19 microtissue form after only 4-6 days, ES-derived RPE required more
time (6-8 days) to form coherent RPE-µT. To ensure consistency across experiments, we
consequently cultured ES-derived RPE and APRE-19 as microtissue and adherent culture for 8
days. We were able to tightly control the diameter of formed RPE-µT by adjusting seeding density
of cells (figure 2.1d and e). As expected, microtissue volume correlates well with input cell
numbers (R2=0.98) (figure 2.1f).
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2.3.2 RPE-µT size influences mRNA levels of key RPE functional genes
After confirming that RPE-µT can be produced in various sizes, we asked which size has
superior function and transplantation potential. We compared R25, R100 and R400 in terms of
mRNA levels for key RPE genes. RT-qPCR results reveal that R100 and R400 were superior to R25
as they have higher mRNA levels for key genes that affect photoreceptor stability, choroid
stability and general RPE functions (figure 2.2a). However, the difference between R100 and R400
RPE-µT in terms of mRNA levels of the investigated genes was not statistically significant for most
genes, except for CFH where R100 had higher mRNA levels (figure 2.2a).
2.3.3 R100 demonstrates superior survival after being injected through a 30-gauge needle
The feasibility of injecting our 3D RPE-µT was tested by evaluating the survival of our R100
and R400 after passing them through a 30-gauge needle (159 µm inner diameter) 50 µl/minute,
which is typically used for rodent subretinal injections (Mühlfriedel et al., 2012; Westenskow et
al., 2015). R100 demonstrated superior survival when compared to R400 after their injection
through a 30-gauge needle (figure 2.2e and f). This suggests that R100 is more adapted for a
subretinal transplantation into a rodent animal model (Mühlfriedel et al., 2012; Westenskow et
al., 2015). Based on these results, R100 RPE-µT were used for all subsequent experiments.
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Figure 2.1 3D RPE-µT are consistent and size controlled
(a) ARPE-19 cell suspensions were centrifuged into 400 µm microwells and cultured to produce
RPE-µT. (b) Cells settle at the bottom of the microwells and form robust spherical RPE-µT within
8 days in culture (c). The size of the 3D RPE-µT is determined by the number of cells seeded per
microwell, as evinced visually (d) or via quantitative analysis (e) – diameter quantification of 100
RPE-µT per size category reveals significant differences between adjacent size categories at
P<0.001 via One-way ANOVA. Approximating RPE-µT as spheres with the observed diameters,
their volume correlates strongly with the number of cells from which they were formed (R2=0.98)
(f).
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Figure 2.2 R100 RPE-µT exhibit the desired gene expression profile, and tolerance for delivery
through a 30-guage needle
(a) RT-qPCR was conducted to compare the mRNA expression profile among R25, R100, and R400
(n≥4) for genes previously reported as photoreceptor stability factors, choroid stability factors,
and general functional markers. Results are presented as ΔCt values to facilitate direct
comparisons among R25, R100 and R400 RPE-µT sizes, shown in blue, green and red Tukey boxand-whisker plots, respectively. Kruskal-Wallis ANOVA followed by Dunn’s test for multiple
comparisons was conducted to compare ΔCt values of R25, R100 and R400 within each gene
(P<0.05 for groups that were statistically significant). Statistically distinct groups were labelled
with different letters (i.e. “a” and “b” are statistically different). (b & c) In order to assess potential
for minimally-invasive delivery via subretinal injection, R100 (b) and R400 (c) RPE-µT were
injected through a 30-gauge needle (inner diameter of 159 µm, dotted circle) at 50 µl/minute.
Subsequent staining for fluorescein diacetate (green) and propidium iodide (red) cells reveals
that R100 survive the injection while R400 show inferior survival. (d &e) Quantification of
fluorescein diacetate (FDA) and propidium iodide (PI) further demonstrate the superiority of
R100 RPE-µT. (d) Scatter plot of log FDA vs log PI with each data point representing injected R100
(blue dot; N=28 aggregates), control R400 (empty black circles; N=9 aggregates) and injected
R400 (orange dots; N=68 aggregates). The mean fluorescence for the green and red channel of
each RPE-µT was quantified using a custom-made Image J plugin that automated fluorescence
measurement for each aggregate (details available in the materials and methods section). (e) The
ratio of FDA (green) to PI (red) fluorescence for each measured aggregate was calculated and
Mann-Whitney U test was conducted to evaluate the statistical significance (**** P<0.0001).
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2.3.4 RPE-µT express key RPE markers
To characterize the molecular features of our RPE-µT, we immuno-stained ARPE-19 RPE-µT
for key RPE functional markers. Cellular retinaldehyde-binding protein (CRALBP – figure 2.3a) and
Lecithin Retinol Acyltransferase (LRAT – figure 2.3b) were both detected, two key proteins that
play a vital role in the visual recycling function of RPE (Amengual et al., 2012; Golovleva et al.,
2003; Strauss, 2005; Xue et al., 2015). Bestrophin-1 (Best1) was also detected (figure 2.3d),
typically found in the basolateral side of the RPE monolayer where it plays a role in calcium ion
regulation (Johnson et al., 2017; LaVail et al., 2012). The presence of Zonula occludens-1 (ZO-1)
in the classical “chicken-wire” pattern (figure 2.3e) suggests the formation of tight junctions
within RPE-µT (Konari et al., 1995; Strauss, 2005). Moreover, we were able to detect melanocyte
inducing transcription factor (MITF – figure 2.3c), an RPE specific transcription factor that is
crucial for RPE development and function (Adijanto et al., 2012). The extracellular matrix
components Laminin, Collagen IV and fibronectin (figure 2.3f – h) are known to be secreted by
RPE and to contribute to both Bruch’s membrane on the basal side and the interphotoreceptor
matrix on the apical side (Adler and Severin, 1981; Ishikawa et al., 2015). However, Retinal
pigment epithelium-specific 65 kDa protein (RPE65) was not detected in our ARPE-19 RPE-µT.
This is consistent with literature reports that ARPE-19 cell line express low and sometimes
undetectable levels of RPE65 (Ablonczy et al., 2011).
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Figure 2.3 Engineered RPE-µT maintain the expression of hallmark identity and functional RPE
markers
Immunostaining reveals that ARPE-19 RPE-µT express CRALBP (a) and LRAT (b). In addition, the
RPE-µT show positive staining for MITF (c), BEST1 (d), and ZO-1 (e). Furthermore, RPE-µT also
show positive and specific staining for various extracellular matrix proteins typically found in the
basement membrane: Laminin (f), Collagen IV (g), and Fibronectin (h). Florescence imaging was
performed using a Leica SP8 spectral confocal microscope.
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2.3.5 RPE-µT upregulate the expression of desirable secreted factors
We then sought to characterize RPE-µT signalling potential in more depth and assess its
relationship with conventional monolayer cultures. A group of 21 RPE-specific genes were
selected to evaluate the function of our microtissue and were categorized into: secreted factors
for choroid stability; secreted factors for photoreceptor stability; and, general RPE functional
markers (Table S2.1). When comparing ARPE-19 microtissue to adherent culture, RT-qPCR data
indicated upregulation of mRNA levels of PEDF and IGF-1, and downregulation of VEGF and TGFβ (figure 2.4a). This was in line with secreted protein data, as the cells of our ARPE-19 microtissue
secreted significantly more PEDF and IGF-1 proteins and less VEGF than the standard adherent
culture (figure 2.4 b – d). Interestingly, RT-qPCR data also indicated the upregulation of RPE65
transcript, and downregulation of FGF-2, GAS6, PDGF-AA, CCL2, IL-8, LHX2, LOXL1 and KDR
transcripts.
While the ARPE-19 cell line is widely used to recapitulate RPE behaviour and many of its
key functions (Ablonczy et al., 2011; Dunn et al., 1996), significant limitations have been
identified including low expression of important functional genes such as PEDF, RPE65 and VEGF,
as well as a lack of pigmentation (Ablonczy et al., 2011; Dunn et al., 1996, 1998; Kozlowski, 2015;
Slomiany and Rosenzweig, 2004). We correspondingly sought to validate our findings using more
therapeutically relevant RPE cells, such as ES-derived RPE (Da Cruz et al., 2018; Kamao et al.,
2014; Kashani et al., 2018; Schwartz et al., 2012, 2015). We thus derived RPE from hESCs as per
the protocol published by Maruotti et al., with some modifications (see Materials and Methods
for details) (Maruotti et al., 2015). We validated the successful derivation of RPE cells using RTqPCR analysis of key RPE genes (figure 2.5a) such as BEST1, RPE65, VEGF, PEDF, LHX2, CCL2, and
DUPS4, as well as immunostaining and examining their morphology and pigmentation. As
expected, our differentiated RPE cells showed dramatic increases in expression for these genes
and a downregulation of the pluripotency gene OCT4 (figure 2.5b). Our differentiated RPE cells
stained positively and specifically for key RPE markers, including: RPE65, LRAT, CRALBP,
Melanopsin, Sox9, and Best1, as well as ZO-1, which suggests the formation of tight junction
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(figure 2.5d). Finally, our differentiated RPE cells changed their morphology as they matured in
culture to adopt hexagonal shape and gain pigmentation.
Just as with the ARPE-19 cell line, R100 RPE-µT were produced from these ES-derived RPE
cells and they were compared to adherent culture in terms of mRNA levels and secreted proteins
for key RPE functional markers. We observed consistent results at both the transcript and protein
levels between ARPE-19 and ES-derived RPE cells. When comparing the RT-qPCR data from
figures 2.4 and 2.5, we observed consistent trends by RPE-µT produced from both cell types;
namely, 17 out of the 21 investigated genes demonstrated the same mRNA expression trend. ESderived RPE microtissues also upregulated PEDF and IGF-1, and downregulated VEGF mRNA
levels (figure 2.5e). Additionally, our ES-derived RPE microtissue also appeared to upregulate
mRNA levels for RPE65 and MYRIP, while downregulating TGF-β, BDNF, FGF2, GAS6, KDR, LOXL1,
CFH, IL-8 and LHX2 (figure 2.5e). Like the ARPE-19 microtissue, cells in the ES-derived RPE-µT
secrete more PEDF and less VEGF than standard adherent culture (figure 2.5f).
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Figure 2.4 ARPE-19 RPE-µT upregulate the expression of desirable photoreceptor trophic factors
RT-qPCR was conducted to compare the expression profile of key genes between our 3D RPE-µT
and standard adherent culture of ARPE-19 (n=13; a). The results are presented as ‘fold
expression’ values to showcase the extent of expression enhancement of certain genes in our
RPE-µT (bar graphs) compared to adherent culture (dotted line), with gene expression
normalized to an endogenous reference gene (CNTF). Wilcoxon matched-pairs signed rank test
was used to evaluate the statistical significance. Conditioned media was analyzed for levels of
secreted PEDF (b), IGF-1 (c), and VEGF (d) (n=5). The amount of protein is presented as attog per
cell.
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Figure 2.5 ES-derived RPE-µT upregulate the expression of desirable photoreceptor trophic factors
We derived RPE cells from HES-2 hESC cell line using a 55-day protocol based on that described
by Maruotti and colleagues with minor modifications (Maruotti et al., 2015) (a). The timeline
outlines the culturing conditions and media components at various stages of differentiation (a).
To confirm successful derivation of RPE cells, mRNA levels of key RPE and pluripotency genes
were quantified using RT-qPCR and compared to undifferentiated HES-2 human embryonic stem
cells (b). Moreover, newly differentiated RPE cells were immunostained for hallmark RPE markers
including RPE65, CRALBP, BEST1, SOX9, Melanopsin, Zo-1 and bCAT along with DAPI nuclear (d).
ES-derived RPE were cultured on plastic and as RPE-µT, and cells were collected after 8 days in
culture. ES-derived RPE-µT appear to be more pigmented than ES-derived RPE cultured on plastic
(c). RT-qPCR was conducted to compare the expression profile of key RPE genes between our 3D
microtissue and standard adherent culture of ES-derived RPE (n = 11). SYBR Green RT-qPCR was
carried out in technical duplicate using QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems) and the results were normalized to an endogenous reference gene (CNTF). The
results are presented as ‘fold expression’ values to showcase the extent of expression
enhancement of certain genes in our microtissue (bar graphs) compared to adherent culture
(dotted line). Genes were divided into three categories based on their function including:
secreted factors for choroid stability (blue), secreted factors for photoreceptor stability (green)
and other RPE functional markers. Wilcoxon matched-pairs signed rank test was used to evaluate
the statistical significance. The amount of secreted protein in the conditioned media, including
PEDF, IGF-1, and VEGF (f), was measured by Eve Technologies’ multiplexing approach (N=5). The
amount of protein secreted was normalized and presented attog per cell.
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2.3.6 RPE-µT conditioned medium enhances survival of enriched murine photoreceptor
cultures in vitro
Based on the profiles of secreted factors, we predicted that conditioned medium from RPEµT cultures would exhibit a beneficial effect on photoreceptor survival in vitro. As shown in figure
2.6a, ES-derived RPE were cultured for 8 days as monolayer and as microtissue and the
conditioned media from both cultures were collected and used in a photoreceptor survival assay.
After 48 hours of culture, murine enriched photoreceptors cultured in CM from our RPE-µT
demonstrate superior survival (1.41± 0.11-fold; P<0.05) when compared to photoreceptors
cultured in media and CM taken from adherent culture (figure 2.6a and b). While variability
increases, RPE-µT CM continues to enhance the survival of photoreceptors 72 hours post culture
with over 1.9± 0.68-fold (P<0.01) increase in photoreceptor survival than media and adherent
culture CM controls.

68

Figure 2.6 RPE-µT conditioned medium enhances the in vitro survival of enriched murine
photoreceptor cultures
Postnatal day 4 photoreceptor precursors were enriched from dissociated retinas using magnetic
sorting (a). These retinas were obtained from multiple euthanized pups of one litter and were
pooled together prior to the enzymatic dissociation. These cells were cultured in the presence of
conditioned media from adherent RPE culture and RPE-µT. Live/dead cell staining was performed
on these cultures 48 hours (b and c) and 72 hours (d and e) after culture. The percentage of live
and dead cells was quantified using Cell Profiler (c and e). Kruskal-Wallis one-way ANOVA with
Dunn’s correction for multiple comparisons test was used to evaluate the statistical significance
of the difference in photoreceptor survival among the tested conditions (P<0.05). Statistically
distinct groups were labelled with different letters (i.e. “a” and “b” are statistically different).
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2.4

Discussion
In this work we were able to efficiently and reproducibly produce size-controlled and

scaffold-free RPE-µT from two human RPE cell sources: ARPE-19 and ES-derived RPE. While
multiple groups have demonstrated the utility of RPE transplantation in animal and human trials,
transplanting a single-cell suspension exhibits limited survival, engraftment and function (Kamao
et al., 2014; Kashani et al., 2018; Klassen, 2016; Li et al., 2012; Maeda et al., 2013; Schwartz et
al., 2016). This is not surprising as enzymatically dissociated cells are stripped of their ECM and
intercellular connection with neighbouring cells (Volovitz et al., 2016), often resulting in
unhealthy and less functional cells (Grossmann, 2002; Tezel and Del Priore, 1997). To address this
challenge, engineered RPE sheets have been transplanted in recent clinical trials, with
encouraging initial reports demonstrating high survival and integration (da Cruz et al., 2018;
Kashani et al., 2018; Mandai et al., 2017). The success of transplanting a coherent cellular sheet
supports the importance of intercellular connections and ECM. However, transplanting RPE
sheets is expensive, surgically invasive, technically challenging and time consuming in comparison
to traditional subretinal injections (Kamao et al., 2014). Indeed, introducing practical solutions
for our public healthcare system requires early consideration of accessibility, scalability and
financial sustainability (Trounson and DeWitt, 2012). Hence, we sought to engineer injectable
RPE-µTs that are simple to produce and handle, like single cell suspensions, and have restored
intercellular connections and ECM, like RPE sheets.
Our design criteria incorporated identifying an RPE-µT size that showed an appropriate
gene expression profile and was small enough for subretinal transplantation. R100 RPE-µT met
these criteria, yielding the best transcript profile (upregulation of desirable genes), and surviving
injection (figure 2.2) through a 30-gauge needle (159 µm inner diameter), which is often used in
subretinal transplantation in mice (Mühlfriedel et al., 2012; Westenskow et al., 2015). Further
size optimization of RPE-µT may be required for subretinal transplantation in human and other
animal models, as different gauge needles might be utilized (Schwartz et al., 2012). While lowergauge needles can be used for larger animal models, bigger RPE-µT are not necessarily better as
they may experience limited distribution in the subretinal space (Ballios et al., 2010). If further
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size optimization is needed, several RPE-µT sizes may need to be tested in animal trials to
determine the optimal size for transplantation. This should not be technically challenging as the
size of our RPE-µT is easily customizable by modulating the seeding density (figure 2.1).
The upregulation of PEDF and IGF-1 seen in RPE-µT have important therapeutic implications
as both signalling molecules are well-known and potent photoreceptor pro-survival factors
(Arroba et al., 2009, 2011; Comitato et al., 2018; Dilly and Rajala, 2008; Haurigot et al., 2012; Park
et al., 2011; Thanos and Emerich, 2005; Tombran-Tink and Barnstable, 2003; Zhu et al., 2011).
Moreover, both factors have been used to rescue photoreceptors in retinal degeneration animal
models (Arroba et al., 2011; Comitato et al., 2018; Moeller and Neubert, 2013). We suspect that
these (potentially among other factors produced by our RPE-µT) are likely at least partially
responsible for the observed photoreceptor survival in the present study. Increased secretion of
PEDF by our RPE-µT is of particular interest, as this neurotrophic factor has been shown to have
tremendous therapeutic potential for retinal degeneration by preventing photoreceptor
apoptosis (Bouck, 2002; Geiger et al., 2015; Haurigot et al., 2012; Tombran-Tink and Barnstable,
2003).
Similarly, the downregulation of VEGF and TGF-β are also of desirable phenotypes, as
overproduction of both angiogenic factors is linked to choroidal neovascularization, wet AMD
and photoreceptor death (Bhutto and Lutty, 2012; Bhutto et al., 2006; Ogata et al., 1997; OhnoMatsui et al., 2001; Tosi et al., 2018; Wang et al., 2019). In addition to the downregulation of
TGF-β and VEGF, our ES-derived RPE-µT appear downregulate the transcription of IL-8 and CFH,
two genes expressed by RPE to modulate the immune response (Kim et al., 2009b; Strauss, 2005).
Interestingly, the upregulation of both genes has been linked to AMD (Baird et al., 2008; Hughes
et al., 2006; Ricci et al., 2013). Decreased expression of LOXL1 and LHX2 in RPE-µT suggest the
cells in our microtissues are healthy and mature (Hägglund et al., 2011; Schlötzer-Schrehardt et
al., 2008; Strunnikova et al., 2010).
Enriched photoreceptors have been reported to rapidly degenerate in vitro, partially due
to the lack of support from RPE (LaVail et al., 1998; Sheedlo and Turner, 1995; Traverso et al.,
2003). This is not surprising as photoreceptors’ survival and function is known to be dependent
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on signals originating from their niche (Falk et al., 2009; LaVail et al., 1998; Li et al., 2018), and
these signals are typically lost in culture. Essential niche components for photoreceptor survival
include the soluble signals originating from the RPE monolayer (Azadi et al., 2007; Gouras et al.,
2002; Moeller and Neubert, 2013; Di Pierdomenico et al., 2018; Saint-Geniez et al., 2009). These
signalling molecules, including PEDF and IGF-1, have been shown to rescue photoreceptors in
retinal degenerative animal models (Arroba et al., 2011; Comitato et al., 2018; Thanos and
Emerich, 2005). As a result of removing them from their niche, in vitro photoreceptor culture
mimics a degenerative retinal environment. In this context, the secretome of our RPE-µT appears
to provide greater support for photoreceptor survival when compared to RPE cells grown as
monolayers. Based on these findings, we hypothesize that transplantation of our RPE-µT would
provide enhanced protection for photoreceptors in an RPE degenerative animal model compared
to a single-cell suspension, while remaining technically less challenging than delivery of RPE in
sheet form. While their long-term behaviour in vivo will also need to be addressed, we note that
their size (approximately 57±7.3 µm in diameter) is significantly less than the range over which
the focal length of the eye adjusts during normal accommodation (Charman, 2008), and
represents only a small fraction of the lens-retina distance of 1.7 cm. Thus, while remodelling to
a planar geometry would be the most desirable outcome, should RPE-µT retain their spherical
geometry indefinitely this would still be expected to deliver a net benefit to vision if even a small
improvement in photoreceptor survival is realized.
To the best of our knowledge, our engineered RPE-µT is the first reported scaffold-free,
size-controlled, injectable and scalable RPE transplant. Through this work, we have demonstrated
our engineered RPE-µT express key RPE molecular markers and deposit physiologically relevant
ECM molecules. Moreover, RPE-µT upregulate the expression and secretion of key neurotrophic
factors, and their conditioned media enhanced the survival photoreceptors cultured in vitro.
Future in vivo studies will be required to establish whether this concept, with the associated
scalability of manufacture and ease of transplantation, will provide an effective alternative
approach to RPE delivery for the treatment of retinal degenerative diseases.
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2.5

Supplementary Material

Table S2.1 RT-qPCR primers chosen to evaluate the functions of our human RPE-µT. These genes
are divided into three categories based on their function.
Category
Photorecept
or Stability
Factors

Choroid
Stability
Factors

Gene
PEDF

Primers
TCATTCACCGGGCTCTCTACT
GGGCAGTGACCGTGTCAAG

IGF1

GCTCTTCAGTTCGTGTGTGGA
GCCTCCTTAGATCACAGCTCC

FGF-2

AGAAGAGCGACCCTCACATCA
CGGTTAGCACACACTCCTTTG

BDNF

CTACGAGACCAAGTGCAATCC
AATCGCCAGCCAATTCTCTTT

GAS6

CCGGGGACTTGTTCCAACC
CTGCACGAGGTCCTTCTCAT

FASL

TGCCTTGGTAGGATTGGGC

GCTGGTAGACTCTCGGAGTTC

TGF-β

CAATTCCTGGCGATACCTCAG
GCACAACTCCGGTGACATCAA

TIMP3

TGGGTTGTAACTGCAAGATCAAG
GGTCCAGAGACACTCGTTCT

VEGF-A

AGGGCAGAATCATCACGAAGT
AGGGTCTCGATTGGATGGCA

GCAAGACCAGGACGGTCATTT
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Function
Anti-angiogenesis and
anti-apoptotic
photoreceptor trophic
factor with a potent
neurotrophic effect
Anti-apoptotic and
photoreceptor prosurvival factor
Neurotrophic and
angiogenic factor
required for
photoreceptor and
choroid maintenance
Neurotrophic factor
with a pro-survival
effect on
photoreceptors
Involved in the
phagocytosis of
photoreceptor outer
segments
Anti-angiogenic factor
that also allows RPE to
uphold and maintain
the immune privilege
feature of the eye by
inactivating immune
cells
Angiogenic factor that
induces VEGF secretion
by RPE and choroid cells
Involved in the
maintenance and
remodeling of Bruch’s
membrane
Angiogenic factor
secreted by RPE to
maintain the
choriocapillaris

Reference
(Geiger et
al., 2015)

(Arroba et
al., 2009)
(Hochmann
et al.,
2012)

(Caffé et
al., 2001)

(Hall et al.,
2002)

(Hettich et
al., 2014;
Kaplan et
al., 1999)

(Nagineni
et al.,
2003)
(Ruiz et al.,
1996)

(SaintGeniez et
al., 2009)

PDGFAA

KDR

General RPE
Functional
Genes

GGCACTTGACACTGCTCGT

Angiogenic factor with
an autocrine growth
effect on RPE

GTGATCGGAAATGACACTGGAG
GTGATCGGAAATGACACTGGAG

VEGF receptor and plays
a crucial role eye
development
Calcium-activated anion
channel and a regulator
of intracellular calcium
signalling
Chemokine involved in
the regulation and
modulation of an
immune response
Regulates and
modulates the
complement pathway
FGF-2 receptor

BEST1

CTGGGCTTCTACGTGACGC
TTGCTCGTCCTTGCCTTCG

CCL2

CAGCCAGATGCAATCAATGCC
TGGAATCCTGAACCCACTTCT

CFH

GTGAAGTGTTTACCAGTGACAGC
AACCGTACTGCTTGTCCAAAA

FGF2R

AGCACCATACTGGACCAACAC
GGCAGCGAAACTTGACAGTG
ACTGAGAGTGATTGAGAGTGGAC
AACCCTCTGCACCCAGTTTTC

IL-8

RPE65

CCTGCTGGTGGTTACAAGAAA
CCTGCCTGTTACATGAGCTGT

LHX2

ATGCTGTTCCACAGTCTGTCG
GCATGGTCGTCTCGGTGTC

LOXL1

CCACTACGACCTACTGGATGC

MYRIP

GTTGCCGAAGTCACAGGTG
CTAAGAGCGGGACGTTTCAGG
TCTTCCTCGCTATCGGAGCC

TRPM1

GTTCACCAACCAGCATATCCC
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Encodes a chemokine
that initiates and
amplifies inflammation.
It has also been
implicated in the
pathogenesis of AMD
Encodes an essential
isomerohydrolase
enzyme in the retinoid
visual cycle
Highly involved in early
eye development and
regulates the expression
of multiple visual cycle
genes
RPE signature gene that
has been reported to be
involved in ocular
disorders
Encodes for a protein
that enables the
trafficking of
melanosomes in RPE
Encodes a permeable
cation channel and

(Campochi
aro et al.,
1994; Mori
et al.,
2002)
(Gogat et
al., 2004)
(Johnson et
al., 2017;
LaVail et
al., 2012)
(Chen et
al., 2008)

(Kim et al.,
2009b)
(Samuel et
al., 2017)
(Ricci et al.,
2013)

(Moiseyev
et al.,
2005)
(Hägglund
et al., 2011;
Masuda et
al., 2014)
(Strunnikov
a et al.,
2010)
(Kopplin et
al., 2010)

(Samuel et
al., 2017)

Endogenous
reference

CNTF

ACAGAGCATTCACCGCTGAC

TCAGGTCTGAACGAATCTTCCTT

plays a role in melanin
synthesis in the RPE
Encodes neurotrophic
cytokine with a
photoreceptor prosurvival effect. It was
determined to be the
most stable gene
between the 2D and 3D
RPE cultures.

(Azadi et
al., 2007)

Table S2.2 A list of antibodies used in this project, the animals they were raised in, their optimized
concentrations, and their specificity and function

Antibody

Animal

Manufactur
er

CRALBP

Mouse

Abcam cat #
ab15051

1/500

melanopsin

Rabbit

Advanced
Targeting
Systems
cat # Ab-n38

1/500

RPE65

Mouse

Abcam cat #
ab13826

1/500

Sox9

Rabbit

Millipore cat #
ab5535

1/500

ZO-1

Mouse

Invitrogen cat #
339100

1/50

LRAT

Rabbit

Abcam cat #
ab137304

1/500
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Conc. Specificity and Reference
function
An essential
protein for the
visual recycling
function of RPE
Allows RPE to
absorb light to
protect the retina
against photooxidation
An essential
isomerohydrolase
enzyme in the
retinoid visual
cycle
Transcription
factor that
regulates the
expression of
important genes in
RPE like BEST1 and
RPE65
Tight junction
marker is reported
to regulate RPE
homeostasis
An essential
protein for the

(Golovleva et
al., 2003; Xue et
al., 2015)
(Strauss, 2005)

(Moiseyev et al.,
2005)

(Masuda and
Esumi, 2010;
Masuda et al.,
2014)

(Georgiadis et
al., 2010)

(Amengual et
al., 2012;

β-catenin

Rabbit

Cell Signalling
cat # 8814

1/500

Best1

Mouse

Abcam cat #
ab2182

1/500

MITF

Rabbit

Abcam cat #
ab20663

1/500

Laminin

Rabbit

Abcam cat #
ab11575

1/200

Fibronectin

Rabbit

1/200

Collagen IV

Rabbit

Abcam cat #
ab23750
Abcam cat #
ab6586

retinol uptake by
RPE and 11-cis
retinal recycling
Signalling molecule
that is linked to
inducing the
expression of Mitf
and OTX2 in
development
Found in the
basolateral side of
the RPE and
preserves calcium
ion regulation
RPE specific
transcription factor
that is crucial for
RPE differentiation
and function
Extracellular matrix
secreted by RPE
apically and basally
contribute to the
structure of the
basement
membrane and
interphotoreceptor
matrix.
As per laminin

1/200

As per laminin
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Moiseyev et al.,
2005)
(Fujimura et al.,
2009)

(Johnson et al.,
2017; LaVail et
al., 2012)

(Adijanto et al.,
2012)

(Adler and
Severin, 1981;
Ishikawa et al.,
2015
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CHAPTER THREE
Automated Hypothesis Generation to Identify Signals Relevant in the Development of
Mammalian Cell and Tissue Bioprocesses, with Validation in a Retinal Culture System

Summary
We have developed an accessible software tool (receptoR) to predict potentially active signalling
pathways in one or more cell type(s) of interest from publicly available transcriptome data. As
proof-of-concept, we applied it to mouse photoreceptors, yielding the previously untested
hypothesis that activin signaling pathways are active in these cells. Expression of the type 2
activin receptor (Acvr2a) was experimentally confirmed by both RT-qPCR and immunochemistry,
and activation of this signaling pathway with recombinant activin A significantly enhanced the
survival of magnetically sorted photoreceptors in culture. Taken together, we demonstrate that
our approach can be easily used to mine publicly available transcriptome data and generate
hypotheses around receptor expression that can be used to identify novel signaling pathways in
specific

cell

types

of

interest.

We

anticipate

that

receptoR,

(available

at

https://www.ucalgary.ca/ungrinlab/receptoR) will enable more efficient use of limited research
resources.
3.1

Introduction:
The ability to understand and manipulate cellular behaviour is critical to conventional

small-molecule pharmaceutical therapies as well as the rapidly growing fields of tissue
engineering, regenerative medicine and cell-based therapies (Alimbetov et al., 2018; Dalby et al.,
2018; Loebel and Burdick, 2018; Manoukian et al., 2019; Zhang et al., 2018). Aside from the direct
manipulation of transcription factors, much of our capacity to control this behaviour comes via
intervention in cellular signalling cascades. In this way, the expansion of human pluripotent stem
cells (hPSCs) may be enhanced (Lipsitz et al., 2018) and their differentiation directed to fates as
diverse as retinal pigment epithelial cells (da Cruz et al., 2018), or insulin producing beta cells
(Rezania et al., 2014). Chimeric antigen receptor (CAR) T cells function via an engineered signaling
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cascade that can redirect T cells towards a specific antigen (Jackson et al., 2016), while cytokine
traps that remove targeted ligands (Economides et al., 2003) have shown promise as treatments
for macular edema caused by an overgrowth of endothelial cells (Heier et al., 2012). These
diverse applications share the common mechanism of intervening in pre-existing signalling
pathways within the relevant cell types.
While pathways that are active in a given type of cell may be inferred from previous
developmental or functional studies (Fan et al., 2016; van der Kant et al., 2019; Yoon et al., 2018;
Zhou et al., 2015), such research may not yet have been completed for a given tissue of interest.
Even if it has, there is no guarantee that all relevant interactions have been identified. While
efforts such as the Human Cell Atlas (Rozenblatt-Rosen et al., 2017) promise to facilitate data
sharing, it is challenging for researchers in this increasingly interdisciplinary field, who have
identified a role for a particular cell type in their disease of interest, to enter new areas and
acquire the depth of specialist knowledge required to predict potential interventions.
In attempting to manipulate the behaviour of a given cell type, an important starting point
is simply “What receptors does this cell express?” There is no point in adding a particular factor
to the culture medium if the cell lacks the machinery required to respond to it (Krebs and Hilton,
2000; Miyajima et al., 1992; Uings and Farrow, 2000). Conversely, while expression of a certain
receptor does not guarantee its downstream signalling function (Ris-Stalpers et al., 1990; Robbins
et al., 1993), it does immediately provide us with a pair of easily testable hypotheses: firstly, that
the cell will respond to its activation in some way; and secondly that this response already occurs
at some point within the range of environments to which that cell type is normally exposed
(niche) – and potentially in the culture system of interest as well. Additional knowledge about
the function of that signalling pathway in other contexts may be informative (Cai et al., 2016;
Harskamp et al., 2016; Pavlos and Friedman, 2017; Schwartz et al., 2016) but is not required (and
is not necessarily complete in any case) (Cendrowski et al., 2016). The cells may then be exposed
to activators and inhibitors of the receptor identified, and the impact assessed. Should a response
be observed (for example, on function or proliferation), if it is a desirable one then the ligand
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concentration can be optimized and routinely incorporated into the bioprocess under
development; if it is undesirable then antagonism of that pathway may similarly be employed.
Where resources are available, receptor expression may be characterized specifically in a
system of interest. However, funding agencies are often unwilling to support expensive “fishing
expeditions” and even if funding is available, it could be employed elsewhere if less expensive
approaches could be identified. We therefore sought to automate the generation of such
hypotheses using the significant quantity of existing gene transcript resources. While increasingly
ceding ground to RNA sequencing (RNA-seq) approaches, over half the data series available on
the publicly-accessible Gene Expression Omnibus (GEO) database derive from expression
profiling by microarray, with high throughput sequencing platforms making up less than one
quarter. Furthermore, both technologies offer high throughput assessment of gene expression
with similar quantitation accuracy and high technical reproducibility (Lowe et al., 2017). Despite
a more limited dynamic range and lower sensitivity than either RNA-seq or quantitative PCR,
microarrays have proven to be a reliable technology for detecting significantly enriched genes
between tissue types, and robust expression patterns between all three technologies correlate
well (Allanach et al., 2008; Larkin et al., 2005; Marioni et al., 2008; Su et al., 2014). Microarray
data has been collected on platforms with a high degree of uniformity, and for which minimum
information standards already exist (Ball et al., 2004; Brazma et al., 2001). Originally obtained to
test specific hypotheses, in aggregate they contain a tremendous amount of information on e.g.
untreated control groups that may not otherwise have been previously assessed.
We therefore developed a software tool – receptoR – to enable non-bioinformaticians to
access this data, and rapidly generate hypotheses about signaling pathways that may be relevant
to the cell and tissue types they are studying. We validated its performance in retinal
photoreceptor cells, as their survival and function in vitro and in vivo are highly influenced by
cytokines derived from their niche (Jindal, 2015; Strauss, 2005). As the first component of our
visual pathway they are essential for sight and therefore hugely impactful on human health and
quality of life.
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In the United States alone, visual impairment not due to a refractive error affects 2% of the
adult population, over six million people, with associated costs exceeding $5.5 billion annually
(Chou et al., 2013; Congdon N et al., 2004; Frick et al., 2007). When looking at age-related macular
degeneration (AMD) specifically, the most common cause of visual dysfunction in industrialized
countries, incidence increases to 20% of people over 65 years of age (Huang et al., 2003; Kashani
et al., 2018; Mitchell et al., 1995; Vingerling et al., 1995). Absent injury or infection of the retina,
most visual dysfunction qualifies as inherited retinal degeneration, a genetically heterogeneous
group of disorders affecting the viability and function of rod and cone photoreceptors that can
have autosomal, X-linked, and mitochondrial patterns of inheritance (Farrar et al., 2015;
Thompson et al., 2015). Over 200 causative genes have been identified that affect multiple
pathways and mechanisms associated with vision dysfunctions (Thompson et al., 2015). Retinal
degenerative diseases can also be a consequence of genetic dysfunction in the underlying retinal
pigment epithelium (RPE) or vasculature that support the retina (Alexander et al., 2015; Bhutto
and Lutty, 2012; Farrar et al., 2015). Given the complexity and scope of the underlying causes,
curative treatments are not currently available, with most clinical interventions aiming to slow
the progression of the disorders (Rolling, 2004). This approach has seen some success, and
studies have demonstrated attenuation of photoreceptor loss in animal models of retina
degeneration using exogenous delivery of signaling molecules including pigment epitheliumderived factor (PEDF), brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor
(CNTF) and several fibroblast growth factors (FGFs) (Azadi et al., 2007; Caffé et al., 2001;
Cayouette and Gravel, 1997; Comitato et al., 2018; Green et al., 2001; Kimura et al., 2016; LaVail
et al., 1992; Liang et al., 2001; Moeller and Neubert, 2013). Understanding signaling pathways
that maintain healthy photoreceptors is therefore critical to the development of new approaches
to maintain existing photoreceptor cells, as well as potentially curative future cell-based
therapies to replace them (Pearson et al., 2012; Santos-Ferreira et al., 2014).
In the present study, we used our bioinformatics tool, receptoR, to identify activin receptor
2A (Acvr2a) as a target present in post-mitotic photoreceptors that can be activated to increase
their in vitro survival.
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3.2

Material and Methods:

3.2.1 Ethics statement
All experiments involving animals were carried out in accordance with the
recommendations of the Canadian Council on Animal Care's "Guide to the Care and Use of
Experimental Animals". The protocol was approved by the Animal Care Committee at the
University of Calgary (AC17-0073). Retinal tissues were accessed under a secondary-use protocol,
from animals freshly euthanized as controls in other experiments in neighbouring laboratories,
where the retinal tissue would otherwise be discarded. Many tissue types can be easily and
regularly obtained in this way, and we encourage researchers to assess how these might reduce
their own need for animals, and the associated costs.
3.2.2 Bioinformatics
3.2.2a Querying public datasets
Our bioinformatics platform utilizes the open source software suite Bioconductor
(Gentleman et al., 2004; Huber et al., 2015) based on the R programming language (Team, 2008).
Using the R package GEOQuery (Davis and Meltzer, 2007), we are able to import and process raw
dataset files from the Gene Expression Omnibus (GEO). To allow for straightforward integration
of various datasets, the software makes use of only non-competitive (i.e. single colour) arrays
where each array contains a single biological sample that has been hybridized and its
corresponding signals digitized. Data obtained from such arrays has been shown to be of the
same quality as that obtained from two colour, competitive arrays (Patterson et al., 2006). We
also chose to initially limit microarray data to the two most common in situ oligonucleotide array
platforms, ensuring consistency and simple quality control between experimental samples. This
permits the pooling of multiple arrays, one per sample, as would be conducted in a wet lab
microarray experiment. For mouse data, we use the GeneChip Mouse Genome 430 2.0 Array
(GPL1260) platform, while human data is collected from the Affymetrix Human Genome U133
Plus 2.0 Array (GPL 570). As of December 2018, these two arrays contained 53 460 and 144 134
sample records, respectively.
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3.2.2b Normalization and differential gene expression
Retrieved expression data was then normalized using the log scale multi-array analysis
(RMA) algorithm (Irizarry et al., 2003). Briefly, arrays were background corrected, normalized
using quantile normalization, and log transformed. Following array normalization, we analyzed
gene expression profiles among groups by fitting a multiple linear model based on probe level
expression, with contrasts set between all our defined biological groups (Smyth, 2004). To predict
differentially expressed genes (DEGs) between groups in a biologically meaningful way, we
performed significance testing relative to a threshold, namely a log-fold change of greater than
one (McCarthy and Smyth, 2009). We chose a lower threshold because the purpose of our
application is an exploratory analysis of many expression datasets and a larger number of false
positives was permissible given the requirement for external validation of these predictions.
Normalized expression data was analyzed by sparse partial least squares discriminate
analysis (sPLS-DA) to determine membership for each observation of gene expression across all
arrays (González et al., 2012; Lê Cao et al., 2011; Rohart et al., 2017). This allows for the
identification and selection of relevant genes from each biological group.
3.2.2c Gene ontology
Lists of receptor type were generated using KEGG and Panther annotations genes to ensure
full coverage of biological pathways (Kanehisa et al., 2016; Mi et al., 2010). Differential expression
analysis was exported from receptoR and used to generate a list of enriched gene ontology (GO)
terms using GOrilla (Eden et al., 2007, 2009), which were summarized (i.e. redundant GO terms
were removed) by REVIGO (Supek et al., 2011).
3.2.3 Reverse transcription quantitative PCR (RT-qPCR)
RNA was isolated using the Norgen Total RNA Purification kit (Norgen Biotek cat. no. 37500)
and quantified on an Implen spectrophotometer. Between 300-1000 ng of RNA was used for each
reverse transcription reaction (iScript, BioRad cat. no. 1708841). PCR reactions were assembled
using PowerUp SYBR Green Master Mix (Applied Biosystems, cat. no. A25742) and run on a Step
One Plus Real-Time PCR System (Applied Biosystems). cDNA was tested using known reference
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primers before being used to quantitative experiments. Primers were also tested and found to
have efficiencies of 100 ±10%. Primer sequences are listed in Table S2. Values for non-detects
were imputed from reaction values in the same biological category (e.g. other photoreceptor
samples) (McCall et al., 2014) and relative expression (∆Ct) was calculated using an average of
three stable endogenous controls: Polr2a, Tbp, Hprt (Vandesompele et al., 2002).
3.2.4 Mouse retina dissection, photoreceptor precursor enrichment and culture
Retinas from euthanized mice at postnatal day (PN)4 were dissected from the eyes of
multiple pups of two litters and retinas from each litter were pooled together. The retinas were
dissociated in DPBS without calcium or magnesium (DPBS) containing 0.125% trypsin (Sigma cat.
no. T1005) and 0.3 mg/ml DNaseI (EMD Millipore cat. no. 260913) for 4-6 min in a shaking
waterbath at 37 °C (f=120 rpm). The enzymatic solution was stopped by adding an equal volume
of DPBS containing 20% FBS. The cell suspension was triturated with a fire-polished glass pasteur
pipette before being spun at 333 rcf for 5 min. Supernatant was removed and cells were
resuspended in 500 µl EasySep buffer (StemCell cat. no. 20144) before being magnetically
enriched on an EasySep system using the Mouse PE Positive Selection kit (StemCell cat. no.
18554) according to manufacturer’s directions. Anti-CD73 antibody conjugated to PE (BD cat. no.
550741) was used at 3 µg/ml to select a positive photoreceptor fraction.
Prior to culture, black-walled 96 well plates (Grenier cat. no. 655090) were coated with 50
µg/ml poly-d-lysine (Corning cat no. 354210) for at least an hour before being washed twice with
sterile distilled water and allowed to dry. Photoreceptors were plated at a density of 3.1 x 10 5
cells/cm2 in a volume of 200 µl per well (media depth of 6 mm), and cultured in DMEM/F12
(70:30) supplemented with 2% B-27 and 1% antibiotic-antimycotic (all Thermo/Gibco cat. no.
11965, 11765, 17504, 15240).
3.2.5 Photoreceptor viability assay
After 72 h in culture, photoreceptor media was replaced with DPBS containing 5 µg/ml
Hoechst 33342 (Invitrogen cat. no. H21492), 50 ng/ml fluorescein diacetate (FDA; Sigma cat. no.
F7378), and 2.5 µg/ml propidium iodide (PI; Sigma cat. no. P4170) to detect nuclei, live and dead
cells, respectively. After five minutes incubation at 37 °C, this staining solution was removed, and
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the cells were washed with DPBS. Plates were imaged on an Olympus IX83 Microscope at 200X
magnification using MicroManager software (Edelstein et al., 2014). Five non-overlapping images
per well were taken, with a minimum of four wells per treatment group.
Images were processed using a Cell Profiler pipeline that assessed co-localization of a
nucleus with either the live or dead stains to determine the percentage of cells alive (Carpenter
et al., 2006). Images were pre-processed using ImageJ by subtracting the background from the
captured images. Primary objects were identified and subsequently related to establish a parentchild relationship between blue-red objects and blue-green objects. Finally, the filter objects
module was used to quantify the number of colocalized objects that were both blue and red, and
objects that were blue and green, as the blue-red objects were considered “dead” cells and the
blue-green objects were considered “live” cells. Viability was calculated as the number of “live”
cells divided by the sum of “live” and “dead” cells. Results from a single well were averaged and
this value represents a biological replicate.
3.2.6 Immunostaining
Whole eye sections were prepared by fixing dissected PN4 mouse eyes with the RPE
removed in 4% paraformaldehyde (PFA) in DPBS overnight at 4 °C. Fixed eyes were then
transferred to a 15% sucrose solution for 24 h and a 30% sucrose solution for 24 h at 4 °C.
Cryoprotected eyes were then embedded in clear frozen section compound (VWR cat. no. 95057838) compound before being frozen in a dry ice and 2-propanol slurry. Slides were prepared by
cutting 20 µm sections and mounting them to charged slides. The following antibodies were used
to detect the various epitopes: Activin receptor type 2A (Abcam, cat. no. ab96793), Activin
receptor type 2B (Abcam, cat. no. ab76940), OTX2 (Abcam, cat. No. ab114138), and Rhodopsin
(Abcam, cat. No. 98887).
Cultured photoreceptors were fixed by adding 100 µl of 4% PFA in DPBS to each well, and
incubated for 5 minutes at room temperature (RT; 22°C). The wells were then washed three times
with DPBS. Photoreceptors were permeabilized by incubating each well with 100 µl of 0.1% Triton
X-100 (Amresco cat. no. M143) for 5 minutes at RT, followed by three more washes in DPBS. Each
well was blocked with 1% (w/v) bovine serum albumin (Sigma cat. no. A3294) in DPBS for 10
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minutes at RT followed by another three washes. Primary antibodies were then added to the
samples (1/500) in 0.5% BSA in DPBS (100 µl/well). Primary antibody is incubated over night at 4
°C. Samples were then washed three times in DPBS and blocked with 1% BSA for 10 minutes at
room temperature. Secondary antibody was then added (1/1000) in 0.1% BSA (100 ul/well) and
incubated for 1 hour at RT. Cells were then washed (3X) with DPBS and stained with 100 ul of
(1/2000) 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific cat. no. D1306) solution
for 5 minutes at room temperature. The samples were then washed (3X) with PBS and stored in
the dark at 4 °C until they were imaged.
3.3

Results:
Our overall approach comprises the identification and importing of relevant datasets;

normalization to allow comparisons; initial automated analysis; and finally, user-interactive
analysis to identify and extract specific information of interest (figure 3.1A). As we have regular
access to murine retinal cells via a secondary-use ethics approval, we elected to focus on mouse
transcript data, although receptoR is able to work with both human and mouse data. This pipeline
was developed with the non-bioinformatician user in mind, and our web-based graphical user
interface facilitates the mining of datasets from the GEO database, categorization of the retrieved
samples, and downstream analysis. Results presented here thus make use of the receptoR app
except where explicitly stated; details of how the data is obtained and processed can be found in
Materials and Methods.
We began (figure 3.1b) by acquiring appropriate data records to examine the transcriptome
of photoreceptors and RPE. The GEO database was searched for GEO samples; each sample
record (assigned a unique accession number beginning with ‘GSM’) is the digitized image of the
microarray after sample hybridization and represents the transcriptome of a single biological
sample. For clarity we will refer to these samples as ‘microarrays’ or simply ‘arrays’ throughout
the text. Typically, these arrays will have been deposited as part of a larger GEO experimental
data series containing up to tens of GSM array records.
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From these search results, we selected 78 microarrays from 15 unique series, falling into of
one of three categories of interest: photoreceptors (n=30), RPE (n=11), or whole retina (n=37) for
downstream analysis. Arrays were composed of purified cell populations and isolated tissues, of
median age 7.5 days postpartum. Assignment to these categories was based on data included in
the record and associated publications. Of note, while photoreceptor maturation continues in
this time window, they are consistently post-mitotic and represent a widely used model of
photoreceptor behavior (Brzezinski and Reh, 2015; MacLaren et al., 2006; Unachukwu et al.,
2016; Waldron et al., 2018) . By pooling arrays obtained in multiple experiments across multiple
laboratories into a single biological category, we enhance statistical power and reduce technical
bias (‘batch effect’) that all high throughput transcriptome data is vulnerable to (Turnbull et al.,
2012). Importantly, receptoR will generate a warning if all arrays in a group come from the same
series, as technical and biological differences will then be confounded. After assigning each array
to a category, receptoR will then download the full raw data files from the final array list from
GEO. Transparently to the user, array data is normalized and significant differentially expressed
genes (DEGs) among groups are predicted, before this data is returned to be analyzed based both
on high relative expression and differential expression among groups.
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Figure 3.1 Digitized gene expression data can be mined to predict receptor pathways
Experimental microarray data is publicly available for download and reanalysis, and can be used
to make informed hypotheses about cell- or tissue-specific receptor expression. (A) The pipeline
for mining, categorizing and analyzing the microarray data. User interaction steps are outlined in
red. (B) Our web application, receptoR, allows users to analyze microarray experiments by
searching public experimental series for specific sample expression data (1) and categorizing each
sample according to their experimental design (2). After retrieving and processing the expression
data, predictions can be filtered by genes coding for specific receptor types (3), individual gene
data can be sorted (4) and visualized (5). Absolute expression levels of receptor-coding genes can
be clustered based on assigned categories and filtered based on differential expression between
groups (6).
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Because of the known role of cytokine signaling in preventing photoreceptor degeneration
(Bradford et al., 2005; Dilly and Rajala, 2008; Tombran-Tink and Barnstable, 2003) we decided to
look more closely at this mode of signaling and filter those genes annotated to code for cytokine
receptors. Interestingly, the activin receptor type 2A (Acvr2a) was predicted to be highly
transcribed in photoreceptors, with comparable levels to those receptors whose ligands have
been shown to be important for photoreceptor survival, including PEDF, CNTF, PDGF, IGF-1, and
FGF-2 (Bradford et al., 2005; Dilly and Rajala, 2008; Li et al., 2018; Di Pierdomenico et al., 2018;
Tombran-Tink and Barnstable, 2003). To our knowledge the role of activin has not been studied
in this cell type. Indeed, Acvr2a was predicted to be the second most highly transcribed cytokine
receptor in photoreceptors (figure 3.2A). To validate our bioinformatic predictions, 14 genes
predicted to be differentially expressed between photoreceptors and RPE or highly expressed in
photoreceptors (Table 1) were assayed by RT-qPCR in both tissues. When we compared the ∆CT
values against the predicted gene transcription profiles we observed a significant correlation (P
= 0.047) (figure 3.2B).
To further explore our prediction that activin signaling may play an important role in
photoreceptors, we exported the list of all predicted DEGs between photoreceptors and RPE
from receptoR (figure 3.1B). Then, we annotated each transcript on the list to a gene ontology
term to identify enriched pathways based on a ranked list of significant DEGs (adjusted P < 0.05;
highest expression to lowest) subtracted from background transcription in the mouse (Eden et
al., 2007, 2009). What we observed was a significant enrichment in transcripts coding for growth
factor binding and extracellular compound binding proteins, including those binding
transforming growth factor beta (TGF β; figure 3.2C). This finding is consistent with
photoreceptors’ role in receiving supportive signals from the RPE and with the composition of
the interphotoreceptor matrix to which photoreceptors bind (Ishikawa et al., 2015; Strauss,
2005). Activin is a member of the TGF β superfamily, whose signaling is known to play a role in
cell survival and growth (Chen et al., 2002), and enrichment of this pathway supported the high
predicted levels of Acvr2a in photoreceptors.
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Figure 3.2 Prediction of receptor gene expression in photoreceptors
(A) Predicted levels of the 20 most highly expressed receptor protein-coding genes in
photoreceptors that are differentially expressed between photoreceptors and RPE. Receptor
type is indicated by colour and plots represent the distribution of all samples (n=30) across all
probes. (B) Fourteen genes representing varying expression levels in photoreceptors and RPE
were assayed using RT-qPCR (n=5). Pooled archival microarray data (n=30, photoreceptors; n=11,
RPE) showed a moderate, yet significant correlation with ΔCT values (R= -0.38, P = 0.047). RTqPCR expression was normalized to three endogenous control genes (Hprt, Polr2a, and Tbp). (C)
Reduced gene ontology map showing photoreceptor-enriched functional categories for all
differentially expressed genes between photoreceptors and RPE. Circle size is based on the
frequency of the term within all UniProt annotations (smaller = less common and more specific)
while the colour of each circle displays the p-value associated with the photoreceptor enrichment
of terms in that category (redder = lower). The x- and y-axes represent semantic distances
between annotation keywords in arbitrary units.
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To assess the plausibility of the hypothetical activin signaling implied by the receptoR
predictions, we examined the expression of type 2 activin receptors at the protein level in the
mouse retina at postnatal day 4. We detected Acvr2a throughout the retina, with a particularly
intense staining in the outer region of rhodopsin-positive cells (figure 3A) – interestingly this is
the region immediately adjacent to the RPE, which is a source for many photoreceptorsupportive signals. Acvr2b showed a similar staining pattern, with strong staining at the
photoreceptor-RPE margin, as well as in the ganglion cell layer (figure 3B).
With activin receptor expression confirmed at the protein level in photoreceptors, we
sought to elucidate the role of activin signaling in these cells. Mouse retinas were dissociated,
and photoreceptors were magnetically separated based on the expression of the photoreceptorspecific surface marker Cd73 (Eberle et al., 2011; Koso et al., 2009) and cultured in well plates in
a minimal, defined media. Recombinant activin A was added at 10 ng/ml and cell viability was
determined after 72 h in culture. Significantly more cells remained alive in activin-treated
cultures compared to untreated controls (figure 3.4A, B). As canonical Activin signalling involves
a heterodimer of type 1 and 2 receptors, we treated parallel photoreceptor cultures with activin
A in combination with the Tgfbr1 / Acvr1b / Acvr1c inhibitor SB-431542 (Inman, 2002), which
negated this beneficial effect (figure 3.4C). Treatment of photoreceptor cultures with the Acvrl1
/ Acvr1 / BmpR1a / BmpR1b inhibitor LDN 193189 (Sanvitale et al., 2013) did not attenuate the
effect of activin A on photoreceptor survival (data not shown). This supports the hypothesis that
activin A signaling in photoreceptors is mediated by canonical receptor signaling involving type 2
receptor complexes together with Acvr1b (Pangas and Woodruff, 2000).
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Figure 3.3 Immunohistochemistry reveals that both predicted activin receptors (Acvr2a and
Acvr2b) are expressed in photoreceptors
To validate the cytokine receptor prediction by receptoR, sections of post-natal day 4 mouse
retina (without RPE) were immunostained for activin type 2 receptors and well-known
photoreceptor/retina markers. (A) Co-localization of rhodopsin (green) and Acvr2a (magenta)
indicates the expression of this activin receptor in photoreceptor cells. (B) In contrast, Acvr2b
(green) shows weaker, less specific staining throughout the retina, similar to the expression of
Otx2 (magenta). Sections are 20 µm thick and were counterstained with DAPI (grey). To orient
the reader about the expression patterns in relation to retinal anatomy, the outer nuclear layer
(ONL), inner nuclear layer (INL) and ganglion nuclear layer (GNL) were labelled next to the
micrographs.
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Figure 3.4 Activin signalling increases photoreceptor viability
To assess Activin A function in vitro enriched post-mitotic photoreceptor precursors were
cultured alone (A), in the presence of activin A only (B), and with both activin A and the inhibitor
SB-431542 (C) for 72 h. Photoreceptor precursors were obtained from retinas of multiple
euthanized pups of two distinct litters and retinas from each litter were pooled together prior to
dissociation. Representative images of live/dead cell staining (FDA, green, alive; PI, red, dead) are
shown. Quantitative automated image analysis was carried out to determine the relative number
of living cells (D) for each condition (N=11, 16, 14 culture wells each for control, activin treated,
and activin+SB, respectively, four non-overlapping images taken of each well). A median of 361
cells were counted per image (averaging 19, 000 total cells per treatment). Statistically distinct
groups were labelled with different letters (i.e. “a” and “b” are statistically different).
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Interestingly, while activin A signaling significantly increased survival in magnetically
enriched photoreceptor cultures, subsequent immunostaining for the rod photoreceptor protein
rhodopsin was negative (data not shown). To interrogate this finding further and assess whether
the result was due to enhanced survival of some other cell type (which would be somewhat
unexpected, as even pre-enrichment the retinal cell population is over 70% photoreceptors)
(Akimoto et al., 2006), we analyzed these cultures by RT-qPCR. Intriguingly, while transcript levels
of the photoreceptor-specific transcription factor Nr2e3 (Cheng et al., 2004; Haider et al., 2000;
Peng et al., 2005) remained high, we observed significant decreases in the mature rod and cone
markers Rho and Pde6h, respectively (figure 3.5), which suggests substantial new areas for future
investigation in light of the role for activin signaling in retinal development (see below).
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Figure 3.5 Activin A suppresses the transcription of mature photoreceptor genes
The impact of activin A signalling on transcription was assessed following 72 h culture without
activin, with activin A only, and with activin A and the inhibitor SB-431542 (N=5 per category).
While high levels of the photoreceptor-specific transcription factor Nr2e3 do not appear to be
affected by activin signalling, the mature rod and cone markers Rho and Pde6h show statistically
significant reductions. RT-qPCR data was normalized to three endogenous control genes (Hprt,
Polr2a, and Tbp) and is shown as ΔCt plotted on a negative Y-axis (higher expression at the top).
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3.4

Discussion:
Our receptoR tool allows for the interrogation of previously captured transcriptome data,

pooled across multiple experiments and research groups, that can be arbitrarily organized to
identify patterns and differential expression. It has been estimated that at least ten expression
sets are necessary to establish the profile of a tissue (Chang et al., 2011) and combining data from
multiple laboratories has been shown to improve reproducibility of preclinical animal studies
more effectively than increasing sample size alone (Voelkl et al., 2018). Our approach facilitates
transcriptome analysis, taking into account both of these considerations, and provides for
significantly more efficient use of scarce research resources when compared to the time and
effort required to design and implement an experiment to obtain similar results.
Although RNA sequencing (RNA-seq) is rapidly entering widespread use for transcriptome
profiling and has the ability to identify transcripts without a priori knowledge of them, the large
body of microarray data accumulated over the past decades is still a tremendously valuable
resource. Unlike most publicly available RNA-seq data, available in raw sequence formats that
require alignment before meta analyses can be run (Lachmann et al., 2018), microarray probes
are well annotated and easily converted to gene expression information. Microarrays also offer
a lower “barrier to entry” for researchers new to bioinformatics, particularly where the focus is
on high-level behavior rather than rare transcripts or splice variants. The a priori design of a
microarray experiment, while unsuited to the discovery of new transcripts, offers the ability to
quickly parse expression data and filter for well-annotated RNA species. Finally, the built-in
controls offered by microarray data also provide distinct advantages over heterogeneous sample
preparation and read depths that are present in RNA-seq data, facilitating interlaboratory
analyses. However, we anticipate that ongoing developments in RNA-seq data processing (Bray
et al., 2016) and decreasing costs of computing power will make on-the-fly RNA-seq processing
more practical for non-specialist laboratories in the near future, and plan to incorporate RNA-seq
data analysis into future versions of receptoR.
While there are existing tools which make use of publicly available datasets stored on the
GEO, to our knowledge receptoR is the first to allow users to assign arrays from multiple series
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records into customizable groups for downstream analysis (e.g., DEG prediction, cluster analysis).
Recently, shinyGEO was developed with the purpose of examining gene expression and
association with cancer survival (Dumas et al., 2016), but is limited to a single data series and is
focused on gene association as opposed to gene discovery. Also making use of the shiny
framework, Shiny Transcriptome Analysis Resource Tool (START) allows for visualization and
analysis of RNA-seq data, however it does not query the GEO database (Nelson et al., 2017).
Finally, GEO2R is GEO’s own tool and has related functionality in that groups can be redefined,
and analysis undertaken on single GEO dataset. However, this analysis is not particularly straight
forward for non-bioinformaticians as expression is restricted to probe-level data with several
probes associated with one gene. Most importantly, GEO2R does not incorporate multiple series
in the analysis.
We employed receptoR to generate hypotheses about cytokine receptor expression in
mouse photoreceptors as compared to RPE to validate our bioinformatics approach. Of the
multiple predictions, we chose to focus on activin signaling, confirming the presence of transcript
(via RT-qPCR – figure 3.2) and protein (via immunofluorescence, figure 3). Given previous reports
of a role for activin earlier in retinal development (Bertacchi et al., 2015), we assessed whether
activin plays a role in photoreceptor survival. We determined that activin treatment significantly
enhances the survival of enriched primary photoreceptor cultures, and that this effect is
precluded by pharmacological inhibition of the activin type 1 receptor b (ACVR1B, also known as
Alk4), consistent with previous reports that activin acts through SMAD2/3-mediated pathways
with no activation of either ERK or AKT during photoreceptor differentiation (Lu et al., 2017). This
is not surprising as activin signaling has been long known for its neuroprotective
effect (Kupershmidt et al., 2007).
To the best of our knowledge, this effect of activin signaling on nominally post-mitotic
mammalian photoreceptor precursors has not been previously identified. However, activin
signaling is known to play an important role in patterning the optic vesicle in early eye
development. At that developmental stage, activin signaling promotes the expression of RPEspecific genes at the expense of retina-specific genes (Fuhrmann et al., 2000). Subsequently,
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activin signaling has been reported to promote cell cycle exit and differentiation into post-mitotic
precursors in rodents (Davis et al., 2000). During directed differentiation from mouse embryonic
stem cells to photoreceptor precursors, Lu and colleagues showed increasing levels of Inhba,
Acvr2a, and Acvr1b throughout culture, while the addition of exogenous activin A
upregulated Otx2 and Crx (Lu et al., 2017), which is in line with our findings (potentially
increased Otx2 at P=0.055, figure 3.5). Our results showing that activin A-treated photoreceptors
down regulate the rod and cone photoreceptor markers Rho and Pde6h (figure 3.5) (Brzezinski
and Reh, 2015; Swaroop et al., 2010) likely reflect temporal changes in the role of activin signaling
during development. Our findings are consistent with studies in chick retina cultures, where the
role of activin during photoreceptor culture has been more extensively studied; treatment of
photoreceptors with activin down regulates visual pigment genes including rhodopsin (BeleckyAdams et al., 1999; Bradford et al., 2005). Activin has also been reported to have an inhibitory
effect on the differentiation of cultured chick photoreceptors (Belecky-Adams et al., 1999). The
authors did not detect statistically significant increases in the number of live cells per dish in
activin-treated groups, although the mean number of live cells was higher than controls at each
time point from 48 h after plating onwards (Belecky-Adams et al., 1999). Our observations that
activin represses later photoreceptor markers suggest regression to an earlier developmental
stage and could hold potential as a new source of photoreceptors (Klassen et al., 2004), although
significant further work will be required to confirm or refute this speculation.
In the nearer term, the ability of activin signaling to enhance photoreceptor survival has
significant research potential, as the in vitro culture of primary photoreceptors is technically
challenging, with the majority of cells dying shortly after initiating culture (LaVail et al., 1998;
Traverso et al., 2003). This can be attributed to the fact that photoreceptors are very dependent
on incompletely understood signals present in their niche, which are lost following their isolation.
As a result, many in vitro studies of primary mouse photoreceptors use early post-natal
photoreceptors that have exited mitosis and are undergoing maturation (Brzezinski and Reh,
2015; Unachukwu et al., 2016; Waldron et al., 2018). The inability to culture these cells efficiently
has limited the ability of vision researchers to interrogate their behavior, and test the impact of
various interventions such as neuroprotective molecules to combat retinal degeneration (Skaper,
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2012). Importantly, the fact that our array data was pooled from tissues isolated at a range of
ages may have contributed to differences observed in gene expression between our array
analysis and RT-qPCR (figure 3.2). While receptoR is dependent on the data available, our results
demonstrate that analysis of large publicly-available datasets can reveal important new biological
information.
Our meta-analysis approach to expression analysis is related to those used extensively in
cancer research, where diverse transcriptomics datasets can be brought together to identify
mutations and chromosomal duplications that increase patient susceptibility (Newton and
Wernisch, 2015). A similar approach has also been used to identify two genes that increase
susceptibility to choroidal neovascularization in AMD, including a newly confirmed gene
expressed in the retina (Akagi-Kurashige et al., 2015). Notably, Unachukwu et al (2016) used the
popular expression analysis software Ingenuity Pathway Analysis (IPA; Qiagen) to cross-match
ligands present in the light-damaged retinal microenvironment with receptors expressed in
photoreceptor precursors. While their work elegantly confirmed a known signaling mechanism
(SDF-1α-CXCR4) involved in axon growth and guidance in photoreceptors, the IPA platform is
closed and based on manually curated datasets (Unachukwu et al., 2016). Consequently,
subscription fees make this a useful tool but not widely available. By contrast, the platform we
present here makes use of publicly available datasets to generate hypotheses based on receptor
signaling for non-experts in bioinformatics. Our tool allows for the straightforward analysis of cell
communication pathways and makes use of multiple datasets to minimize laboratory or
experimental bias.
While the potential for effects on differentiation status will require that we proceed with
caution, the identification of a new target to promote photoreceptor survival also has therapeutic
implications, as photoreceptor degeneration is the leading cause of blindness in adults over
55 (de Jong, 2006). In dry age-related macular degeneration (AMD), photoreceptor loss is
secondary to diseased and degenerated RPE and photoreceptor degeneration can be delayed by
supplementing the retina with key RPE secreted factors (Jayakody et al., 2015; Tombran-Tink and
Barnstable, 2003). It would be very interesting to test if supplementing the retina with activin A
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can delay photoreceptor degeneration in AMD animal models. A photoreceptor pro-survival
factor could buy AMD patients time, reducing or delaying photoreceptor degeneration, and the
activin signaling pathway has already been identified as a promising druggable target for other
therapeutic indications (Tsuchida et al., 2009). Such a factor could also be valuable in
combination with cell-replacement therapies for diseased RPE (Da Cruz et al., 2018). While the
work presented here is an interesting first step, characterization of the mechanism by which
activin improves photoreceptor survival warrants further investigation.
In summary, our receptoR tool was able to raise the specific, testable hypothesis that
activin signaling is active in post-mitotic photoreceptors and/or maturing precursors, which we
confirmed via subsequent experiments. In an era of restricted research resources, we hope to
increase research efficiency by facilitating re-use of existing datasets by non-specialists. We
anticipate this tool will be particularly useful for non-bioinformaticians wishing to mine
transcriptome data to generate hypotheses regarding cytokine signaling in their cell type of
interest.

We

have

made

the

source

code

for

receptoR

freely

available

at

github.com/derektoms/shiny-server/receptoR_final/ and a live version can be accessed
at https://www.ucalgary.ca/ungrinlab/receptoR.
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3.7

Supplementary Tables:

Table S3.1 ReceptoR prediction for highly transcribed cytokine receptors in photoreceptor and
PRE
Gene symbol

photoreceptor
normalized
expression

RPE normalized
expression

Receptor category

Atp5a1
Nr2e3
Atp5b
Rho
Cnga1
Cngb1
Rorb
Celsr3
Atp6v1a
H2-T24
Rxrb
Acvr2a

11.2
10.6
10.5
10.5
9.5
9.1
8.8
8.7
8.4
8.3
8.3
8.2

10.4
7.5
11.8
9.3
7.6
6.9
7.7
5.1
10.1
5.2
9.5
6.0

Nr2f6
Gria2
Ptcd1
Shroom2
Pcdh15
Hcn1
Ackr4

8.0
8.0
8.0
8.0
8.0
7.9
7.9

8.3
5.3
6.0
7.5
4.5
6.7
6.5

Jkamp
Cxcr4
Pcdhb20
Nr1d2
Nfasc
Grm4
Gpr75
Ncam2
Ccr9

7.8
7.8
7.8
7.8
7.8
7.8
6.9
6.7
5.8

8.8
6.4
7.3
8.5
6.3
6.4
5.1
5.1
4.2

Ligand-gated ion channel
Nuclear hormone
Ligand-gated ion channel
G-protein coupled
Ligand-gated ion channel
Ligand-gated ion channel
Nuclear hormone
G-protein coupled
Ligand-gated ion channel
Cytokine
Nuclear hormone
Cytokine receptor / Protein
kinase
Nuclear hormone
Ligand-gated ion channel
Protein kinase
Ligand-gated ion channel
G-protein coupled
Ligand-gated ion channel
Cytokine receptor / Gprotein coupled
G-protein coupled
Cytokine
G-protein coupled
Nuclear hormone
Cytokine
G-protein coupled
G-protein coupled
Cytokine
Cytokine
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Differential
expression
between
photoreceptors
and RPE (Padj <
0.05)
yes
yes
no
no
no
no
no
yes
yes
yes
no
yes
no
yes
yes
no
yes
no
no
yes
no
no
no
yes
no
yes
yes
Yes

Table S3.2 List of RT-qPCR primers
Gene Symbol
Ackr3
Acvr2a
Acvr2b
Atp5a1
Cd24a
Crx
Cxcr4
Gnat2
Gpr75
Grk1
Hprt
Kdr
Ncam2
Nr2e3
Nrl
Otx2
Pax6
Pde6h
Plxna2
Polr2a
Prdm1
Rcvrn

Primers
F CACCGTCAGGAAGGCAAACC
R AGAGTGATTTGTGGGGTGTCC
F GCGTTCGCCGTCTTTCTTATC
R GTTGGTTCTGTCTCTTTCCCAAT
F AGGCAACTTCTGCAACGAG
R CTTCCGATGACGATACATCCAG
F CCTTGACCTTCCTTTGCGCT
R GCACCAACAAAGGATGACCC
F TTCTGGCACTGCTCCTACCC
R CTGGTTACCGGGAAACGGT
F CCAGTACCTGAACATCCAGGAG
R GGGCACTTGAGTATGGGACAG
F CCATGGAACCGATCAGTGTGA
R TCCATTGCCGACTATGCCAG
F AGTCTCAAGGCAAGATAGGAAAA
R ACTGATGCCACTCCCCATTT
F CTCAGGCTTCGTCATCATGTC
R AGGGTAAGGAGCAAGATGCAG
F GGGACCCCAGGTTTCATGG
R GGCTGCGATCATCTCGTACA
F GCAAACTTTGCTTTCCCTGATT
R CAAGGGCATATCCAACAACA
F TTTGGCAAATACAACCCTTCAGA
R GCAGAAGATACTGTCACCACC
F CTGCTCGGGTTGCTTGTCA
R CCCACACTAAGCTCTACTTTGCT
F CAGCATAGCAAGGCTCACCA
R ACCTCAAAGATGGGAGCAGG
F CCGTCTGGGAATGAGCGAG
R GGCTGGTGTCGTCCCTTTT
F CAAATCTCCCTGAGAGCGGA
R AGGGTCCTTGGTGGGTAGAT
F CGGCTTTGAGAAGTGTGGGA
R CGGCTTTGAGAAGTGTGGGA
F AGCGACTAGACAACTTACGGG
R GTGCTTTGCTTTCAGGCACG
F AACCTGTCTGTGGTTCTGCTC
R TCCAGTCACGATTCTCAGAGT
F TGTGCAGGAAACATGACCGA
R GAAGCAGACACAGCGCAAAA
F CCCGCGGCCGTAGAAAA
R CCAGTCTCTGCCAGTCCTTG
F AGTGGGCCTTCTCGCTCTA
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Accession
NM_001271607.1
NM_007396.4
NM_007397.3
NM_007505.2
NM_009846.2
NM_007770.4
NM_001356509.1
NM_008141.3
NM_175490.4
NM_011881.3
NM_013556.2
NM_001363216.1
NM_001113208.1
NM_013708.4
NM_001271916.1
NM_001286481.1
NM_001244198.2
NM_023898.4
NM_008882.2
NM_001291068.1
NM_007548.4
NM_009038.2

Rho
Robo3
Rxrg
Tbp
Thrb2
Vsx2

R
F
R
F
R
F
R
F
R
F
R
F
R

TCATTTTGAAGATAGCCATGACG
CGCACACCCCTCAACTACAT
CAGGGCGATTTCACCTCCA
AGATGAACTTGTTCGCGGACT
GGAAGCAGACTAGGGTTGAGC
GAAGCGCAGCAGAGGAATGA
CAAGGCTACTGAAGGGCTCA
ACCGTGAATCTTGGCTGTAAAC
ACCGTGAATCTTGGCTGTAAAC
CTGGGCAGTGAATCAGCCTTA
GTCCCCACACACTACACAGAG
CAAGAAGCGTAAGAAGCGGC
AGACATCTGGGTAGTGGGCT
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NM_145383.2
NM_001164767.1
NM_009107.3
NM_013684.3
NM_009380.3
NM_001301427.1
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CHAPTER FOUR
in vitro Maturation Increases the Expression of key RPE Functional Genes

Summary
Age-related macular degeneration (AMD) is the leading cause of blindness in the industrial world,
affecting millions worldwide and inflicting a substantial burden on healthcare systems. AMD is
often initiated by the dysfunction and atrophy of the retinal pigment epithelium (RPE), which
plays a critical role by trophically supporting photoreceptors' survival and function. RPE
transplantation is a promising avenue to a potentially curative treatment for early stage AMD
patients, with encouraging reports from animal trials supporting recent progression toward the
clinic. Despite this progress, an important concern remains regarding the quality control of
transplanted RPE cells, including their level of maturity. While mature RPE cultures have been
reported to be superior, change in the expression pattern of key RPE genes as a function of
culture maturity requires further investigation. To understand the effect of culture maturity on
RPE behaviour, we investigated the expression of 19 key RPE genes using ARPE-19 cell line and
human embryonic stem cells (ES)-derived RPE cultures. Interestingly, mature RPE cultures
upregulate the expression of PEDF, IGF-1, CNTF, BDNF – genes that code for trophic factors
known to enhance the survival and function of photoreceptors. Moreover, the mRNA levels of
these genes are maximized after 6-8 weeks of maturation in culture. We believe that our findings
are relevant to inform future animal and human RPE transplantation efforts.
4.1

Introduction:
Age-related macular degeneration (AMD) is the leading cause of blindness in the industrial

world, affecting more than 20% of adults over the age of 65 (Wong et al., 2014). The visual
impairment leads to reduced quality of life and imposes billions of dollars of annual healthcare
costs in the USA alone (Chou et al., 2013; Frick et al., 2007; Rein et al., 2006). The dry form of
AMD (~90% patients) is often initiated by dysfunction and atrophy in the RPE monolayer,
followed by an irreversible loss of photoreceptors (Lim et al., 2012; Zając-Pytrus et al., 2015). RPE
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cells are the niche cells of photoreceptors, housing them and trophically supporting their survival
and function (Sparrow et al., 2010). RPE cells support photoreceptors by performing a variety of
functions such as secreting cytokines and growth factors, phagocytising their outer segment,
transporting nutrients and waste products, and regenerating their visual pigment (Sparrow et al.,
2010). Hence, it is not surprising that photoreceptor loss in AMD patients is often secondary to
RPE cellular atrophy. Indeed, the lack of RPE support in AMD patients is the primary cause of
progressive and gradual photoreceptor loss (Zając-Pytrus et al., 2015).
RPE transplantation during the early stage of AMD could rescue photoreceptors from death
mediated by RPE atrophy (Binder et al., 2007). This option is even more attractive considering
that we are capable of efficiently differentiating RPE from stem cells and engineering various
types of transplants (Buchholz et al., 2009; Klimanskaya et al., 2004; Tan et al., 2018). Encouraging
outcomes of several animal trials further highlighted the therapeutic potential of stem cellderived RPE transplantations and inspired several clinical trials (Da Cruz et al., 2018; Kashani et
al., 2018; Klassen, 2016; Schwartz et al., 2012, 2015). Since Schwartz and colleagues
demonstrated the safety of transplanting stem cell derived RPE into patients, numerous clinical
trials have further investigated the safety and efficacy of this treatment (Da Cruz et al., 2018;
Kashani et al., 2018; Mandai et al., 2017). With RPE cell therapy rapidly making its way to the
clinic, an important concern regarding quality control of transplanted RPE cells remains (Davis et
al., 2017). One of these quality control parameters is the level of maturity of RPE cells upon
transplantation.
RPE maturation refers to the process by which RPE cells are allowed to age or “mature” in
culture prior to their use for in vitro experiments, as well as animal and human trails; (Davis et
al., 2017). Culture maturation has been reported to enhance the function of various RPE cells,
including: ARPE-19 – a spontaneously arising human cell line (Dunn et al., 1996; German et al.,
2008); hESC-derived RPE (Da Cruz et al., 2018; Koss et al., 2016); iPSC-derived RPE (Mandai et al.,
2017); and, adult human stem cell-derived RPE (Davis et al., 2017). For instance, ARPE-19 cell line
has been shown to perform best in vitro when they are matured for more than 3 weeks (Dunn et
al., 1996; German et al., 2008), while human adult stem cell-derived RPE demonstrate superior
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function when they are transplanted into RCS rats at the 4 week maturity stage (Davis et al.,
2017). Additionally, RPE maturity has been reported to affect cellular morphology (Dunn et al.,
1996; German et al., 2008), pigmentation (Bennis et al., 2017; Mandai et al., 2017), and the
production of several functional proteins such as PEDF, BEST1 and CRALBP (Da Cruz et al., 2018).
While the field agrees on the necessity of maturing RPE in culture prior to utilizing them, there
have not been many comprehensive investigations into understanding the gene expression
pattern of mature RPE. Moreover, there is no consensus in the field about the culture duration
required to acquire robust mature RPE behaviour.
In this study, we utilize ARPE-19 and ES-derived RPE to investigate the expression profile of
key RPE functional genes in mature RPE cultures. Furthermore, we investigate the maturation
timeline as it relates to the expression of key genes known to contribute to the retinal niche such
as PEDF, IGF-1, BDNF, CNTF, RPE65, VEGF, PDGF and FGF-2. Our results indicate that maturing
RPE increases the transcript levels of 13 and 16 out of 19 investigated genes in ARPE-19 and ESderived RPE, respectively. Moreover, ARPE-19 and ES-derived RPE matured for 6-8 weeks
demonstrate robust expression of key functional genes including: PEDF, CNTF, BDNF, RPE65, IGF1 and PDGF-AA.
4.2

Materials and Methods

4.2.1 Tissue culture
ARPE-19 cells were seeded in a 6-well plate (VWR. cat # 82050-842) at 600,000 cells/well
(60,000 cells/cm2) and reached confluency at ~120,000 cells/cm2. Cultures were maintained for
up to 70 days in 2 mL of ARPE-19 culture media that consisted of: DMEM/F-12, HEPES (Life Tech.
cat # 11330057), 10% FBS (VWR. cat # 97068-085), and 1% Pen/strip (Thermo. cat # 15140122).
Media was changed every 48 hours by replacing the entire old media volume with 2mL of fresh
media. For all experiments, ES-derived RPE cells were cultured in an identical manner to ARPE19 cells, using ES-RPE culture media that consisted of: 70% DMEM; 30% F12; 2% B-27 supplement
and 1% Pen/Strip (all Thermo/Gibco. cat # 11965, 11765, 17504, and 15140122).
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To confirm the oxygenation status of the cells under the outlined culture conditions, oxygen
delivery was calculated using the previously devised cell culture oxygen calculator (Al-Ani et al.,
2018) (Appendix A). A previously measured oxygen consumption rate (OCR) of 42 amol/cell•s
was used for the calculation (Calton et al., 2018). The calculations indicated that cultured RPE
cells should be receiving an adequate amount of oxygen with a local oxygen concentration of
1.42 × 10-4 mol/L at the cells.
4.2.2 RNA extraction and cDNA synthesis
Adherent cultures (ARPE-19 and ES-derived RPE) were collected by adding 1 mL of TrypLE
Express Enzyme (Thermo. cat # 12604013) into each well and incubating for 5 minutes. Next,
collected samples were centrifuged for 5 minutes at 200 ×g and cell pellets were stored at -80 °C
for mRNA isolation. mRNA was isolated using Norgen’s Total RNA Purification kit (Norgen Biotek.
cat # 37500). cDNA was synthesized from the extracted mRNA using iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad. cat # 0000026440). The cDNA was then used for RT-qPCR to
analyze and compare expression levels of selected genes in immature and mature RPE cultures.
SYBR Green RT-qPCR was carried out with technical duplicates using the 7500 Fast Real-Time PCR
System with PPIA as a housekeeper gene (Liu et al., 2016; Ren et al., 2010).
4.2.3 Conditioned media analysis for secreted protein
Conditioned media (CM) was collected during the regular media change (every 48 hours)
for both ARPE-19 and ES-derived RPE cells. The CM was stored at -80 °C before being assayed.
Multiplexing Laser Bead Technology (Eve Technologies) was performed on CM to estimate the
concentration of proteins of interest. PEDF ELISA (Abcam. cat # ab213815) was utilized to
measure the amount of PEDF in conditioned media from ES-derived RPE as the original PEDF
multiplex assay was discontinued.
4.2.4 ES-derived RPE differentiation
RPE cells were differentiated from hESCs as previously described by Maruotti and
colleagues (Maruotti et al., 2015) with the following two modifications: (1) the HES-2 cell line was
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grown to confluence under 5% CO2 and 5% O2 in mTeSR1; and, (2) during induced differentiation,
a concentration of 50 nM chetomin (CTM) was used. Cells were grown to a low passage (3-5)
before being cryogenically stored.
4.3

Results

4.3.1 Mature ARPE-19 upregulates the expression of key RPE genes
While it is accepted that mature ARPE-19 are superior to immature cultures in terms of
their behaviour and ability to support photoreceptors (Davis et al., 2017; Dunn et al., 1996;
German et al., 2008), to the best of our knowledge, to date no published studies have
investigated the change in expression pattern of RPE genes. One of our objectives was therefore
to investigate changes in the expression of 19 RPE candidate genes in mature RPE. These genes
code for proteins that carry essential and specific RPE functions such as photoreceptor support,
choroid support, visual recycling, and immune modulation. Figure 4.1a illustrates that mature
ARPE-19 significantly upregulates the mRNA levels of 13 of 19 investigated RPE functional genes.
Interestingly, mature RPE have increased mRNA levels for PEDF, BDNF, CNTF, GAS6 and IGF-1 –
genes that code for RPE secreted factors known to enhance photoreceptor survival and function
in retinal degenerative animal models (Arroba et al., 2009, 2011; Azadi et al., 2007; Zhang et al.,
2009). Moreover, mature ARPE-19 have increased mRNA levels of PDGF-AA, FASL, and TGF-β –
genes that code basally secreted RPE factors known to contribute to the stability of the choroid
(Kaplan et al., 1999; Nagineni et al., 2003; Sadiq et al., 2015; Tosi et al., 2018). Additionally,
mature ARPE-19 downregulates the mRNA levels of FGF-2. Furthermore, mature ARPE-19
upregulate the transcription of several RPE genes that are involved in various RPE functions such
as Best1, RPE65, TRPM1 and MYRIP (Johnson et al., 2017; Kopplin et al., 2010; LaVail et al., 2012;
Samuel et al., 2017). To ensure that the differential expression seen in mRNA levels between
mature and immature ARPE-19 cultures of genes that code for secreted factors is reflected by
secreted proteins, we investigated the conditioned media of these cultures for levels of PEDF,
PDGF-AA, VEGF-A and FGF-2. We observed that mature ARPE-19 secretes significantly more PEDF
and PDGF-AA protein (figure 4.1b and c), while the level of secreted proteins was not statistically
different for VEGF-A and FGF-2 (figure 4.1d and e).
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Figure 4.1 in vitro maturation of ARPE-19 upregulates the expression of desirable photoreceptor
and choroid trophic factors.
(a) RT-qPCR was conducted to compare mRNA levels of key RPE genes between the immature
(post-confluent culture) and mature (6-8 weeks in culture) ARPE-19 cells (n=4). SYBR Green RTqPCR was carried out in technical duplicate using QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems) and the results were normalized to an endogenous reference gene (PPIA).
The results are presented as ‘fold expression’ (2-ΔΔCT) to showcase the differential expression of
investigated genes in mature (bar graphs) compared to immature ARPE-19 culture (dotted line).
Genes were divided into three categories based on their function, including: (i) secreted factors
for choroid stability; (ii) secreted factors for photoreceptor stability; and, (iii) general RPE
functional markers. Mann–Whitney U test was performed on the ΔCt values of immature and
mature cultures to determine the statistical significance of the differential expression; * p<0.05.
The amount of PEDF (b), PDGF-AA (c), VEGF-A (d), and FGF-2 (e) proteins secreted by the postconfluent (PC) immature and mature ARPE-19 cultures into the conditioned media were
quantified by Eve Technologies’ multiplex approach (N=5). The amount of protein secreted was
presented in picogram/ml and Mann–Whitney U test was used to evaluate the statistical
significance between the two groups.
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4.3.2 Mature ES-derived RPE culture upregulates the expression of key RPE genes
Human embryonic stem cells are a reliable, sustainable and therapeutically relevant source
for producing RPE (Sachdeva and Eliott, 2016). When compared to cell lines, such as ARPE-19, ESderived RPE demonstrate enhanced gene expression, morphology and function (Lu et al., 2009).
For this reason, they are currently being utilized in several clinical trials to treat various retinal
degenerative diseases (Da Cruz et al., 2018; Kashani et al., 2018; Schwartz et al., 2016). Figure
4.2a demonstrates that compared to immature culture, mature ES-derived RPE cultures
upregulate mRNA levels of 16 out of 19 investigated RPE genes, including secreted factors that
trophically support photoreceptors such as PEDF, CNTF, FGF-2, IGF-1, GAS6 and BDNF (Arroba et
al., 2009, 2011; Azadi et al., 2007; Zhang et al., 2009). In addition to upregulating genes known
to support photoreceptors, mature ES-derived RPE increased mRNA levels of VEGF, PDGF-AA,
FASL, TGF-β and TIMP3, genes that code for secreted RPE factors known to contribute to the
stability of the choroid. Furthermore, mature ES-derived RPE upregulate the transcription of several RPE genes that are involved in various RPE functions, such as BEST1, RPE65, TRPM1 and
MYRIP (Johnson et al., 2017; Kopplin et al., 2010; LaVail et al., 2012; Samuel et al., 2017).
Conversely, mature ES-derived RPE significantly downregulates mRNA levels of IL-8 and CCL2. To
confirm that the difference in mRNA levels between mature and immature ES-RPE culture for
PEDF, PDGF-AA, VEGF-A and FGF-2 is reflected by secreted protein levels, we investigated the
conditioned media of both cultures. As highlighted in figure 4.2 b-e, mature RPE secretes
significantly more PEDF, PDGF-AA and VEGF-A, and less FGF-2 when compared to immature
culture. Notably, the lower secretion of FGF-2 in mature ES-RPE cultures (figure 4.2e) is not in
line with the mRNA levels; however, it is in line with the trend seen in mature ARPE-19 (figure
4.1a and e). Finally, to relate and compare the effect of culture maturation on the two
investigated RPE cell sources, we sought to compare the differential expression of the 19
investigated genes between ARPE-19 (figure 4.1a) and ES-derived RPE (figure 4.2a). As
demonstrated in figure 4.2f, the fold expression for mature cultures from ARPE-19 and ES-derived
RPE are strongly correlated (ρ=0.7; P<0.001) for the 19 investigated genes, suggesting a similar
impact of RPE maturation on both RPE cell sources.
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Figure 4.2 in vitro maturation of ES-derived RPE upregulates the expression of desirable
photoreceptor and choroid trophic factors.
(a) RT-qPCR was conducted to compare mRNA levels of key RPE genes between the immature
(post-confluent culture) and mature (6-8 weeks in culture) ES-derived RPE cells (n=5). SYBR Green
RT-qPCR was carried out in technical duplicate using QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems), and the results were normalized to an endogenous reference gene (PPIA).
The results are presented as ‘fold expression’ (2-ΔΔCT) to showcase the differential expression of
investigated genes in mature (bar graphs) compared to immature (dotted line) ES-derived RPE
culture. Genes were divided into three categories based on their function including: (i) secreted
factors for choroid stability; (ii) secreted factors for photoreceptor stability; and, (iii) general RPE
functional markers. Mann–Whitney U test was performed on the ΔCt values of immature and
mature cultures to determine the statistical significance of the differential expression; ** p<0.01.
The amount of PEDF (b) and PDGF (c), VEGF-A (d), and FGF-2 (e) proteins secreted by our
immature and mature ES-derived RPE cultures into the conditioned media were quantified by
Eve Technologies multiplex approach for (PDGF-AA, VEGF-A and FGF-2) and ELISA for PEDF (N=5).
The amount of protein secreted was presented in picogram/ml and Mann–Whitney U test was
used to evaluate the statistical significance between the two groups. (f) The fold expression of
the 19 investigated genes display a strong positive correlation as indicated by Spearman’s rank
correlation coefficient (ρ=0.7; P<0.001) between mature ARPE-19 (Figure 4.1a) and mature ESderived RPE (figure 4.2a).
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4.3.3 ES-derived RPE demonstrates development in morphology and pigmentation as they
mature
To further understand the changes that RPE cells experience as they mature, ARPE-19 and
ES-derived RPE cells were grown for up to 70 days and sampled at 14 day intervals. Figure 4.3a
highlights the experimental timeline for RPE maturation and the two-week sampling intervals for
RNA collection for the experiments discussed in figure 4.4. As demonstrated in figure 4.3b, as ESderived RPE cells mature, we see the progressive emergence of distinct cuboidal cell morphology
between 4-6 weeks. Moreover, ES-derived RPE cells gradually gain pigmentation as they mature
in culture – as shown by the cellular pellets isolated from post-confluent culture to 10 weeks
(figure 4.3c) – and become highly pigmentated by 8 weeks. The cellular morphology and
pigmentation have been used in the field as qualitative criteria to evaluate RPE’s maturity and
suitability for transplantation (Da Cruz et al., 2018; Davis et al., 2017; Mandai et al., 2017). ARPE19 followed the same experimental timeline (figure 4.3a), and we did not observe the same
dramatic change in morphology and pigmentation (data not shown). This is not surprising as
ARPE-19 is a spontaneously arising human cell line with several limitations, including limited
pigmentation and less obvious morphology (Ablonczy et al., 2011).
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Figure 4.3 ES-derived RPE demonstrates morphological changes and become pigmented as they mature.

(a) the experimental timeline where ARPE-19 and ES-derived RPE were sampled for mRNA. (b) the cellular
morphology of ES-derived RPE develops over time to make the consistent hexagonal shaped cells seen at
8 and 10 weeks. (c) representative micrographs of the progressive pigmentation of the ES-derived RPE
culture as it matures. (d) cellular pellets of ES-derived RPE sampled at the same time points (every two
weeks from weeks 0 – 10) demonstrate progressive pigmentation as a function of time.
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4.3.4 ES-derived RPE and ARPE-19 demonstrate progressive increase in mRNA levels of key
functional RPE genes as they mature in culture
We demonstrated in figures 4.1 and 4.2 that mature ARPE-19 and ES-derived RPE
significantly increase mRNA levels of key genes involved in various RPE functions. This is not
surprising as RPE maturation is known to enhance their morphology and function (Da Cruz et al.,
2018; Davis et al., 2017; Dunn et al., 1996). However, many studies that utilize RPE for
transplantation purposes use morphology and pigmentation as a qualitative indicator for RPE
maturity, and ultimately utilize RPE at varying ages (Da Cruz et al., 2018; Kashani et al., 2018;
Mandai et al., 2017). Hence, we sought to understand the gene expression pattern of key RPE
functional genes as RPE culture matures (shown in figure 4.3a). As shown in figures 4.4, S4.1 and
S4.2, we investigated the mRNA levels of genes responsible to produce key secretory factors such
as PEDF, VEGF, PDGF-AA, CNTF, BDGF, and FGF-2 along with RPE65 at various ages in culture:
post-confluency (4 days), 28 days, 42 days, 56 days and 70 days. Figures 4.4 and S4.1 show that
the mRNA levels of most investigated genes demonstrate peak mRNA levels in ES-derived RPE
cultures aged for 42-56 days (6- 8 weeks). CNTF exhibited a consistent pattern, however the
mRNA levels of CNTF are not statistically different among the various age groups (p=0.16).
Interestingly, the mRNA levels of these genes plateau or drop in the 10-week-old samples, with
the exception of FGF-2, which continues to go up even after 10 weeks in culture.
ARPE-19 maturing cultures follow a similar trend (figures 4.4 and S4.2), with 6 of the 8
investigated genes increasing with culture maturity. The exception to the trend is that, unlike the
ES-derived RPE maturation plots, VEGF and FGF-2 mRNA levels progressively drop as culture ages
(figure 4.4c and g). This discrepancy is consistent with the data from figures 4.1 and 4.2, where
maturation increases mRNA levels of VEGF and FGF-2 in ES-derived RPE (figure 4.2a), while
decreasing their mRNA levels in ARPE-19 (figure 4.1a). Like ES-derived RPE, ARPE-19 mRNA levels
for PEDF, PDGF-AA, CNTF, RPE65 and BDNF plateau or drop beyond 56 days (8 weeks) in culture
(figure 4.4b, d, e, f and h, respectively).
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Figure 4.4 ARPE-19 and ES-derived RPE demonstrates higher mRNA levels of key functional genes
progressively as they mature in culture
RT-qPCR was conducted to compare mRNA levels of key RPE genes among 5 different maturation
stages (days 4, 28, 42, 56 and 70) of ES-derived RPE culture (red) and ARPE-19 (blue) (n=4 for
each stage). The key selected RPE genes include IGF-1(a), PEDF (b), VEGF (c), PDGF (d), CNTF (e),
RPE65 (f), FGF-2 (g) and BDNF (h). SYBR Green RT-qPCR was carried out in technical duplicate
using QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) and the results were
normalized to an endogenous reference gene (PPIA). The results are presented as a scatterplot
of ΔΔCt means with standard deviation to enable a direct comparison among the various time
points. Kruskal-Wallis one-way ANOVA test was utilized to compare ΔΔCt values of the various
maturation points within each gene for both RPE cell sources.
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4.4

Discussion
While in-culture maturation has been reported to enhance RPE function in vitro and in vivo

(Bennis et al., 2017; Da Cruz et al., 2018; Davis et al., 2017; Dunn et al., 1996; German et al.,
2008), the effect of maturation on the expression of key RPE genes has not been well-explored.
Moreover, there is no consensus in the field about the duration of maturation required to
increase the expression of key RPE genes and enhance its function. This study has investigated
the expression of key RPE candidate genes in mature ARPE-19 and ES-derived RPE and attempts
to describe their expression as cells age in culture. This is of interest to the field as RPE cells of
various ages are currently being transplanted in animal and human trials.
Traditionally, RPE maturity is evaluated qualitatively by examining the morphology and
pigmentation of the culture prior to transplantation (Mandai et al., 2017; Schwartz et al., 2012).
As demonstrated in figure 4.3, ES-derived RPE progressively develop the classical hexagonal
morphology over time and become pigmented. However, these observations are not necessarily
correlated to the expression levels of key RPE genes (Bennis et al., 2017). Moreover, while heavy
pigmentation has been used as an indicator for RPE maturity and superior performance (Mandai
et al., 2017; Schwartz et al., 2012, 2016), Bennis and colleagues reported that there is no
substantial difference in the overall gene expression profile between lightly and heavily
pigmented ES-derived RPE (Bennis et al., 2017). Since RPE function is modulated by several key
genes, we sought to investigate changes in the expression of key genes in mature RPE. We handpicked 19 candidate genes known to be involved in various RPE functions including
photoreceptor stability, choroid stability, visual recycling, immune modulation and general RPE
functions. These genes were selected prior to starting the experiment, and none were
subsequently excluded from or added to the analyses.
As demonstrated in figures 4.1 and 4.2, ARPE-19 and ES-derived RPE upregulate the mRNA
levels of key RPE genes that enable RPE cells to act as effective niche cells for the retina. The
upregulation of PEDF, CNTF, IGF-1 and BDNF is of therapeutic value, as they are well-recognized
neurotrophic factors secreted by RPE to support photoreceptors (Arroba et al., 2011; Barnstable
and Tombran-Tink, 2004; Caffé et al., 2001). Moreover, these factors have been shown to rescue
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photoreceptor survival and function in various retinal degeneration animal models (Arroba et al.,
2011; Azadi et al., 2007; Comitato et al., 2018). Indeed, they have been identified as therapeutic
targets for both subtypes of AMD and other retinal degenerative diseases (Arroba et al., 2011;
Bird, 2010; Domenici, 2017; Singer, 2014). The reported superiority of mature RPE to support
photoreceptor survival could be partially due to the upregulation of the mentioned key
neurotrophic factors (Davis et al., 2017; Dunn et al., 1996; German et al., 2008). Further
investigations are required to confirm if the upregulation of PEDF, CNTF, IGF-1 and BNDF are
partly or majorly responsible for the functional improvement observed in mature RPE.
In addition to the upregulation of genes that code for photoreceptor trophic factors, both
mature ARPE-19 and ES-derived RPE demonstrate increased transcription of choroid stability
factors including TGF-β, TIMP3 and PDGF-AA. The products of these genes enable RPE to perform
a variety of key functions as effective niche cells. For instance, TGF-β is known to have an immune
suppressive effect, which enables RPE to establish and maintain the immune privilege of the eye
(Zamiri et al., 2005). Moreover, TIMP3 is secreted by RPE basally to remodel Bruch’s membrane,
inhibit angiogenesis and regulate inflammation (Warwick et al., 2016), while PDGF-AA is secreted
by RPE basally to support the choroid and regulate angiogenesis (Sadiq et al., 2015). Furthermore,
mature ARPE-19 and ES-derived RPE upregulate the transcription of other RPE functional genes
such as BEST1, RPE65, FGF2R and TRPM1. RPE65, also known as retinoid isomerhydrolase, is a
crucial enzyme in the sequence of reactions that recycle 11-cis retinal in RPE cells (Moiseyev et
al., 2005). BEST1, on the other hand, codes for an integral protein that is uniquely expressed in
RPE and functions as an anion channel and a regulator of intracellular calcium signalling (Johnson
et al., 2017).
Mature ES-derived RPE downregulates the transcription of CCL2 and IL-8. While mature
ARPE-19 appears to follow a similar trend, the change in mRNA levels is not statistically
significant. Both genes code for chemokines secreted by the RPE that act on immune cells and
modulate the immune response under physiological and pathological conditions (Raoul et al.,
2010). Interestingly, the expression of both proteins in healthy animals and individuals is quite
low (Raoul et al., 2010). Both factors are pro-inflammatory, and their upregulation has been
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associated with pathological ocular phenotypes. Indeed, various clinical studies have reported a
direct correlation between CCL2 and IL-8 expression and incidence of AMD (Jonas et al., 2010;
Ricci et al., 2013). Considering these clinical reports along with the fact that mature RPE cells
upregulate the expression of key neurotropic factors, transplanting mature RPE may provide
superior clinical outcomes for AMD patients.
The maturation of both ARPE-19 and ES-derived RPE demonstrated similar expression
trends in 16 out of 19 investigated genes, resulting in a strong positive correlation as emphasised
in figure 4.2f. However, as shown in figures 4.1a and 4.2a and f, FGF-2 and VEGF mRNA levels
escape this trend as they increased in mature ES-derived RPE but decreased in mature ARPE-19
cells (although the decrease in VEGF is not statistically significant). This inconsistency is not
surprising as previous studies have highlighted a difference in gene expression and behaviour
between ARPE-19 and ES-derived RPE (Klimanskaya et al., 2004). ARPE-19 is a spontaneously
immortalized cell line that mimics some aspects of human RPE (Dunn et al., 1996); however, it
deviates in behaviour and gene expression from endogenous RPE (Ablonczy et al., 2011).
Moreover, we have observed that, unlike ES-derived RPE, ARPE-19 cells do not exhibit the
traditional hexagonal RPE morphology and pigmentation in culture, even after 10 weeks of
maturation (data not shown). While our observation is consistent with the majority of literature
accounts, newly emerging evidence from Samuel and colleagues indicate that ARPE-19 can adopt
the traditional hexagonal RPE morphology when they are aged longer than 4 months in culture
(Samuel et al., 2017).
To further understand the expression of key genes as RPE cultures mature, RPE from both
cell sources were aged for up to 70 days in culture and were sampled every two weeks (figure
4.3 a). The objective of this experiment was to determine if the expression of key RPE genes
continues to increase, plateau or drop over time. We focused our exploration on 8 of the 19
originally investigated genes, as they were differentially expressed by mature RPE and have
implications for various retinal degenerative diseases. More specifically, PEDF, IGF-1, CNTF, FGF2 and BDNF were picked as they have neurotrophic effects on photoreceptors and have been
identified as therapeutic targets for retinal degeneration, while PDGF-AA and VEGF are crucial in
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modulating choroidal angiogenesis and their dysfunction is associated with wet-AMD (Kim and
D’Amore, 2012; Sadiq et al., 2015). Both cell lines progressively upregulated transcription of
PEDF, IGF-1, CNTF, BDNF, PDGF and RPE65 as they aged. As expected from figures 4.1 and 4.2,
the expression of VEGF and FGF-2 followed different trends in the two RPE cell lines; ES-derived
RPE upregulated the expression of VEGF and FGF-2, while ARPE-19 progressively downregulated
their expression as the culture aged (figure 4.4e and g).
The expression plots of IGF-1, PEDF and RPE65 in ES-derived RPE (Figure 4.4a, b and h) are
intriguing as they demonstrate increased expression as the culture ages up until 56 days, beyond
which their expression drops. While it is possible that the expression of these genes is reaching a
maximum near 56 days, time points beyond 70 days are required to confirm this observation.
Our findings are relatively consistent with Da Cruz and colleagues reporting that PEDF secretion
increases as RPE matures; however, PEDF secretion declines after ~ 80 days in culture (Da Cruz
et al., 2018). The drop in PEDF, IGF-1 and RPE65 transcription after 56 days in ES-derived RPE is,
however, not seen in ARPE-19 (figure 4.4 a, b and h). While the expression of most examined
genes in ES-derived RPE peaked at 42-56 days (figure 4.4), further in vivo investigations are
required to determine if that would be the optimal maturation age for RPE transplantation.
Cellular maturation refers to the process by which cells create and maintain a differentiated
and highly functional phenotype (Davis et al., 2017). It is widely accepted that RPE cells are
required to be cultured together for an extended period to mature and acquire a desirable
phenotype (Da Cruz et al., 2018; Davis et al., 2017; Dunn et al., 1996; German et al., 2008; Mandai
et al., 2017). This process is likely dependent on physical and chemical cues derived from the RPE
niche. Indeed, RPE cells were separated from their niche and placed into a foreign culturing
environment. Thus, we do not find it surprising that RPE cells may require several weeks to reestablish various components of their niche.
In this work, we demonstrated that the in vitro maturation of ARPE-19 and ES-derived RPE
leads to differential expression of genes that carry out crucial RPE functions. Mature RPE cultures
upregulate the transcription of genes that code for therapeutically relevant neurotrophic factors
such as PEDF, IGF-1, CNTF and BDNF. Moreover, mature RPE also upregulate the transcription of
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key choroid stability factors such as PDGF-AA, TIMP3, FASL and TGF-β along with other RPE
functional genes such as BEST1, RPE65, MYRIP and TRPM1. Interestingly, mature cultures
downregulated the expression of CCL2 and IL-8 that modulate the recruitment of immune cells
to the retina. Finally, the maturation of both ARPE-19 and ES-derived RPE cultures resulted in
similar expression trends in 16 of 19 investigated genes. Taken together, the differential
expression of genes with products that perform key RPE functions is of interest and could
potentially explain the reported superiority of mature RPE. While more investigations will be
useful to further delineate the behaviour of mature RPE, based on our findings, we recommend
that RPE cultures are matured for 6-8 weeks before being utilized for in vitro and in vivo studies.
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4.5

Supplementary Material

Figure S4.1 ES-derived RPE demonstrates higher mRNA levels of key functional genes
progressively as they mature in culture
RT-qPCR was conducted to compare mRNA levels of key RPE genes among 5 different maturation
stages (days 4, 28, 42, 56 and 70) of ES-derived RPE culture (n=4 for each stage). The key selected
RPE genes include IGF-1(a), PEDF (b), VEGF (c), PDGF (d), CNTF (e), RPE65 (f), FGF-2 (g) and BDNF
(h). SYBR Green RT-qPCR was carried out in technical duplicate using QuantStudio 6 Flex RealTime PCR System (Applied Biosystems) and the results were normalized to an endogenous
reference gene (PPIA). The results are presented as a scatterplot of ΔCt means with standard
deviation to enable a direct comparison among the various time points. Kruskal-Wallis one-way
ANOVA test was utilized to compare ΔCt values of the various maturation points within each
gene. Data presented in this figure are from the same experiments shown in figure 4.4 but are
graphed as mean ΔCt.
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Figure S4.2 ARPE-19 cells demonstrate higher mRNA levels of key functional genes progressively
as they mature in culture
RT-qPCR was conducted to compare mRNA levels of key RPE genes among 5 different maturation
stages (days 4, 28, 42, 56 and 70) of ARPE-19 culture (n=4 for each stage). The key selected RPE
genes include IGF-1(a), PEDF (b), VEGF (c), PDGF (d), CNTF (e), RPE65 (f), FGF-2 (g) and BDNF (h).
SYBR Green RT-qPCR was carried out in technical duplicate using QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems) and the results were normalized to an endogenous reference
gene (PPIA). The results are presented as a scatterplot of ΔCt means with standard deviation to
enable a direct comparison among the various time points. Kruskal-Wallis one-way ANOVA test
was utilized to compare ΔCt values of the various maturation points within each gene. Data
presented in this figure are from the same experiments shown in figure 4.4 but are graphed as
mean ΔCt.

124

CHAPTER FIVE
Incorporation of dermal fibroblast cells into engineered human pseudoislets enhances
their glucose-stimulated insulin secretion

Manuscript in Preparation

Abdullah Al-Ani, Bilal Hafeez, Derek Toms, Yang Yu, Jeff Biernaskie, and Mark Ungrin

My contributions to this work:
•

Designed and conducted experiments for all figures

•

Wrote and edited manuscript

•

Statistics: Dr. Toms helped developing the models in figures 6 and 7, while I conducted
all other statistical tests

125

CHAPTER FIVE
Incorporation of Dermal Fibroblast Cells into Engineered Human Pseudoislets Enhances their
Glucose-Stimulated Insulin Secretion

Summary:
Diabetes mellitus affects millions worldwide and casts a substantial burden on the healthcare
system. Islet transplantation, especially after the introduction of the Edmonton protocol, offers
promising therapeutic options for Type 1 diabetes (T1D) patients; however, a significant fraction
of islets is lost shortly after transplantation due to ischemia, immune response, poor vasculature
and loss of the β cell niche. In this study we quantitatively assess the effects of incorporating
mesenchymal stem cells (MSCs), endothelial cells, and fibroblast cells into size-controlled
pseudoislets generated via centrifugal-forced-aggregation (CFA-PI). We determined that the
incorporation of dermal fibroblasts, with or without MSCs, significantly enhanced the ability of
islet cells to secrete insulin in response to glucose and accelerated their formation in vitro. The
approach we present in this work is simple, cost effective, scalable and easily implementable,
which makes it suitable for clinical translation. While we utilize the islet system as a proof-ofprinciple to highlight the utility of this approach, our methods have broader implications and can
be easily adapted in other systems.
5.1

Introduction:
Diabetes mellitus affects over 400 million people worldwide and is characterized by the

body’s inability to produce or properly utilize insulin, a hormone that enables glucose absorption
(Pellegrini et al., 2016). This results in hyperglycemia (high blood glucose levels), which ultimately
leads to a significant reduction in patients' quality of life and life expectancy (Hex et al., 2012).
Diabetes represents a serious burden on the Canadian public healthcare system (~C$1.5 billion
annually), with over 3 million Canadians currently living with the disease (Bilandzic and Rosella,
2017). Type 1 diabetes (T1D) accounts for 5-10% of reported cases and is characterized by the
body’s inability to produce insulin due to an autoimmune response that targets β cells (Rother,
2007). While continuous insulin supplementation is required for the survival of T1D patients, it
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fails to prevent secondary diabetic complications such as retinopathy, kidney disease,
neuropathy and cardiovascular diseases (Hex et al., 2012; Yu et al., 2018).
Islet cell therapy is a promising therapeutic option for some T1D patients (Ryan et al., 2001,
2002, 2005; Shapiro et al., 2000, 2017). However, while the introduction of the Edmonton
protocol in 2000 has significantly enhanced clinical outcomes, islet transplantation is currently
not curative due to a variety of limitations (Aghazadeh and Nostro, 2017; Ryan et al., 2005). A
significant fraction of transplanted islets are lost shortly after transplantation due to immune
response and loss of vasculature, in addition to the fact that transplanted islets are deprived of
their endogenous microenvironment (Aghazadeh and Nostro, 2017; Korsgren et al., 2008).
Indeed, enzymatic treatment to isolate islets disrupts several components of the β cell niche,
including their ECM, vasculature, and niche cells (Kaviani and Azarpira, 2016).
The survival of transplanted islets will almost solely depend on diffusive delivery of oxygen
and nutrients, until the host’s endothelial cells re-vascularize them (Korsgren et al., 2008). This
means that smaller islets would be less susceptible to hypoxia and starvation caused by diffusion
limitations. Indeed, modeling studies of oxygen delivery (Buchwald, 2009; Johnson et al., 2009)
along with in vitro (Kin et al., 2008) and clinical (Lehmann et al., 2007) data reported that smaller
islets exhibit superior survival and function when compared to larger islets (Yu et al., 2018).
Engineered size-controlled pseudoislets thereby have the potential to overcome some of these
limitations (Yu et al., 2018). As such, several research groups have utilized various tissue
engineering approaches to dissociate islets and reassemble them to create smaller pseudoislets
(Cavallari et al., 2007; Green et al., 2016; Guo-Parke et al., 2012; O’Sullivan et al., 2010; Persaud
et al., 2010; Westenfelder et al., 2017; Yu et al., 2018). While very promising, most published
techniques were not designed for clinical translation; and hence did not tightly control aggregate
size, were labour intensive and/or were not scalable. To overcome these challenges, our
laboratory has demonstrated the utility of our scalable microwell platform to produce large
numbers of uniform pseudoislets engineered via centrifugal-forced-aggregation (CFA-PI) that
exhibit superior survival and function in vitro and in vivo compared to native islets (Yu et al.,
2018).
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While the lack of functional vasculature is detrimental for islets shortly after
transplantation (Buchwald, 2009; Davalli et al., 1995; Johnson et al., 2009; Olerud et al., 2009;
Ritz-Laser et al., 2002), disrupted niche components such as ECM, secreted factors, and
supportive cells lead to unhealthy grafts destined to degenerate over time (Coronel and Stabler,
2013; Kaviani and Azarpira, 2016). For this reason, much research has focused on developing
tissue engineering approaches to reconstitute various components of the β cell niche to enhance
clinical outcomes (Imamura et al., 2018; Smink and de Vos, 2018; de Souza et al., 2017). For
instance, several groups improved islets' survival and performance by incorporating ECM
components into the β cell niche (reviewed in (Kaviani and Azarpira, 2016)). Others have
demonstrated that soluble factors derived from stromal cells improve islet performance both in
vitro and in vivo (Miao et al., 2006; Park et al., 2010). Since ECM and soluble factors are naturally
derived from various cells in the β cell niche, reintroducing these cells is a logical step. Indeed,
co-culturing and co-transplanting islet cells with various supportive cell types has been
demonstrated to enhance islet survival and function (Kang et al., 2012; Miki et al., 2006; de Souza
et al., 2017).
The reintroduction of supportive cells to the β cell niche improves islets' survival and
function by restoring the cell-cell contact, re-establishing ECM and secreting trophic factors
(Imamura et al., 2018; Tracy et al., 2016; Wang et al., 2018). The addition of mesenchymal stem
cells (MSCs), endothelial, and fibroblast cells has been reported to have a beneficial impact on
islet survival and function. For instance, MSCs secrete a variety of trophic factors that improve
islets’ survival and function (English, 2016; Figliuzzi et al., 2009; Park et al., 2010; Rackham et al.,
2011; Rekittke et al., 2016; Vériter et al., 2014) and the co-transplantation of MSC has been
shown to help islets evade the host’s immunity and accelerate its revascularization (Ding et al.,
2009; English, 2016; Ito et al., 2010; Rekittke et al., 2016). Moreover, it has been proposed that
introducing endothelial cells during islet transplantation can enhance graft neovascularization
(Barba-Gutierrez et al., 2016; Oh et al., 2013; Quaranta et al., 2014; Del Toro-Arreola et al., 2016).
Endothelial cells also contribute to the synthesis and deposition of various ECM components of
the basement membrane in the native islet niche (Narayanan et al., 2017). Furthermore,
fibroblast cells are an integral component of the islet niche as they are strategically located
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between and contribute to the double basement membranes encapsulating human islets
(Aamodt and Powers, 2017). In addition to ECM deposition and re-molding, fibroblast cells are
known to secrete several trophic factors known to enhance the survival and function of insulin
producing β cells (Matsushima et al., 2016; Perez-Basterrechea et al., 2013). While these cells
have been proposed to improve islet function, a consistent and scalable tissue engineering
approach to systematically incorporate niche cells into transplantable constructs for clinical
applications and quantitatively evaluate their efficacy has not previously been reported.
In this work, we employ Response Surface Methodology (RSM) (Toms et al., 2017) to
quantitatively assess the impact of incorporating MSC, fibroblast and endothelial cells into CFAPI, in order to develop a scalable process for research and clinical applications. While we use the
islet system as proof-of-principle to highlight the utility of this approach, our methods have
broader implications and can be utilized to enhance the niche of other cells.
5.2

Materials and Methods:

5.2.1 Human islet isolation
Islet from deceased human donors were obtained from two sources: (1) the Clinical Islet
Transplantation Program of the University of Alberta, Edmonton; and, (2) the Alberta Diabetes
Institute (ADI) IsletCore. All experiments were conducted with the permission of the Research
Ethics committee at the University of Calgary (Ethics file ID: REB14-2699).
5.2.2 Human islet dissociation and CFA-PI formation
Donor islets from the Clinical Islet Transplantation Program and ADI IsletCore were
dissociated using warm TrypLE Express Enzyme (Thermo. cat # 12604013) at 0.5 mL per 2,000
IEQ to a maximum volume of 15 mL at 37 °C in a shaking water bath for 5-8 minutes. This was
followed by trituration to mechanically break clumps and form a homogenous islet cell solution.
The solution was then centrifuged at 200 ×g for 3 minutes and the resultant pellet was
resuspended in warm islet media. Islet culture media consisted of CMRL-1066 (VWR. cat #
CA45001-114) supplemented with 1.2 g/L nicotinamide (Sigma. cat # N0636), 10 mL/L ITS
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(Thermo. cat # 41400045), 2 mmol/L ZnSO4 (Sigma. cat # Z0251), 50 mL/L sodium pyruvate (Life
technologies. cat # 11360070), 10 mL/L Glutamax (Life technologies. cat # 35050-061), 10 mL/L
penicillin/streptomycin (Thermo. cat # 15140122), 25 mL/L HEPES (Life Technologies. cat #
15630-080) and 10% FBS Premium grade (VWR. cat # 97068-085). CFA-PI were formed by seeding
islet cells on 24-well AggreWell 400 plates (STEMCELL Technologies. cat # 34411) in 1mL of islet
media per well. Native islets were cultured in 24-well ultra-low attachment plates (VWR. cat #
29443-032) at ~ 200 IEQ in per well in 1 mL of islet culture media. Native and CFA-PI were cultured
at 37 °C under ambient atmospheric conditions.
5.2.3 Supportive cell tissue culture
5.2.3a Human endothelial cells (HUVEC)
Commercially available human umbilical vein endothelial cells (HUVEC) (ATCC. cat # CRL1430) were expanded in Endothelial Cell Growth Medium (Sigma Aldrich. cat # 211-500). 750,000
HUVECs were re-suspended in 15 mL of growth medium and seeded into a T75 flask (~ 10,000
cells/cm2). Cells were incubated at 37 °C under ambient atmospheric conditions. Medium was
changed every 48 hours by removing the entire volume of media and replacing it with 15 mL of
fresh growth medium. The cells were passaged upon reaching confluency by removing the media,
adding 5 mL of warm TrypLE Express Enzyme (Thermo. cat # 12604013) and incubating for 5
minutes at 37 °C. Dissociated cells were then added to a 15 mL tube and centrifuged for 5 minutes
at 200 ×g. The resultant pellet was then resuspended using growth medium and seeded at 10,000
cells/cm2.
HUVEC were also cultured in a 24-well plate to evaluate their survival in endothelial growth
and islet media formulations. These cells were grown under the same conditions above with the
same seeding density, in 1 mL of media per well. Media change was carried out every 48 hours
as well.
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5.2.3b Human dermal fibroblast cells
Human skin fibroblast cells were ethically isolated by the Biernaskie Laboratory at the
University of Calgary (Ethics file ID: AC14-0019) from a scalp skin sample taken from 58-year-old
female patient (159S). Details about the isolation of skin-derived precursors can be obtained by
referring to the isolation protocol published by the Biernaskie laboratory (Hagner and Biernaskie,
2013). We obtained a vial of cryopreserved passage 3 (P3) expanded skin fibroblast cells and
further expanded the cells in culture. The cells were expanded in fibroblast expansion media,
which contains DMEM/F-12, HEPES (Life Tech. cat # 11330057), 10% FBS (VWR cat # 97068-085),
and 1% Pen/strip (Thermo. cat # 15140122). 300,000 fibroblast cells were seeded to a T75 flask
(seeding density ~4,000/cm2) that contains 15 mL of fibroblast expansion media. Cells were
incubated at 37 °C under ambient atmospheric conditions. Media was changed every 48 hours
by removing the full volume and replacing it with fresh media. Cells were passaged after reaching
confluency by removing the media, adding 5 mL of TrypLE Express Enzyme (Thermo. cat #
12604013) and incubating for 10 minutes at 37 °C. Dissociated cells were then added to a 15 mL
tube and centrifuged for 5 minutes at 200 ×g. The resultant pellet was then resuspended using
growth medium and seeded at (4,000 cells/cm2). To maintain high quality and consistent
phenotype, cells were used at a low passage number (P4 – P7).
Human skin fibroblast cells were also cultured in a 24-well plate to evaluate their survival
in fibroblast expansion and islet media formulations. These cells were grown under the same
conditions and seeding density as above, in 1 mL of media per well. Media change was carried
out every 48 hours as well.
5.2.3b Human adipose-derived Mesenchymal stem cells (Ad.MSC)
Human adipose-derived mesenchymal stem cells (Ad.MSC) (Donor 8) were ethically
isolated from abdominal subcutaneous adipose tissue by the Sen laboratory at the University of
Calgary (Ethics file ID: REB15-1005) , as previously described (Jung et al., 2010). We obtained a
vial of cryopreserved Ad.MSC passage 4 (P4) from the Sen laboratory. The cells were expanded
in MSC expansion media (same media formulation as fibroblast expansion media), which
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contained DMEM/F-12, HEPES (Life Tech. cat # 11330057), 10% FBS (VWR. cat # 97068-085), and
1% Pen/strip (Thermo. cat # 15140122). 375,000 Ad.MSC cells were seeded to a T75 flask
(seeding density ~5,000/cm2) that contained 15 mL of Ad.MSC media. Cells were incubated at 37
°C under ambient atmospheric conditions. Media was changed every 48 hours by removing the
full volume of media and replacing it with fresh media. Cells were passaged after reaching ~80%
confluency by removing the media, adding 5 mL of TrypLE Express Enzyme (Thermo. cat #
12604013) and incubating for 5 minutes (may need more time) at 37 °C. Dissociated cells were
then added to a 15 mL tube and centrifuged for 5 minutes at 200 ×g. Thereafter, the resultant
pellet was resuspended using growth medium and seeded at (5,000 cells/cm2).
Ad.MSC were also cultured in a 24-well plate to evaluate their survival in MSC expansion
and islet media formulations. These cells were grown under the same conditions and seeding
density as above, in 1 mL of media per well with media change carried out every 48 hours.

5.2.4 INS1 cell culture
INS1 is a rat insulinoma cell line that is often used to recapitulate some aspects of β-cell
behaviour (Asfari et al., 1992) . 3 million INS1 cells were seeded in a T75 flask at a seeding density
of ~40,000 cells/cm2 in INS1 media that contained: RPMI 1640 medium with glucose
(ThermoFisher. cat # 11875119), 10% FB Essence (VWR. cat # 10803-034), 10 mM HEPES (Life
Technologies. cat # 15630-080), 0.322 g/L L-Glutamine (Sigma. Cat#. G5792), 1mM sodium
pyruvate (ThermoFisher. cat # 11360070), and 3.88 ul/L beta-mercaptoethanol (Sigma. cat #
M3148). Cells were grown until ~70-80% confluency and were then passaged in a similar fashion
to the other cell types while maintaining 40,000 cell/cm2 seeding density.
5.2.5 Static glucose-stimulated insulin secretion (GSIS)
After 4 days in culture, CFA-PI from each well of the 24-well microwell plates were
collected in a 15 mL tube. Samples were washed 3 times to remove residual glucose with 3 mL
of glucose-free GSIS media that contained: RPMI 1640 without glucose (ThermoFisher. cat #
11879020), 0.1 BSA powder (Sigma. cat # A4161), and 10 mM HEPES (Life Technologies. cat #
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15630-080). Each wash was followed by sample centrifugation at 120 ×g for 1 minute. The three
washing steps were followed by two 1-hour incubations in low glucose GSIS medium (2.8mmol/L
glucose) and the supernatant after the second incubation was collected for analysis. Following
the two low glucose incubations, samples were incubated in high glucose GSIS medium
(16.7mmol/L glucose) for 1 hour and supernatant was collected for analysis. All samples were
incubated at 37 °C under ambient atmospheric conditions for both low and high glucose
treatments. Supernatants from the second low and the high glucose incubations were analysed
for insulin secretion by using human insulin ELISA (Alpco. cat # 80-INSHU-E10.1).
5.2.6 Viability staining and analysis
Live/dead staining solution contained: Hoechst (Thermo. cat # 62249) as a nuclear stain;
fluorescein diacetate (FDA) (Thermo. cat # F1303) to indicate live cells; and, propidium iodide (PI)
(Thermo. cat # P3566) to indicate dead cells. All three reagents were combined in a staining
solution (1/50 of each stain in PBS). Native islets and CFA-PI were incubated in 50 µL of staining
solution for 5 minutes at room temperature. Niche cells survival assay was carried out with a
lower concentrated staining solution (1/200 of each stain in PBS) and larger volume (200 µL of
staining solution was added to a well of 24-well plate) with 5 minutes incubation time at room
temperature. Samples were then washed three times with PBS and imaged using an Olympus
IX83 Microscope at 100X and 200X magnifications using MicroManager software (Edelstein et al.,
2014).
5.2.7 Lipophilic labeling of supportive cells
We utilized lipophilic dyes to track the various supportive cell types as they were cocultured with islet cells. We stained fibroblast cells with DiD (red) (Thermo. cat # V22887),
Ad.MSCs with DiO (green) (Thermo. cat # V22886) and HUVECs with DiR (far red) (Thermo. cat #
D12731). The staining solution (5 µL lipophilic dye in 995 µL PBS) was added to 1 million cells and
incubated at room temperature for 5 minutes. Cells were washed 5 times with 3 mL PBS and then
cultured at the same seeding densities for 4 days in islet media. The 4 days intermediate culture
period was to allow niche cells to adapt to islet media and select for cells that were stably stained.
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Cells were then dissociated using TrypLE, and cells were washed 4 times with PBS before being
further used. Stained cells were then analyzed using flow cytometry or incorporated into CFA-PI.
5.2.8 Flow cytometry to quantify the proportion of cells stained with the various lipophyilic
dyes labeling of supportive cells
CFA-PI were collected from the microwell plate and incubated with 0.4 mL of TrypLE
Express Enzyme (Thermo. cat # 12604013) in a 1.5 mL Eppendorf tube at 37 °C. Dissociated cells
were fixed right away by incubating them in 4% PFA solution for 5 minutes at room temperature.
Cells were then washed 3 times in PBS and stored in 200 ul PBS at 4 °C for flow cytometry.
5.2.9 Microtissue formation assay
Micrographs of various engineered CFA-PI were taken on daily basis by a blinded evaluator
for 4 days post-seeding. These micrographs were then qualitatively evaluated by a blinded
evaluator for the presence of a clear and distinct border surrounding the microtissue.
Representative examples of formed and unformed CFA-PI are demonstrated in figure S2. To avoid
bias, the location on the well from which the image was taken was selected randomly without
looking through the eye piece of the microscope; the experimenter then manipulated only the
focus control before taking an image. Microwells that comprised formed or non-formed CFA-PI
were tallied for the output percentage that represented the formation of engineered CFA-PI for
an experimental condition after a given number of days.
5.2.10 Aggregate diameter measurements
After 4 days of culture in the microwell system, successfully formed engineered CFA-PI
were taken out of the plate, dispersed over a glass slide and imaged to measure their size using
10X objective on Olympus CKX41 microscope. Aggregate size was assessed from calibrated
photomicrographs using ImageJ software.
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5.3

Results

5.3.1 Engineered CFA-PI assemble effectively and demonstrate size consistency
Islet microtissue assemble 3-5 days after seeding human islet cell suspension into the
microwell system (figure 5.1a, b and c). Changing the seeding density enabled us to tightly control
the diameter of the resulting pseudoislets (figure 5.1f). Regardless of their size category,
compared to native islets, CFA-PI had improved size consistency and symmetry (figure 5.1d and
e). A linear relationship (R2= 0.99) between the seeding density and aggregate volume was
observed, although P1000 seemed to deviate from the line (figure 5.1h). While the seeding
density correlated well with aggregate diameter and volume within each donor material, the
diameters of each seeding density category may deviate across various donor materials (figure
S1). This could be due to the well-documented variability of islet material across donors (Hart
and Powers, 2019; Yu, 2018), which we have also seen in figure S5.1.
5.3.2 P250 demonstrate enhanced in vitro survival compared to P1000 and native islets
Our ability to finely control the size of formed CFA-PI allowed us to quantitatively
interrogate the effect of size on cellular survival in vitro. Live/dead staining revealed superior
survival of size-controlled engineered CFA-PI in vitro when compared to native islets (figure 5.2).
Most large native islets developed a necrotic core after several days in vitro as demonstrated by
figure 5.2a, and consistent with previous reports from our lab (Yu et al., 2018). When comparing
P250 to P1000 (CFA-PI obtained by seeding 250 and 1000 cells per well, respectively), P250 CFAPI showed improved survivability in vitro when compared to P1000 (figure 5.2d and e). This is
consistent with previous observations from the Ungrin lab (Yu, 2018). While portal vein injections
may best mimic islet transplantation in humans, most native islets are too large (figure 5.1e and
f) to survive being injected through a 30-gauge needle (159µm inner diameter), which is typically
used for portal vein injections in mice (Sherman et al., 2014). Since we planned to transplant our
engineered CFA-PI into mice via portal vein injection, we sought to determine CFA-PI sizes that
survive being injected through a 30-gauge needle. A pilot experiment (appendix B) showed that
P100 and P250 had superior survival compared to P750 and P1000 after being injected through
a 30-gauge needle.
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Figure 5.1 CFA-PI of various sizes are formed efficiently and do not require adhesion to a culture
surface
(a) CFA-PI were produced by the centrifugation of dissociated single islet cells into microwells,
where cells stick to each other over time and form coherent spheres (shown in cartoon). (b) Since
microwells are pyramidal in shape, the spatial interaction between the engineered CFA-PI and
the microwell is independent of the size of the CFA-PI (Yu et al., 2018). (c) Engineered aggregates
assemble in 72-96 hours and exhibit controlled size and consistency (P50, P100, P250, P500,
P750, and P1000) (d). (e) Based on diameter quantification, the size distribution (P50, P100, P250,
P500, P750 and P1000 – various shades of purple) of CFA-PI showcases considerably improved
consistency in comparison to native islets (red line). This improvement in consistency is further
highlighted in the calculated volume distribution vs size model (Yu et al., 2018) (f). (g) CFA-PI
diameters vary based on the seeding density: n=25 CFA-PI per category, with two perpendicular
measurements per individual CFA-PI. A one-way ANOVA test with Geisser-Greenhouse correction
demonstrates that CFA-PI diameters are statistically different across the various categories
(P<0.0001). (h) Finally, we modelled the volume of the produced CFA-PI by using the measured
diameter and correlated it to the number of islet cells seeded. Trendline was force fitted through
(0,0) and the data was fitted up to P750 (R2=0.99) as P1000 drops off consistent with insufficient
oxygen delivery as expected with increasing total cell density (Al-Ani et al., 2018). A full fit model,
including P1000, has a coefficient of determination of R2=0.96 (not shown in figure).
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Table 5.1 Summary of the donor material utilized in this work
DONOR ID SEX

AGE

BMI

SOURCE

PURITY EXPERIMENTS STIMULABILITY*

R299

Female

44

25.4

ADI IsletCore

75%

Figure 5.6

Yes

R300

Female

30

25.3

ADI IsletCore

75%

Figure 5.7

Yes

(c-f)
R302

Female

62

32.3

ADI IsletCore

40%

Figure 5.7

Yes

(c-f)
R305

Male

60

21.4

ADI IsletCore

80%

Figure 5.7

Yes

(g and h)
2153

2164

2178

Male

Female

Female

38

66

55

37.9

23.5

26.0

Clinical Islet 40%

Preliminary

No

Laboratory

experiments

Clinical Islet 20%

Figures 5.1,

Laboratory

5.2 and S5.1

Clinical Islet 32%

Figure S5.1

No

Clinical Islet 35%

Figures 5.1

No

Laboratory

and S5.1

Clinical Islet 45%

Figure 5.2

No

Clinical Islet 40%

Preliminary

No

Laboratory

experiments

No

Laboratory
2167

2195

Male

Male

42

50

31.8

28.1

Laboratory
2207

Female

58

23.0

* Stimulability of each islet donor material was determined by conducting the Glucose-Stimulated
Insulin Secretion (GSIS) assay and examining the stimulation index (SI). SI was determined by
dividing the amount of secreted insulin when cells are stimulated with high glucose concentration
(16.7mmol/L) by the amount of insulin secreted when stimulated with low glucose concentration
(2.8mmol/L). Donor material were deemed stimulatable if SI >1 and were deemed not
stimulatable if SI <1.
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Figure 5.2 P250 CFA-PI exhibit superior survival to P1000 CFA-PI and native islets
Representative micrographs of the survival of native islets (a) as well as P250 (b) and P1000 (c)
CFA-PI. Engineered CFA-PI and native islets were cultured for 5 days under ambient atmospheric
conditions and stained with Hoechst for nuclei (blue), propidium iodide (PI) for dead cells (red)
and Fluorescein diacetate (FDA) for live cells (green) (scale bar is 100 µm for original images and
50 µm for magnified ones). The red (PI) and green (FDA) fluorescence for P250 (N=124) and P1000
(N=36) CFA-PI was quantified using a custom-made Image J plug-in (Appendix C). (d) Green versus
red scatterplot for each quantified P250 (blue dots) and P1000 (orange dots) CFA-PIs. (e) Green
(FDA) over red (PI) fluorescence for each quantified P250 and P1000 CFA-PI and a Mann Whitney
U test was conducted to evaluate the statistical significance between the two groups (****
P<0.0001).
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5.3.3 Ad.MSCs, fibroblast and endothelial cells survive in islet media and can be efficiently
labelled and tracked
In order to successfully co-culture human islets with Ad.MSCs, fibroblast and endothelial
cells, we had to find a common media formulation that supports the survival of all cell types. We
thus sought to evaluate the survival of these supportive cell types in islet media compared to
their native media. As demonstrated in figure 5.3, Ad.MSCs, dermal fibroblast and endothelial
cells grown in islet media for 4 days exhibited high survival. The cell number and survival of
Ad.MSCs and fibroblast cells grown in islet media was not statistically different from their survival
in their native media. Surprisingly, endothelial cells grown in islet media demonstrated enhanced
cellular survival when compared to those grown in their native media (figure 5.3c).
To track the different cell types within CFA-PI, we evaluated the ability of lipophilic dyes to
effectively label the various supportive cells. As demonstrated in figure 5.4a, c and e, fibroblast,
Ad.MSCs and endothelial cells were stained with DiD (red), DiO (green) and DiR (far red),
respectively. Flow cytometry data confirmed the efficient staining of fibroblast cells (95%),
Ad.MSCs (96%) and endothelial cells (86%), as demonstrated in figure 5.4b, d, and f, respectively.
Labelled fibroblast cells and Ad.MSC were mixed at 10% proportion each with INS-1 cells
(unlabelled) to demonstrate the utility of lipophilic dyes to track additive cells (figure 5.4g).
Finally, we were able to track Ad.MSC, fibroblast and endothelial cells as they were incorporated
into P500 CFA-PI at 10% each.
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Figure 5.3 Ad-MSCs, fibroblast and endothelial cells demonstrate high survival in islet media
Representative live/dead images demonstrated that (a) adipose-MSCs, (b) dermal fibroblast, and
(c) HUVEC endothelial cells survive in islet media. The three cell types were cultured in their
native culture media and in islet culture media (media formulations are detailed in the methods
section). All cell types were cultured for 5 days under ambient atmospheric conditions using both
media formulations and were stained with Hoechst for nuclei (blue), propidium iodide (PI) for
dead cells (red) and Fluorescein diacetate (FDA) for live cells (green). Images were quantified by
blinded evaluators by counting both blue (all cells) and red nuclei (dead cells) to derive survival
percent using ImageJ: **P<0.01; n=6 micrographs from 6 different wells per category, Mann –
Whitney U test was used.
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5.3.4 The incorporation of Ad.MSCs and fibroblast cells accelerates the formation of CFA-PI and
increases their diameter
To investigate the effect of incorporating Ad.MSC, fibroblast and endothelial cells into CFAPI’s niche, we utilized our microwell system and a simplex centroid design (Scheffé, 1963) to
produce 8 different CFA-PIs with various combinations of supportive cells (figure 5.5b). These
combinations included: 30% fibroblast cells; 30% Ad.MSCs, 30% endothelial cells; 15% fibroblast
and 15% Ad.MSCs; 15% fibroblast and 15% endothelial cells; 15% Ad.MSCs and 15% endothelial
cells; 10% of each cell type; and finally, 0% supportive cells as a control. When examining the 8
constructs, CFA-PIs that contained Ad.MSCs and fibroblast cells demonstrated accelerated
formation, while the presence of endothelial cells inhibited the formation of CFA-PI when
compared to the control (figure 5.5c). Indeed, ~80% of the CFA-PIs that contained 30%
Ad.MSCs with 15% Ad.MSCS and 15% fibroblast were formed 24 hours post-seeding, while the
control CFA-PI took up to 96 hours for ~78% of tissue to form (figure 5.5c). CFA-PIs that contained
30% fibroblast caught up with CFA-PI that contained 30% Ad.MSC 48 hours post-seeding to reach
~ 90% tissue formation. On the other hard, engineered CFA-PI with 30% endothelial cells were
far less successful in forming CFA-PI with <10% tissue formation after 96 hours post-culture.
However, the incorporation of Ad.MSCs and fibroblast cells into engineered CFA-PIs that
contained endothelial cells seemed to rescue CFA-PI formation. In addition to accelerating CFAPI formation, the incorporation of Ad.MSCs and fibroblast cells significantly increased the
diameter of CFA-PI, while the incorporation of 30% endothelial cells significantly decreased CFAPIs diameter (figure 5.5d and e).
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Figure 5.4 Lipophillic dyes stably and effectively label Ad.MSCs, fibroblast and endothelial cells,
enabling their tracking in 2D and 3D cultures
To track the various supplemented niche cells within our engineered CFA-PI, we explored the
efficacy of using lipophilic dyes. As such, fibroblast (a), Ad.MSC (c) and endothelial cells (e) were
stained with DiD (red), DiO (green) and DiR (far red), respectively. Nuclei were stained with
Hoechst (blue) (scale bar is 100 µm). Cells were stained with lipophilic dyes, cultured for 4 days
in ambient atmospheric conditions in islet media, and then evaluated for staining efficacy via flow
cytometry. Unstained fibroblast cells (b), Ad.MSCs (d) and endothelial cells (f) were used as a
control to set up the gates, and stained cultures were evaluated using these gates (b, d and f). (g)
2D co-culture of INS-1 along with stained Ad.MSC and fibroblasts grown in INS1 media for 5 days.
(h) 3D engineered CFA-PI (P500) with 10% each stained fibroblast (red), Ad.MSC (green) and
endothelial cells (purple) were cultured in islet media for 5 days. The engineered CFA-PI were
fixed in PFA, nuclei were stained with DAPI (grey), and imaged on Leica SP8 spectral confocal
microscope.
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5.3.5 The incorporation of fibroblast cells into CFA-PIs enhances their ability to secrete insulin
in response to glucose in vitro
To evaluate the in vitro performance of the 8 engineered CFA-PI, we performed static
glucose stimulated insulin secretion (GSIS) 4 days after seeding. To quantify performance we
assessed these results as an 'efficacy ratio' (ER) (Yu et al., 2018), which takes into consideration
the number of input cells, as we recognize that the main constraint of islet cell therapy is the
shortage of transplantable islet material. ER represents the amount of glucose-stimulated insulin
secretion resulting from a known quantity of starting material (Yu et al., 2018):
Islet cells per engineered PI
Insulin production
ER = (
) × (
)
Input islet cells per engineered PI
Number of islet cells assayed

As demonstrated in figure 5.6a, our engineered CFA-PIs that contained 30% fibroblast (in
red) exhibit significantly enhanced in vitro GSIS with a ~4-fold increase in ER over the control
condition that contained no supportive cells. None of the other engineered CFA-PI combinations
had statistically significant changes in ER relative to control CFA-PI. To determine if fibroblast cells
were retained in the engineered CFA-PI that contain 30% fibroblast, fibroblast cells were labelled
with DiD (red) lipophilic dye before being incorporated into the engineered CFA-PI. The labeled
fibroblast containing engineered CFA-PI were then dissociated and cells were analysed using flow
cytometry. Flow cytometry data revealed that 22.9% ±1.2% of the seeded cells used to make the
30% fibroblast engineered CFA-PI were PE positive, and 4 days post-culture 27.6 ± 2.2% PE cells
were recovered; however, the difference was not statistically significant (figure 5.6c and d).
Additionally, our data was fitted to a quadratic model with a goodness of fit R2=0.68 and adjusted
R2=0.61 (Table 2). This quadratic model was then used to predict favourable combination/s to
create highly functional engineered CFA-PI. The model predicted that the incorporation of
fibroblast would enhance the efficacy ratio of engineered CFA-PI (figure 5.6b). Conversely, the
model predicted that the addition of endothelial cells was unfavorable (at least in this in vitro
evaluation), as it reduced ER. The model also predicted that the incorporation of Ad. MSCs to
engineered CFA-PI did not have a noticeable effect on their GSIS.
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Figure 5.5 The incorporation of Ad.MSCs and fibroblast cells accelerate CFA-PI formation and
increase their diameter
a) CFA-PI were formed by centrifugation of single cells of varied sources (different colours) into
microwells, where cells stick to each other over time and form coherent spheres. (b) Schematic
of the 8 experimental conditions used for the simplex centroid design of our mixture experiment;
the combinations included islet cells alone (control) as well as 70% islet cells mixed with: 30%
fibroblast cells; 30% endothelial cells; 30% Ad.MSC; 15% fibroblast & 15% Ad.MSC; 15% fibroblast
& 15% endothelial cells; 15% Ad.MSC and 15% endothelial cells; and 10% of fibroblast, Ad.MSC
and endothelial cells. (c) Tissue formation assay evaluating the formation of the engineered CFAPI every 24 hours for 4 days. Micrographs of the engineered CFA-PI were examined by a blinded
evaluator for the presence or absence of defined edges of the spheres (figure S5.2). (d) The
diameter of 25 formed engineered CFA-PI from each condition was measured by a blinded
evaluator using ImageJ and one-way ANOVA test used. (e) The data was fit to a quadratic model
(R2=0.42) that predicted the diameter to increase as more Ad.MSC and fibroblast cells were
added and decrease as endothelial cells were added. The data is presented as a contour plot,
which mimics a topographic profile of a map (i.e. lines and darker grey colours represent an
increase in CFA-PI’s diameter).

Table 5.2 Summary of the models used and their coefficient of determination
BATCH

PURPOSE

MODEL

R2

R2 (ADJ)

R2 (PRED)

R299

ER

Quadratic

0.68

0.61

0.47

R300 & R302

ER

Cubic

0.83

0.78

0.71

R299

Diameter

Quadratic

0.42

0.41

0.4
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Figure 5.6 The incorporation of fibroblast cells into islet tissue improves efficacy ratio
(a) Engineered CFA-PI containing 30% fibroblast cells demonstrated enhanced efficacy ratio (~ 4fold compared to control) (GSIS per input islet cell); **P<0.01; n=4 per condition, one-way
ANOVA with Dunnett’s correction for multiple comparisons. (b) The efficacy ratio results were
fitted to a quadratic model (R2=0.68). The model predicted that the incorporation of fibroblast
enhanced efficacy ratio, while the incorporation of endothelial cells seemed detrimental. The
data from (a) is presented as a contour plot, which mimics a topographic profile of a map (i.e.
lines and darker green colours represent an increase in CFA-PI’s ER). (c) Flow cytometry was used
to confirm that the labeled fibroblast cells in the engineered CFA-PI were maintained. Engineered
CFA-PI were cultured for 4 days, dissociated, fixed using PFA and compared to the seeded cells
on day 0 via flow cytometry; N= 4 samples for both days 0 and 4 (>1000 events were analyzed
per sample). (d) Mann-Whitney U test revealed that the difference between seeded and
recovered fibroblast cells was not statistically significant.
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5.3.6 The incorporation of both Ad.MSC and fibroblast cells accelerates formation and
enhances ER of engineered CFA-PI
To further our pursuit to engineer CFA-PIs that demonstrated superior in vitro function, we
sought to iterate our experimental design. As demonstrated in figure 5.7a, the quadratic model
of our previous experiment (figure 5.6) predicted that the incorporation of more than 30%
fibroblast may yield an even more effectively engineered CFA-PI. As such, we devised an extreme
vertices design (McLean and Anderson, 1966) to find a combination that was even more
favourable by investigating the effect of incorporating more fibroblast and less Ad.MSC and
endothelial cells. The extreme vertices design (figure 5.7b) was set up so that the proportion of
islet cells were tested between 50-100% range, Ad.MSC between 0-15%, endothelial cells
between 0-15% and fibroblast cells between 0-50%. Various combinations of engineered CFA-PI
were produced, GSIS was performed, and ER was calculated for each condition. Data from two
donors was fitted to a full cubic model with a goodness of fit adjusted R2=0.78 (Table 5.2). As
demonstrated in figure 5.7c (and consistent with our previous experiment), the model predicted
that the incorporation of more fibroblasts enhanced the GSIS of engineered CFA-PI. Also
consistent with our previous experiment, the incorporation of endothelial cells and Ad.MSCs did
not appear to be favourable. Interestingly, this model predicted that the incorporation of 8% of
Ad.MSC and 42% fibroblast cells may further enhance the GSIS of the engineered CFA-PI.
To validate our findings from the extreme vertices experiments, we conducted a side-byside comparison among three conditions indicated by our model: CFA-PI control; CFA-PI with 50%
dermal fibroblast cells, and CFA-PI with 42% dermal fibroblast and 8% Ad.MSCs. This experiment
used islet material from a different donor (R305 – table 1). The supplementation of 8% Ad.MSC
and 42% dermal fibroblast cells enhanced ER by only ~3 fold (P<0.05) while the incorporation of
50% dermal fibroblast cells increased ER by ~ 7 fold (P<0.0001). This is not entirely in line with
the cubic model (donors R300 and R302) that predicted further enhanced ER when 8% Ad.MSCs
is incorporated along with 42% fibroblast cells into CFA-PI. It is plausible that the incorporation
of Ad.MSCs exhibits donor-specific effect on generated CFA-PI. Finally, the incorporation of both
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Ad.MSCs and dermal fibroblast cells significantly accelerated (P<0.0001) CFA-PI formation (figure
5.7h).
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Figure 5.7 The incorporation of dermal fibroblast cells enhances the GSIS of islet cells and
accelerates CFA-PI formation
To further our pursuit of engineering a superior CFA-PI, we sought to iterate our experimental
design from figure 5.6. (a) The quadratic model of the previous experiment (figure 5.6) predicted
that the incorporation of more than 30% fibroblast may yield an even more effective engineered
CFA-PI. Moreover, the incorporation of Ad.MSC and endothelial cells were not predicted to
improve GSIS. (b) Extreme vertices design was set up to find a combination of cells that would
provide an even more favourable engineered CFA-PI. Hold values were placed so higher
proportion of fibroblast and lower proportions of Ad.MSCs and endothelial cells were tested:
islets (0.5-1), Fibro (0-0.5), endo (0-0.15), and Ad.MSC (0-0.15). (c-f) Various combinations of CFAPI were produced in accordance with the extreme vertices designs and by using islet material
from two donors (R300 and R302). Static GSIS was conducted on all resultant engineered CFA-PI
after 4 days in culture. Efficacy ratio was calculated and fitted to a full cubic model using Minitab
with a coefficient of determination R2=0.83 and adjR2=0.78. The data is presented as a contour
plot, which mimics a topographic profile of a map (i.e. lines and darker green colours represent
an increase in CFA-PI’s ER). (g and h) Conditions with the highest ER were further validated
against islet-only CFA-PI control using islet material from another donor (R305). (g) CFA-PI
containing 50% fibroblast cells and CFA-PI containing 42% fibroblast and 8% Ad.MSCs showed
enhanced ER compared to CFA-PI control, *p<0.05 for CFA-PI with fibroblast and MSC, ****
p<0.0001 for CFA-PI with fibroblast cells only, n=8 per category, one-way ANOVA with Dunnett’s
correction for multiple comparisons. (h) CFA-PI containing 50% fibroblast cells and CFA-PI
containing 42% fibroblast and 8% Ad.MSCs showed accelerated tissue formation compared to
CFA-PI control, ****p<0.0001 for CFA-PI vs CFA-PI containing fibroblast only, †††† p<0.0001 for
CFA-PI vs CFA-PI containing MSC and fibroblast cells, n=8 per category, one-way ANOVA with
Dunnett’s correction for multiple comparisons. Tissue formation assay evaluated CFA-PI
formation every 24 hours for 4 days. Micrographs of the engineered CFA-PI were examined by a
blinded evaluator for the presence or absence of defined edges of the spheres (as demonstrated
in figure S5.2).
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5.4

Discussion
In this work we demonstrated our ability produce size-controlled pseudoislets from

multiple human donor preparations. We have also demonstrated our ability to not only control
the size of CFA-PIs but also their composition by introducing finite amounts of three different
niche cells: MSCs, fibroblast and endothelial cells, yielding an overall increase in function of (~27) fold (with the variability between donors common to the field). While pseudoislets have been
produced using a variety of tissue engineering approaches, including hanging drops and
spontaneous aggregation (Cavallari et al., 2007; Green et al., 2015, 2016; Lione et al., 2001;
Zuellig et al., 2017), our approach allows for rapid production of scalable, easy to produce, sizecontrolled CFA-PI with the ability to introduce various niche cells (Yu et al., 2018). Our laboratory
has recently demonstrated the superiority of the CFA-PI approach relative to hanging-drops and
spontaneous aggregation in terms of in vitro survival and function (Yu et al., 2018). In this work
we went a step further by incorporating niche components into CFA-PI cells to produce even
more effective pseudoislets.
It is important to note the wide size distribution of native islets as they compare to our sizecontrolled CFA-PI (figure 5.1e). This distribution difference is even worse when considering the
volume distribution (figure 5.1f). We observed that P250 CFA-PIs have enhanced in vitro viability
when compared to P1000 and native islets, which is consistent with modeling studies that report
enhanced survival in smaller islets in culture, as larger ones become hypoxic (Buchwald, 2009).
Indeed, our oxygen calculator predicts that cells in P1000 CFA-PIs under the described culture
conditions receive an insufficient amount of oxygen (Appendix A) (Al-Ani et al., 2018). As we have
previously demonstrated that P250 exhibit superior in vitro performance as compared to both
P1000 CFA-PI and native islets (Yu, 2018), we focused on P250 CFA-PI, to avoid the complexities
of adding an additional variable (i.e. total input cell numbers) to the experimental design. While
we have shown that we can control CFA-PI size based on seeding density, CFA-PI sizes of a certain
seeding density may change somewhat across batches due to donor-to-donor variability (figure
S5.1). This may also be affected by the purity of islet preparations used, as we noticed an increase
of diameter in lower purity batches (figure S5.1). While only three donors were considered in
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figure S5.1, our observations are consistent with the notion that acinar cells are larger than islet
cells (Pisania et al., 2010). However, it is important to note that islet purity was assessed via
dithizone (DTZ) staining, which often overestimates islet purity (Pisania et al., 2010). The
incorporation of routine detailed flow cytometric quantification of donor material composition
would be helpful in this regard. It is also important to note that optimal pseudoislet size may
differ between in vitro and in vivo experiments (Yu, 2018; Yu et al., 2018), however the field is
presently constrained by a lack of practical quantitative tools to quantitate performance in vitro
(marginal mass transplant models are notoriously noisy, and do not provide the requisite
quantitative information), hence the present focus on in vitro behaviour.
To further improve CFA-PI performance, we sought to enhance their cellular niche with
cells reported to improve their performance (Matsushima et al., 2016; Quaranta et al., 2014; de
Souza et al., 2017). While MSCs, endothelial and fibroblast cells have already been implicated to
enhance β cell performance, to the best of our knowledge, no one had incorporated them into a
uniform and size-controlled transplantable pseudoislet. Indeed, several groups have coated
native islets with endothelial cells and MSCs (Fransson et al., 2015; Gamble et al., 2018;
Johansson et al., 2008), however that does not address the challenge associated with larger islets
becoming hypoxic (Buchwald, 2009). Moreover, coating islets with niche cells would limit their
direct interactions with cells on the surface of native islets. In contrast, our approach allows for
supplemented niche cells to integrate within the CFA-PI as demonstrated in figure 5.4h, and
potentially establish connections with neighbouring islet cells.
Data from the tissue formation assay indicate that the incorporation of Ad.MSC and dermal
fibroblast cells accelerate the formation of CFA-PI. This is consistent with literature reports about
MSCs promoting self-condensation of several cell types to form complex microtissues (Takahashi
et al., 2018b; Takebe et al., 2015). While it is not well explored in the literature, it is not surprising
that fibroblast cells improve the formation of CFA-PI as they deposit ECM components known to
be vital for the islet niche including: collagen, laminin and fibronectin (Llacua et al., 2018b;
Matsushima et al., 2016; Tracy et al., 2016). Although the addition of HUVECs appeared to inhibit
or slow the formation of CFA-PI, aggregate formation was rescued by incorporating Ad.MSC with
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HUVECs. This is consistent with Takahashi and colleagues’ demonstration of the ability of islet
cells, MSC and HUVEC to self-condense and form a coherent tissue (Takahashi et al., 2018b). This
accelerated CFA-PI formation by incorporating Ad.MSCs and dermal fibroblast cells could be
more efficient and cost effective for clinical application. In addition to accelerating CFA-PI
formation, the incorporation of Ad.MSCs and fibroblast cells increased their diameter on average
by 42% and 36% for CFA-PI containing 30% fibroblast and Ad.MSCs, respectively. This is not
surprising considering that both Ad.MSCs and fibroblast cells have larger volumes than average
islet cells (Mitsui and Schneider, 1976; Pisania et al., 2010; Ryu et al., 2013), not to mention their
ability to deposit ECM. Considering the role of mass transfer limitations (Komatsu et al., 2017;
Van Winkle et al., 2012), seeding densities to produce CFA-PI that contain Ad.MSCs and
fibroblasts may need to be re-optimized to maximize CFA-PI’s survival and function.
In addition to accelerating their formation, incorporating dermal fibroblast cells enhanced
CFA-PI’s efficacy ratio (figure 5.6 a and b). It is important to note that, according to literature
accounts, dermal fibroblast cells do not secrete insulin when stimulated with glucose (Zhu et al.,
2015). This is of tremendous therapeutic potential, as dermal fibroblast cells are clinically
accessible from recipients and easily expandable. It is not surprising that fibroblast cells have this
positive effect, as they are an integral part of islet niche, situated between the double basement
membranes that surround islets (Aamodt and Powers, 2017). During the enzymatic isolation,
islets lose many aspects of their niche, including fibroblast cells and basement membrane
components (Stendahl et al., 2009). Dermal fibroblast cells are known to produce a wide variety
of ECM and growth factors that have a pro-survival effect on islet cells (Jalili et al., 2011; Tracy et
al., 2016). Indeed, Matsushima and colleagues demonstrated that growing native islets on human
dermal fibroblast sheets enhances their in vitro survival and GSIS (Matsushima et al., 2016).
However, to date, no other group has produced a size-controlled islet-fibroblast microtissue and
demonstrated its superiority in vitro.
Inconsistent with literature accounts (Gamble et al., 2018; de Souza et al., 2017), the
incorporation of Ad.MSC did not significantly improve CFA-PI’s ER (figure 6a and b). Gamble and
colleagues have demonstrated that Ad.MSC inhibit islet apoptosis in vitro (Gamble et al., 2018),
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which could explain the improved islet performance when co-cultured with MSCs. Our P250 CFAPI already having high survival in vitro could potentially explain the failure of Ad.MSC to improve
their ER. Interestingly, as illustrated by figure 5.7c and d, incorporating a small percentage of
Ad.MSCs (~8%) in addition to fibroblast (~42%) may further enhance CFA-PI’s efficacy ratio. This
hypothesis was tested in our final experiment as we compared CFA-PI control, CFA-PI with 50%
dermal fibroblast cells, and CFA-PI with 42% dermal fibroblast and 8% Ad.MSCs. Surprisingly,
while the CFA-PI with 42% dermal fibroblast and 8% Ad.MSCs demonstrated only ~ 3 fold (P<0.05)
improvement in ER, CFA-PI with 50% dermal fibroblast showed the best performance with ~ 7
fold (P<0.001) improvement in ER over CFA-PI control. This is not in line with the model of our
extreme vertices experiment (figure 5.7c-f), which predicted that the addition of 8% Ad.MSCs
may further enhance CFA-PI’s ER. While future experiments should further investigate this
inconsistency, it could be that Ad.MSCs are only beneficial to a subset of donor islets. MSCs are
known to reduce inflammation (English, 2016; Yeung et al., 2012), and it is plausible that the
donor islets used in that experiment experienced more inflammation.
In this work, we have demonstrated our ability to readily and effectively produce sizecontrolled and consistent CFA-PI using the microwell technology. We also demonstrated our
ability to effectively repopulate β cell niche with three different niche cells and quantitatively
evaluate their functionality in vitro. Our efforts have enabled us to find at least one favourable
combination of cells that yields superior performance. The incorporation of dermal fibroblast
with and without Ad.MSC enhanced islet ER in vitro and accelerated CFA-PI formation. Results
presented in this work have tremendous clinical potential as our approach is simple, scalable and
yielded highly functional CFA-PI. Additionally, by enhancing the performance of input islet cells,
our approach allows for more efficient use of scarce donor material, which could maximize the
impact of donor islets and increase cost effectiveness.
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5.5

Supplementary Material

Figure S5.1 CFA-PI diameter is variable among islet batches and may depend on batch purity
Various sizes of CFA-PI were produced using the microwell system from three different donors:
donor 2164 (batch 1), donor 2178 (batch 2) and donor 2167 (batch 3). As demonstrated in the
histograms and bar graphs, the diameter of (a) P50, (b) P100, (c) P250, (d)P500, (e) P750 and (f)
P1000 are different among the three batches (batch 1 with 20% purity in red, batch 2 with 32%
purity in yellow and batch 3 with 35% purity in green); P<0.0001; n=25 PIs per category with two
measurements per individual CFA-PI, and one-way ANOVA test was used. This difference in
diameter may be related to purity as CFA-PI diameter seems to increase as purity decreases (at
least in the 3 trials). Since aggregate size affect mass transfer of oxygen, signalling molecules and
nutrients, inter-batch variability in CFA-PI size may explain some of the inter-batch variability in
CFA-PI behaviour.
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Figure S5.2 Formed CFA-PI display well defined edges
Representative micrographs of two formed and unformed CFA-PIs showing that formed CFA-PI
display clear and defined edges. The presence of these defined edges was used as a criterion to
deem if a CFA-PI formed (figures 5.5 and 5.7).
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Figure S5.3 Stimulation indexes (SI) for the experiments conducted in this study.
(a) SI of the simplex centroid design mixture experiment conducted using R299 donor islets.
Results indicate that there is no statistically significant difference in the stimulation indexes of
the 7 different experimental conditions when compared to control (n=4 per category). (b) SI of
the extreme vertices design mixture experiment conducted using R300 and R302. (c) Finally, SI
of our final experiment using R305 donor islets indicates enhanced SI for CFA-PI that incorporated
50% fibroblast while the SI of CFA-PIs containing 8% MSCs and 42% fibroblasts was not
statistically different than the control. One-way ANOVA with Dunnett’s correction for multiple
comparisons was conducted to determine statistical significance (n=8 per category; *** P<0.001).
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CHAPTER SIX
General Discussion
6.1

Overview
The behaviour of various cells in the body is largely influenced by their microenvironment.

Indeed, while cellular therapies hold great potential to treat various diseases, cells often exhibit
low survival and engraftment upon transplantation due in part to the absence of a healthy and
supportive niche. This thesis has subsequently presented a variety of tissue engineering
approaches to restore various aspects of the cellular niche. To demonstrate the applicability and
strength of these approaches, they were validated in two distinct biological systems: the retina
and the islets of Langerhans. Both RPE and islets cells are currently being transplanted to AMD
and T1D patients (Da Cruz et al., 2018; Hering et al., 2016; Kashani et al., 2018), respectively, with
considerable opportunity to improve outcomes. Chapter 2 outlines how we engineered sizecontrolled, scaffold-free and injectable RPE microtissues that demonstrated superior in vitro
function. Chapter 3 presents a new software that predicts relevant signalling pathways in the
cellular niche and validated its utility by discovering a novel signalling pathway in murine
photoreceptors. Chapter 4 outlines the identification of changes in the expression of functionally
relevant genes in relationship to RPE culture maturity. And lastly, chapter 5 introduces an
approach to incorporate three different types of niche cells into size controlled pseudoislet
constructs and quantitively assessed their impact on islet function. Taken together, chapters 2-5
offer a variety of tools to understand, restore and enhance the cellular niche and, ultimately,
cellular behaviour.
6.2

The Broader Implications of this thesis
A central objective of this PhD thesis has been the generation of tools that enable scientists

to understand, supplement and manipulate the cellular niche. The development of new tools can
enable new research and improved outcomes. For instance, the AggreWell technology developed
by Dr. Ungrin was rapidly adopted by scientists, currently appearing 785 times in a Google Scholar
search (Ungrin et al., 2008). Unfortunately, while research findings are often built on by others,
novel methods and technologies that facilitate and accelerate the research itself may see less
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uptake, often related to the level of specialist expertise required to make use of them. This thesis
has therefore focused on establishing generalizable and broadly accessible tools and approaches
that can accelerate research and its translation. While these tools were validated in the retina
and islet systems, they were designed to be broadly applicable and easily adaptable to other
systems. For instance, while our receptoR software tool was validated in murine photoreceptors,
this tool is broadly applicable to any cell from different species. Likewise, while the approaches
presented in chapters 2 and 5 were targeted to enrich the cellular niche and produce highly
functional, size controlled and injectable RPE and islet structures, they are broadly applicable to
other biological systems. In addition to producing highly functional structures for potential
transplant applications, this approach allows scientists to study the cell-cell interactions in a
physiologically relevant and easily manipulatable in vitro environment. Finally, my focus on
reproducibility led to a published article that re-emphasized oxygenation as a critical parameter
that is overlooked and underreported in published cell culture experiments in even the most
prominent journals in the field (Al-Ani et al., 2018). The article provided easily implementable
recommendations and an automated oxygen calculator to help scientists ensure that their
cultures are receiving the desirable amount of oxygen and their experiments are reproducible.
The published oxygen calculator is now in use in several laboratories at the University of Calgary.
Considering the substantial influence of niche on cellular behaviour (Jones and Wagers,
2008; Warrick et al., 2008), a key requirement to engineering physiologically relevant tissues is
to incorporate and finely control their microenvironment (Peerani and Zandstra, 2010). Since the
absence of a supportive microenvironment upon transplantation often hinders the outcomes of
cellular therapies, a co-transplantation of the cells of interest along with their niche may provide
a solution. My general approach has been to co-culture cells of interest with their niche cells as
a coherent construct to allow a dynamic niche to form, with the end goal of transplanting the
construct. To that end, approaches developed in this thesis were designed to enable scientists to
manipulate the cellular microenvironment to fine-tune and easily evaluate the behaviour of
developed constructs. For instance, chapters 2 and 5 demonstrated that these approaches can
be simply used to finely control the size and composition of the developed constructs by varying
the cellular input, which ultimately influenced their survival and function. Since cultured
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microtissue mainly rely on diffusion to acquire oxygen and nutrients, their survival and function
are influenced by their size (Buchwald, 2009; Van Winkle et al., 2012; Yu, 2018; Yu et al., 2018).
Moreover, mimicking the cellular niche is quite complex as it is difficult to finely control the
various parameters of the microenvironment, including cells of interest along with supporting
cells, soluble factors, ECM and mechanical cues (Coronel and Stabler, 2013; Plaks et al., 2015;
Wagers, 2012). This idea is further complicated when considering that the cellular niche is very
dynamic and that we do not have a comprehensive understanding of the parameters involved
(Wagers, 2012). Since niche cells orchestrate and finely control soluble factor secretion as well
as ECM deposition and remodeling (Aamodt and Powers, 2017), repopulating engineered tissues
with the appropriate cells could re-establish a healthy niche with an internal means of control.
For the past several decades, tissue culture systems have been instrumental to further our
understanding of cellular behaviour, tissue assembly and disease modeling (Merten, 2006). Since
cellular behaviour is highly dependent on the niche, tissue culture systems ought to recreate the
cellular microenvironment to model relevant cellular behaviour (Marinkovic et al., 2016). While
2D culture systems have revolutionized biomedical research, they often do not accurately
recreate the 3D in vivo microenvironment, ultimately resulting in deviated cellular behaviour
compared to their in vivo counterparts (Duval et al., 2017). Producing and efficiently
manipulating 3D cultures is of broader relevance to the scientific community. Indeed, cancer and
developmental biologists as well as tissue engineers are adopting 3D culture systems to study
and manipulate cellular behaviour in vitro (Baker and Chen, 2012; Duval et al., 2017; Li and Izpisua
Belmonte, 2019; Mansour et al., 2018). For instance, it has been recently shown in a clinical trial
that patient-derived metastatic cancer organoids have been successfully used to predict patient
responses to various drugs (Vlachogiannis et al., 2018). Moreover, our collaborators have
recently utilized our approaches to produce 3D testicular organoids that successfully
recapitulates the development and structural organization of mammalian testis (Sakib et al.,
2019). With the constant rise in demand for 3D culture systems to model various biological
systems (Li and Izpisua Belmonte, 2019), the approaches developed in this work are broadly
relevant for scientists from diverse backgrounds.
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In addition to being broadly applicable to diverse biological systems, our approaches were
designed to be easily implementable and readily translatable. While 3D organoids have been
previously produced from various cellular sources (Cavallari et al., 2007; Green et al., 2016; GuoParke et al., 2012; Mansour et al., 2018; O’Sullivan et al., 2010; Persaud et al., 2010; Vlachogiannis
et al., 2018; Westenfelder et al., 2017), generally, published approaches do not tightly control
aggregate size, had low yields, were labour intensive and/or were not scalable for clinical
settings. As this research targets clinical translation as the end goal, I focused on ensuring that
developed approaches are simple, accessible, low in cost and scalable. Of note, the current
microwell system can produce thousands of aggregates per plate. While this is enough for a
proof-of-principle animal studies and in vitro drug screening, cell replacement therapy in a clinical
setting may require millions of aggregates per patient (Shapiro et al., 2006). As such, our group
(in partnership with STEMCELL Technologies) is currently developing a microwell bioreactor that
scales up the production of organoids to clinically relevant quantities, while maintaining
consistency and quality.
While this work has contributed novel and exciting data to the fields of retina and islet
biology as well as tissue engineering, it is arguable that its biggest impact is in the widely
applicable approaches and tools developed throughout. From receptoR to highly functional
retinal and islet microtissues to the oxygen calculator, tools of broad relevance to biomedical
research and tissue engineering were developed. Research tools development is a crucial area of
investigation that will accelerate biomedical research and its translation to the clinic.
6.3

Main Findings and Future Directions
The next few paragraphs will highlight the impact of each chapter on islet and RPE cell

therapy followed by a discussion of the future work necessary to answer outstanding questions.
6.3.1 RPE- µT – an alternative RPE delivery system
Chapter 2 presented a first-of-its-kind scaffold-free, size-controlled, injectable and scalable
RPE-µT. While subretinal RPE transplantation offers a promising and potentially curative
treatment for AMD patients, limited survival and engraftment of transplanted RPE delivered as a
cell suspension is a major challenge (Da Cruz et al., 2018; Kamao et al., 2014; Kashani et al., 2018;
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Schwartz et al., 2015, 2016; Tezel and Del Priore, 1997). The delivery of scaffolded and scaffoldfree RPE sheets exhibit improved outcomes (Da Cruz et al., 2018; Kamao et al., 2014; Kashani et
al., 2018; Sachdeva and Eliott, 2016); however, they are complex to transplant and produce to
scale. Engineered RPE-µT have the potential to overcome these challenges and combine the
benefit of both approaches: namely, injectability using an ultra-fine needle and retaining the
connectivity to their niche without adhesion to a substrate. While retaining key RPE molecular
features, these engineered RPE-µT showed significant increase in transcription and secretion of
the important photoreceptor survival factor PEDF when compared to conventional adherent
culture. Moreover, factors secreted by RPE-µT significantly enhanced the survival of magnetically
sorted murine photoreceptors in culture.
After demonstrating their practicality and efficacy in vitro, the next step for the engineered
RPE-µT is characterization and validation in appropriate animal models. There are several retinal
degenerative animal models that have a dysfunctional RPE monolayer including Royal Collage
Surgeons (RCS) rats as well as Lrat -/- and Rpe65-/- mice (Li and Turner, 1988; Maeda et al., 2013).
These animal models have genetic mutations that affect the ability of their RPE cells to support
photoreceptors, ultimately leading to the loss of both RPE and photoreceptor cells. This recreates
the conditions that lead to photoreceptor loss in AMD patients, and early RPE transplantation
has the potential to prevent major photoreceptor loss and thereby rescue the visual function of
these animal models (Li et al., 2012; Maeda et al., 2013). The efficacy of the RPE-µT to rescue
photoreceptors and maintain visual function can be evaluated histologically and by various visual
discrimination tests (Wong and Brown, 2006).
The proposed animal trials would also evaluate the RPE-µT’s ability to integrate into
existing tissue. While the size-controlled spherical shape will allow the RPE-µT to be injected
subretinally, it is arguable that this is not the ideal shape to integrate into a natural RPE
monolayer. Further investigations should evaluate the ability of RPE-µT to re-organize and
integrate after transplantation. Moreover, to overcome some of the limitations associated with
distribution and integration of retinal transplants, injectable and biodegradable hyaluronan and
methylcellulose (HAMC) can be used to deliver the RPE-µT (Ballios et al., 2010). This hydrogel
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delivery system has been shown to enhance the distribution and survival of cells transplanted
into the subretinal space of mice (Ballios et al., 2010, 2015).
6.3.2 Predicting active signaling pathways in the cellular niche
In chapter 3 of this thesis, we developed an accessible software tool (receptoR) that
predicts active signalling pathways in various cells within a given niche. This tool utilizes publicly
available transcriptome data to predict the expression of molecular receptors on the cells of
interest. This tool provided us with the hypothesis that the activin signalling pathway may be
relevant for post-mitotic murine photoreceptors. We were able to confirm the expression of type
2 activin receptor (Acvr2a) experimentally (which had not been previously demonstrated at this
developmental stage) and determined that activation of this signaling pathway with recombinant
activin A significantly enhanced the survival of magnetically sorted photoreceptors in culture.
While we established proof-of-principle in murine photoreceptors, this tool was designed to
predict active signalling pathways in any cell types for which data is available. The work presented
in this chapter has broad implications by enabling tissue engineers to discover new signalling
molecules that can be used to create a healthier and more supportive microenvironment for cells
to survive and function. As such, we are excited to make this tool available free-of-charge for
other research groups to utilize. This could provide opportunities to learn about the ability of our
software to predict relevant and novel signalling pathways in other biological system apart from
retinal photoreceptors. To that end, we are currently using this software at the Ungrin lab to
discover signalling pathways that affect the behaviour of human islet cells.
To the best of our knowledge, prior to our study, activin signalling has not been described
to influence post-mitotic photoreceptors. While activin’s ability to enhance photoreceptor’s
survival in vitro may have therapeutic implications for retinal degeneration patients, the
relevance of this signalling pathway needs to be confirmed in vivo. Future work should investigate
the ability of activin signalling to rescue photoreceptors in one of the previously mentioned
retinal degeneration animal models. Moreover, since photoreceptors express activin receptors,
it is plausible to think that activin is being secreted by one of the cells in the photoreceptor niche.
Learning more about the source of activin ligand and the nature of intercellular communication
167

mediated by activin signalling would be of interest to retina biologists. This can be done by
interrogating activin signalling in various animal models. Since activin signalling is highly involved
in the optical vesicle patterning in early eye development (Fuhrmann et al., 2000), interfering
with activin signalling would need to be through an inducible conditional knockout system.
Understanding how activin signalling contributes to the photoreceptor niche may provide new
therapeutic targets for retinal degenerative diseases.
6.3.3 In-culture maturity enhances RPE’s gene expression
Chapter 4 focused on further understanding the effect of RPE maturation on the
expression of key RPE genes. While maturation has been reported to enhance RPE function,
possible mechanisms of action in terms of expression of key RPE genes has not been previously
investigated. As such the expression of 19 key functional RPE genes were investigated as a
function of maturation of RPE monolayers from both the ARPE-19 cell line and ES-derived RPE.
We discovered that mature RPE cultures upregulate the expression of 13 and 16 of the 19
investigated genes in ARPE-19 and ES-derived RPE, including genes that code for factors known
to support photoreceptors such as PEDF, IGF-1, CNTF and BDNF. Moreover, the mRNA levels of
these genes were maximized after 6-8 weeks of maturation in vitro. These findings are
therapeutically relevant as ES-derived RPE cells of various maturity levels are currently being
transplanted into patients with AMD (Da Cruz et al., 2018; Kashani et al., 2018; Mandai et al.,
2017). While the mechanism that enables RPE to mature in vitro and enhance their transcriptome
and secretome is beyond the scope of this work, it is not surprising that RPE cells display superior
function as they mature. It is conceivable that RPE cells need to be cultured for 6-8 weeks to
restore their functional connections with their neighbours and construct a permissive niche.
Future investigations should confirm the superiority of mature RPE in vivo by transplanting
ES-derived RPE of various maturity levels in animal models of retinal degeneration. While data
presented in chapter four demonstrated that the transcription of PEDF, IGF-1, CNTF and BDNF is
maximized after 6-8 weeks in culture, the ideal age of RPE cells for transplantation may differ. It
may be beneficial to reach that ideal maturity age in vivo, especially as a decline in transcription
of PEDF, IGF-1 and VEGF in ES-derived RPE after 10 weeks in-culture was noticed. Future work
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should also investigate the mechanisms that drive mature RPE monolayers to upregulate their
expression of key functional genes. It is plausible that culture maturation is mediated by specific
cell-cell junctions or/and an accumulation of ECM and secreted factors. A potential experiment
would be to culture immature RPE with conditioned media from mature RPE and evaluate its
gene expression. Depending on these results, follow-up experiments may choose to selectively
interfere with specific cell-cell junctions in mature cultures. Finally, chapter 2 demonstrated that
my RPE-µT, like the mature RPE cultures, enhance the expression and secretion of key
photoreceptor trophic factors such as PEDF. Future work should thus evaluate the effect of inculture maturation on the RPE-µT. I hypothesize that RPE-µT maturation would further enhance
their in vitro performance and make them an even more attractive therapeutic option.
6.3.4 Novel approach to repopulating the cellular niche: human islets as a proof-of-principle
Chapter 5 presented a unique approach to repopulate the cellular niche by incorporating
cells from various sources into a coherent 3D microtissue. I chose to repopulate the human islet
niche as a proof-of-principle to validate the utility and effectiveness of our approach, as islets
exhibit complex and clinically important functional behaviour (insulin secretion in response to
glucose) that can be quantified in vitro. To that end, we produced and quantitatively evaluated
several pseudoislets (CFA-PIs) of variable size and proportions of islet cells, adipose-derived
MSCs, dermal fibroblast and endothelial cells. This process led to the discovery of at least one
favourable combination of cells that yields superior in vitro performance (up to ~7-fold
improvement in stimulated insulin secretion per input islet cells). The incorporation of dermal
fibroblast with and without Ad.MSC enhanced islet performance in vitro. Both Ad.MSCs and
dermal fibroblast cells are easily accessible and well suited for clinical applications. Results
presented in this chapter have tremendous clinical potential as our approach is simple, scalable
and yielded highly functional CFA-PI. To the best of my knowledge, this effort is the first of its
kind to produce size-controlled pseudoislets that incorporate finite proportions of various niche
cells and quantitatively evaluate their function in vitro.
I plan to continue working on this project after my defence as a part of my MD-PhD degree
through the Leaders in Medicine program at the University of Calgary. Dr. Ungrin and I, in
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collaboration with Dr. Biernaskie’s laboratory, are in discussion about initiating an animal trial to
evaluate the efficacy of the highly functional CFA-PI that incorporate dermal fibroblast in
streptozotocin-induced diabetic mice (Yu et al., 2018). While the most common transplantation
site in mice is under the kidney capsule, the fine control of this approach over the size of CFA-PIs
will enable transplantation via portal vein, which is a better representation of islet
transplantation in humans (Shapiro et al., 2000). As demonstrated in appendix B, the P250 CFAPI survive injection through a 30-gauge needle, which has been used for portal vein injections in
mice (Sherman et al., 2014). Moreover, we plan to further investigate the mechanism by which
the incorporation of dermal fibroblast enhances islet cells function. It can be hypothesized that
fibroblast cells produce useful ECM and growth factors that have pro-survival effects on islet cells
(Jalili et al., 2011; Tracy et al., 2016). To test these hypotheses, we plan to collect conditioned
media from CFA-PI incorporating dermal fibroblast and then add it to a culture of CFA-PI that
does not contain fibroblast. If the conditioned media is enough to improve CFA-PI performance,
mass spectrometry can be used to investigate what signalling molecules are present in the
conditioned media. Finally, we plan to knock-down the expression of ECM components in dermal
fibroblast cells, incorporate them into CFA-PIs, and evaluate their function.
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Summary
Mammalian cell culture is foundational to biomedical research, and the reproducibility of
research findings across the sciences is drawing increasing attention. While many components
contribute to reproducibility, the reporting of factors that impact oxygen delivery in the general
biomedical literature has the potential for both significant impact, and immediate improvement.
The relationship between the oxygen consumption rate of cells and the diffusive delivery of
oxygen through the overlying medium layer means parameters such as medium depth and cell
type can cause significant differences in oxygenation for cultures nominally maintained under
the same conditions. While oxygenation levels are widely understood to significantly impact the
phenotype of cultured cells in the abstract, in practise the importance of the above parameters
does not appear to be well recognized in the non-specialist research community. On analyzing
two hundred articles from high-impact journals we find a large majority missing at least one key
piece of information necessary to ensure consistency in replication. We propose that explicitly
reporting these values should be a requirement for publication.
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A1.2 Introduction
A1.2.1 Reproducibility
Reproducibility is a critical foundation of science. Shortcomings in this area are a growing
concern for preclinical research in particular, given the potential for economic and human health
impacts, with some studies reporting more than half of the works they investigated are
incompletely reproducible (Baker, 2016; Begley and Ellis, 2012; Begley and Ioannidis, 2015; Karp,
2018; Mobley et al., 2013) (89% (Begley and Ellis, 2012), 78% (Prinz et al., 2011), 54% (Vasilevsky
et al., 2013), and 51% (Hartshorne and Schachner, 2012)). In the US alone, the economic impact
of irreproducibility has been conservatively estimated to exceed US$28 billion annually
(Freedman et al., 2015a). Several initiatives have been launched to define and mitigate this
problem, including “The Reproducibility Project: Cancer Biology”, which aimed to replicate 50
high impact cancer biology articles (Errington et al., 2014). However, this approach has obvious
practical and financial limitations, and the flagship project has recently been forced to scale back
their objectives from 50 articles to 18 (Kaiser, 2018). Perhaps not surprisingly, given the
complexity of modern biological research, a major challenge for reproducibility is the publication
of research findings with unintended, unrecognized or underreported differences in
experimental method (Bolli, 2015). For instance, using mice of different strain, age, or sex can
lead to different conclusions, even if other variables are consistent (Bolli, 2015; Clayton, 2016;
Flórez-Vargas et al., 2016). Similarly, passage number, cell identity and culture conditions have
been shown to significantly impact reproducibility (Freedman et al., 2015b; Wenger et al., 2015;
Witek et al., 2016). Other potential causes include poor experimental design, inappropriate
statistical analyses (Landis et al., 2012), and of course outright scientific misconduct (Fang et al.,
2012). Here, we have chosen to focus on oxygen delivery, as the problem rests on sound and
non-controversial theoretical foundations (few researchers would dispute the idea that oxygen
impacts cellular phenotype, nor that aqueous solutions provide a significant diffusive barrier to
oxygen delivery); and reporting – and awareness – around a few simple parameters can help
reduce inconsistencies between experiments without significantly increasing the space allocated
to methodology.
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A1.2.2 Oxygen levels in culture commonly differ from physiologically-relevant values
In vivo, oxygenation is finely tuned across time and length scales, including via cellautonomous effects, vasodilation and -constriction, changes in respiratory rate, and vascular
remodelling (Muoio et al., 2014; Wittenberg, 1989). Nearly all of these processes are completely
absent in culture, leaving oxygenation levels easily perturbed and dependant on the precise
details of culture conditions – which are therefore critical to report to ensure reproducibility.
A common theme in the general literature employing mammalian cell culture is the
maintenance of cells in non-physiological oxygen levels, and the use of inadequate terminology
to describe these conditions. In particular, culture of cells in incubators in communication with
the ambient atmosphere is often referred to as “normoxia”, while cultures in incubators with
lower levels are commonly referred to as “hypoxic” (Saltzman et al., 2003; Wenger et al., 2015;
Wild et al., 2005). In turn, “normoxic” incubators are often erroneously assumed to deliver 20.9%
oxygen to the cells, without discussion of other parameters (see below), which – if true – would
be substantially higher than the normal levels experienced by even well perfused tissues such as
the lung parenchyma (Carreau et al., 2011; Ivanovic, 2009a, 2009b; McKeown, 2014). To avoid
ambiguity, we will adopt the use of the recently coined term “physoxia” (McKeown, 2014) to
describe the oxygen levels a cell would normally encounter in vivo. We refer to higher oxygen
levels as hyperoxia, and lower ones as hypoxia (or “near-anoxia” as they approach the limit of
the ability of cultured cells to take up oxygen (Gomes et al., 2016; McKeown, 2014; Wenger et
al., 2015)).
A1.2.3 Variations in oxygenation significantly impact cells
As a key substrate in the bioenergetics of mammalian cells, oxygen availability dictates
metabolic efficiency. Aerobic metabolism allows for the theoretical production of up to thirty-six
ATP molecules per glucose molecule consumed (Heiden et al., 2009), in contrast to anaerobic
glycolysis, which produces two. Thus, oxygenation has the potential for significant direct impacts
on cellular metabolism. As cellular metabolism is able to draw oxygen out of solution even at very
low concentrations, sufficiently oxygen starved cultures can even achieve near-anoxic status
(2.65•10-7 mol/l) (Froese, 1962; Randers-Eichhorn et al., 1996; Wagner et al., 2011), where
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cellular respiration is expected to vary linearly with oxygen levels under Michaelis-Menten
kinetics (Wagner et al., 2011).
However, local oxygen concentration can also impact gene expression and cellular
behaviour more subtly (Jež et al., 2015; Pahl and Baeuerle, 1994; Wenger, 2000, 2002). Under
some conditions, atmospheric oxygen levels can result in a hyperoxic environment for the
cultured cells. Decreases in proliferation rate, reduced plating efficiency and progressive decline
in metabolic activity have all been reported as consequences of culture in the presence of excess
oxygen (McKeown, 2014; Schoonen et al., 1990), potentially mediated by the generation of
reactive oxygen species (Freiberger et al., 2004; Lee and Choi, 2003; Wagner et al., 2011). In the
case of stem cells, hyperoxia has been reported to promote differentiation, and change
responses to growth factors (Ivanovic, 2009a). On the other end of the spectrum, hypoxia can
trigger far-reaching signaling cascades via processes such as the unfolded protein response (UPR),
mTOR signaling, and hypoxia-inducible factor (HIF)-mediated gene regulation (Ivanovic, 2009b;
Majmundar et al., 2010; McKeown, 2014). This in turn can lead to reduced metabolic rates,
temporary cell cycle arrest, promote maintenance of an undifferentiated state, and upregulate
production of pro-angiogenic and pro-survival signals (Chacko et al., 2010; Noman et al., 2015;
Pugh and Ratcliffe, 2003). It is of particular importance to note that these can be thresholdmediated responses, where a small shift in oxygen concentration can provoke a disproportionate
response (Dachs and Tozer, 2000; Guitart et al., 2010; Majmundar et al., 2010).
While researchers who work specifically in the area of oxygenation and cellular
metabolism are conscious of factors that affect it (Kasinskas et al., 2014; Wenger et al., 2015),
discussions of reproducibility do not generally consider oxygenation (Baker, 2016; Begley and
Ellis, 2012; Begley and Ioannidis, 2015; Hartshorne and Schachner, 2012; Karp, 2018; Mobley et
al., 2013; Prinz et al., 2011; Vasilevsky et al., 2013). However, as discussed above, if cells in one
experiment are hyperoxic and in another, hypoxic, due to the relevant variables not being
specified, even if all other aspects of an experimental system are adequately described,
significant inconsistencies in behaviour would be quite likely. While the problem of inadequate
methodological detail in the literature is well recognized, and a great many other factors also
contribute to irreproducibility, we wished to quantitively determine the prevalence of this issue
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as related specifically to oxygenation, and to raise awareness of specific, simple steps that should
be taken to avoid it. We hypothesized that a substantial proportion of articles employing
mammalian tissue culture as a research tool do not report sufficient methodological detail to
ensure reproducibility of the oxygenation conditions to which the cells were exposed, even in
top-tier journals.
A1.3 Results and Discussion
A1.3.1 Key Factors Affecting Oxygen Diffusion
Once steady state conditions are achieved following e.g. medium change, diffusive flux of
oxygen through the growth medium to the cells being cultured is governed by multiple factors
including cellular O2 consumption rate, cell density, O2 partial pressure, O2 solubility,
temperature, media diffusion properties and the height of the media column (Fleischaker and
Sinskey, 1981; Martin and Vermette, 2005; McLiams et al., 1968; Place et al., 2017; Van Winkle
et al., 2012). Although for reasons of complexity we do not address it here, note also that the
amount of oxygen delivered directly through polystyrene culture surfaces can be significant
(Randers-Eichhorn et al., 1996).
According to Fick’s first law, diffusive flux is proportional to the concentration gradient,
which in turn is a function of the difference in concentration between the gas-liquid interface
and the culture surface, divided by the thickness of the liquid layer. As the cells consume oxygen
at a given rate, the local concentration falls, increasing the gradient (and therefore flux) until
equilibrium is attained, and the local oxygen concentration stabilizes at the corresponding value.
However, there is an upper limit to diffusive delivery of oxygen in a given system – oxygen levels
at the culture surface cannot go below zero, at which point the diffusion gradient (and therefore
the flux) cannot be further increased without increasing atmospheric oxygen levels, or reducing
the thickness of the liquid layer. Beyond this point, cellular metabolism is necessarily limited
(either by adaptive biological processes, or simple physics).
Modelling this process demonstrates that relatively minor changes to critical variables
(Table 1) – within ranges that could realistically occur in routine culture – can result in significant
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changes to both oxygen delivery per cell and local oxygen concentration around them (figure A1)
(for detailed example calculations see Supplementary Materials).

Figure A1 Steady-state oxygen mass transfer in cell culture media. Shown in the centre is a plot
of the calculated oxygen concentration (mmol/L) across a media column under culture conditions
of 0.33̅ 𝑐𝑚 media depth, atmospheric pressure at sea level, a culture density of 200,000 cells /
𝑚𝑜𝑙
cm2, and an oxygen consumption rate for CHO cells of 8.60 × 10−17
(McLiams et al., 1968).
𝑐𝑒𝑙𝑙 ∙ 𝑠
Each condition shown around the perimeter represents the consequences of a change in one
variable. At the base of each column the green filling within the circle indicates the fraction of the
cells’ metabolic oxygen needs that can be met under each condition.
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A1.3.2 Variables impacting oxygenation are not adequately documented in the literature
While the ideal study would include the actual oxygen levels at the culture surface, key
factors to calculate this value such as the specific oxygen consumption rate per cell may not be
known, while equipment to directly measure dissolved oxygen is not universally available.
Therefore, we focused on parameters which would be minimally required to ensure
reproducibility of oxygenation conditions, even if the absolute value was not determined (table
1). We assessed fifty recent articles making use of mammalian tissue culture (see Materials and
Methods) from each of four widely-recognized high-impact journals: Nature Biotechnology,
Nature, Cell and Science. Out of the two hundred papers examined (figure A2), 71% were missing
values for more than one critical variable, 23% were missing only one and 6% had all the
necessary data. None of the papers attempted to calculate the oxygen levels in the
microenvironment around the cells.
While this does not necessarily mean that an attempt to reproduce the findings of a given
publication would fail – the experimenters might choose conditions that result in a relatively
similar oxygen environment, or alterations in gene expression or metabolism due to altered
oxygenation might not dramatically affect the specific finding in question – it does draw our
attention to a substantial area of risk, and provides a potential explanation that should be
considered when unable to recapitulate a published finding.

Table A1 Critical factors determining oxygen delivery to the culture surface (McLiams et al., 1968;
Randers-Eichhorn et al., 1996)
FACTOR
CULTURE VESSEL
CELL TYPE
SEEDING DENSITY
MEDIA VOLUME

DESCRIPTION
In combination with medium
volume, determines medium deptha
Oxygen consumption rates vary
widely between cell typesb
With cell type, determines oxygen
consumption rate per unit areac
With culture vessel geometry,
determines medium deptha

aMedium

depth in turn determines the diffusive barrier to oxygen delivery
variation between cells nominally of the same line (Baker et al., 2007;
Culliton, 1974; Graham et al., 1985; Hiorns et al., 2004; Macville et al., 1999; Nugoli et al., 2003;
Wagner et al., 2011), cell type and history should be specified as precisely as possible

bAs there can be significant

216

cWhile

theoretically if cell density is reported at time of plating, a replicate experiment will
duplicate the density after a fixed period of expansion, ideally cell density at time of harvest /
experimentation should also be reported

Figure A2 Results from analysis of published work employing mammalian cell culture.
Manuscripts were assessed and identified as specifying all of the critical variables (blue), missing
only one of the critical variables (orange), or missing multiple critical variables (grey)
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A1.3.3 Variables impacting oxygenation should be documented in all manuscripts employing
mammalian cell culture
The prevalence of the problem demonstrates that a systemic solution is urgently required
to ensure reproducibility of published experiments.
We propose that journal editors require all manuscripts employing mammalian cell culture
to include in the materials and methods a section entitled “Oxygenation considerations”, which
would at a minimum, explicitly include cell type, culture chamber specifications, media volume,
and cell density both at time of seeding and of experimentation, unless those values are already
included elsewhere, in which case their location should be specified in the cover letter to the
editor.
Note that this information is necessary but not sufficient to ensure reproducibility. Many
common cell lines are informally transferred between laboratories, potentially accumulating
genetic and epigenetic alterations, and in many cases are (deliberately or otherwise) selected on
the basis of phenotypes such as clonal expansion capacity. It would not be surprising for
metabolism (and therefore oxygen consumption rates) to differ between two cultures of what is
nominally the same cell line. Where possible, oxygen consumption rates and/or measured
oxygen concentrations should be reported, as should other factors that might influence oxygen
delivery, including high levels of vibration or frequent movement of culture vessels (e.g. in a
crowded incubator, which would result in mixing of the medium and accelerate delivery of
oxygen); obstructions to air flow below the culture vessel (which would reduce oxygen delivery
through the culture surface); or the fact that a given laboratory is at a particularly high altitude
(which would reduce absolute oxygen concentration in the atmosphere).
In addition to the parameters listed above, oxygen delivery to cultured cells can be
influenced by other factors and reporting these would further ensure accurate replication of
experiments: cell density at time of experiment, culture temperature, and partial pressure of O2
(Table 2). Theoretically, cell density should be consistent given the same starting density, culture
conditions, and elapsed time, however explicitly reporting this value would remove a potential
source of variability. Culture temperature is often assumed to be 37 °C if not explicitly reported,
and if not specified the partial pressure of O2 is generally considered to reflect exposure to
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atmospheric oxygen, however it is important to note that this is a function of the altitude of the
location at which the culture experiment was carried out, and this value should also be reported.

Table A2 Additional parameters that affect the amount of delivered oxygen to cultured cells
Factor
Temperatur
e

Effect
A) Increases in temperature cause conflicting effects
of increasing the diffusion coefficient while decreasing
oxygen solubility. In distilled water at 25oC that is
heated to 37oC the combined effect increases the flux
of oxygen by approximately 15%.
Partial
A) An increase in altitude decreases the equilibrium
Pressure of dissolved oxygen; in our laboratory in Calgary (elev.
Oxygen
1045m) atmospheric pressure (and hence maximum
oxygen flux) is about 13% lower than at sea level. Note
that meteorological pressure reports for a given
location commonly refer to “Altimeter setting”
pressure (normalized to altitude), as opposed to the
true barometric “Station Pressure”, which can give the
false impression that local air pressure is similar to
that found at sea level.
B) An increase in pressure increases the solubility of
oxygen, so doubling the ambient air pressure would
double the oxygen flux in a system.
C) The introduction of humidity and carbon dioxide
effectively dilutes other atmospheric components –
for dry air moving to saturation (~6% water vapour)
and 5% CO2 reduces the partial pressure of oxygen by
11% (or 8% for an initial atmosphere at 50% relative
humidity).

Convective
Mixing

Citation
(Han and Bartels,
1996; Langø et al.,
1996; Tromans, 1998;
Wenger et al., 2015)
(Sangster,
1987;
Wagner et al., 2011;
Wenger et al., 2015;
Yang and Wang,
1992)

Vibration, large medium heights and temperature (Balin et al., 1976;
gradients will increase convective mixing which will Berry et al., 2015;
increase the mass transfer of oxygen.
Langø et al., 1996)
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Tissue
Culture
Media
Composition

A) Increases in the ionic strength of culture media of
reduce the solubility of oxygen and the diffusion
coefficient of oxygen; the combined effect is to reduce
oxygen flux by approximately 17% compared to
distilled water (*using our values in this paper, see
supplementary for the range of values reported in
literature).

Handling/
Removal
from Tissue
Culture

A) Equilibration to a steady-state oxygen profile (Allen et al., 2001;
happens on a time scale of one to several hours, Wenger et al., 2015)
depending on medium depth but also culture chamber
details.
B) Opening incubator doors changes the gas mixture
in the incubator, which can take on the order of an
hour to equilibrate. This can cause changes in the
oxygen concentration in the cell culture media,
particularly during experiments in low-oxygen
atmospheres, which in turn can have more extended
effects.

Tissue
Culture
Geometry

A) Oxygen diffusion through polystyrene varies
between culture vessel geometries, and has been
reported to be responsible for up to 30% of oxygen
delivered to the tissue culture.
B) A meniscus causes variation in media column
height, which is particularly relevant in small wells
such as in a 96 well plate.

(Ho et al., 1986;
Jamnongwong et al.,
2010; Ju and Ho,
1985; Langø et al.,
1996; Wagner et al.,
2011; Wenger et al.,
2015)

(Cassileth et al., 2001;
Randers-Eichhorn et
al., 1996; Wenger et
al., 2015)

Although it would be ideal to measure or calculate and report the amount of oxygen
delivered per cell, reporting the recommended essential information should be sufficient to
reproduce the amount of oxygen available for cultured cells. Where the necessary information is
available, we recommend that investigators calculate the approximate oxygenation conditions
within their culture systems as this may inform interpretation of their findings.
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A1.3.4 Oxygenation status should be considered when interpreting experiments
Methods of empirically determining oxygen concentration at the cell level in a static culture
include use of electrode probes (Allen et al., 2001), florescent oxygen sensor spots (Wagner et
al., 2011), embedded florescent reporters (Kasinskas et al., 2014) or biological indicators (Wagner
et al., 2011). Unfortunately, these methods are expensive and generally not accessible for routine
tissue culture monitoring. While continuous monitoring of true oxygen values would be ideal, in
its absence mathematical modelling using a simple formulation of Fick’s law applied to static
tissue culture provides an informative, if imperfect alternative (McLiams et al., 1968). To
facilitate use of such a model, we have developed a spreadsheet calculator (S2 File) that allows
researchers to estimate the theoretical oxygenation status of their cell cultures. The expected
concentration of dissolved oxygen in an incubator under atmospheric oxygen (18.6% see
(Wenger et al., 2015)) at 37oC ranges from 175 µM –204 µM (Buchwald, 2009; Kim et al., 2013;
Langø et al., 1996; McLiams et al., 1968; Wagner et al., 2011). For our calculations we used a
value of 179 µM (Vendruscolo et al., 2012) (the solubility in distilled water is 200 µM (Tromans,
1998). The estimated oxygen diffusion coefficient vary in literature from 0.976- 3.00 x10-5 cm2/s
(Buchwald, 2009; Gomes et al., 2016; Jamnongwong et al., 2010; Kasinskas et al., 2014; Kim et
al., 2013; Langø et al., 1996; McLiams et al., 1968; Randers-Eichhorn et al., 1996; Van Winkle et
al., 2012). The value used here (2.86 cm2/s (Randers-Eichhorn et al., 1996)) is fairly conservative,
and lower diffusion coefficients predict even more dramatic oxygen limitations.
Gas mixtures and atmospheric pressure directly influence the equilibrium concentration of
oxygen at the air-liquid interface. The depth of the liquid and the consumption rate of oxygen by
the cells allows calculation of the theoretical concentration gradient through the media.
Depending on the cell density and user-specified oxygen consumption rate (either measured
experimentally or obtained from the literature (Wagner et al., 2011) the maximum flux of oxygen
through the media may or may not be sufficient to meet the cells’ oxygen stated requirements.
If the maximum flux exceeds the total consumption, the calculated culture-surface oxygen
concentration at which equilibrium is reached is displayed. Otherwise, the cells will consume
oxygen down to near anoxic levels (Froese, 1962), and the proportion of the cells’ nominal oxygen
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consumption rate that cannot be met under the specified culture conditions is calculated and
displayed.
A1.4 Conclusion
Varying O2 levels clearly have significant potential to impact culture phenotype, and while
this fact is widely recognized in the community, it appears not to be taken into account on a
routine basis. While any given case of irreproducibility can not necessarily be attributed to a lack
of details concerning cell oxygenation status, in order to promote reproducibility in the scientific
literature, journal editors should ensure that all published manuscripts employing mammalian
tissue culture specify the four critical oxygenation parameters. Experimenters should routinely
estimate oxygenation conditions in their culture systems and consider them in their analyses.
A1.5 Materials and Methods
Paper selection:
The following search term was used to retrieve articles, with “JOURNALNAME” replaced by
each of: “Nature”, “Nature Biotechnology”, “Cell” and “Science”:
("JOURNALNAME"[Journal]) AND ((mammalian[Text Word] OR mammal[Text Word] OR
human[Text Word] OR mouse[Text Word] OR rat[Text Word] OR rabbit[Text Word] OR
hamster[Text Word]) AND (culture[Text Word] OR cultured[Text Word] OR cell culture[Text
Word]

OR

tissue

culture[Text

Word]))

AND

("2000/01/01"[Date

-

Publication]

:

"2016/06/01"[Date - Publication])
The resulting articles were then evaluated manually (S1 Fig) to restrict them to primary
research articles reporting mammalian cell culture sustained for a minimum of twenty-four
hours, and the most recent 50 papers from each journal were selected for scoring.
Scoring papers:
Each paper was scored by two evaluators independently, and any discrepancies were
subsequently resolved by discussion to establish a consensus score. A conservative list of critical
parameters was identified (Table A1), whose absence provides a challenge for efforts to
reproduce the published work precisely: cell type, media volume, culture chamber specifications,
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and seeding density. Each paper was scored as including all parameters; missing one parameter;
or missing two or more parameters.
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A1.8 Supporting information

Figure S1. Summary of paper selection process. A PubMed search was used to retrieve articles
from Nature, Nature Biotechnology, Cell and Science with publication date between 2016/06/30
- 2000/01/01 containing the key words (“Mammalian” OR “Mammal” OR “human” OR “mouse”
OR “rat” OR “rabbit” OR “hamster”) AND (“culture” OR “cultured” OR “cell culture” OR “tissue
culture”). The resulting articles were then evaluated manually to restrict them to primary
research articles reporting mammalian cell culture sustained for a minimum of twenty-four
hours, and the most recent 50 papers from each journal were selected for scoring.
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Sample Calculation:
For the convenience of the reader, a spreadsheet is included in the supplementary
materials that implements these calculations for user-specified input conditions.

Fick’s law (Cussler, 2009)

𝐽 = −𝐷 × ∇𝐶

Assuming one-dimensional diffusion at steady state, Fick’s law is simplified(Cussler, 2009) to
equation (1):
𝐽 = −𝐷 ×

dC

(1)

𝑑𝑧

By applying our upper and lower boundary conditions where 𝐶 = 𝐶𝑆 at 𝑧 = 0 and 𝐶 = 𝐶𝐶 at
𝑧 = ℎ, Fick’s law becomes equation (2)
𝐽 = −𝐷 ×

𝐽 = −𝐷 ×

∆C
∆𝑧
𝐶𝑆 − 𝐶𝑐

(2)

ℎ

Where:
J
O2 flux
∇𝐶
Gradient of concentration
∆𝐶
change in concentration
D

Diffusion coefficient (Randers-Eichhorn et al., 1996) for O2 in DMEM media at 37 °C in

D= 2.86 × 10−9

𝑚2
𝑠

(3)
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𝑚2
𝑠

.,

h
𝐶𝐶
𝐶𝑆

liquid height; for this sample calculation
[O2] at the cells
[O2] at the air interface

Assumptions:
-

-

The equation is solved in one dimension – these calculations ignore meniscus effects at
the edge of the culture well(Cussler, 2009)
The tissue culture media is a dilute solution with respect to dissolved O 2 – which means
that we assume that the diffusion constant (D) is in fact constant and doesn’t vary
significantly with O2 concentration(Cussler, 2009)
These calculations do not take into account convective medium flows that could arise
from vibration(Randers-Eichhorn et al., 1996)
For purposes of this simplified example, oxygen that diffuses through the wall of the
container is ignored(Randers-Eichhorn et al., 1996)

Calculating CS from Henry’s Law:
𝑃 ∙ 𝛾𝑂2 = 𝐻 ∙ 𝑥 ∗

(4)

‘P’ is pressure of the gas mixture above the medium, while ‘𝛾𝑂2 ’ is the mole fraction of O2 within
this mixture. ‘H’ is Henry’s constant, and ‘𝑥 ∗ ’ is equilibrium mole fraction of O2 in the medium
immediately adjacent to the interface.
According to the literature,(Rettich et al., 2000; Vendruscolo et al., 2012) at 37 oC and
atmospheric pressure, H is estimated to be 1047

𝐿 ∙ 𝑎𝑡𝑚
𝑚𝑜𝑙

.

Note that under standard culture conditions, the partial pressure of oxygen in the atmosphere
must be corrected to reflect the oxygen being displaced by the 5% CO 2 and 6% water vapor in
the incubator.(Dean, 1990)
Therefore (starting with dry air in this example for simplicity’s sake):
𝛾𝑂2 = 0.209 ∙ (1.00 − 0.05 − 0.06) = 18.6%
𝑃 ∙ 𝛾𝑂2 = 𝐻 ∙ 𝑥 ∗
1 𝑎𝑡𝑚 ∙ 18.6%
= 𝐶𝑠
𝐿 ∙ 𝑎𝑡𝑚
1047
𝑚𝑜𝑙
𝒎𝒐𝒍
𝑪𝑺 = 𝟏. 𝟕𝟗 × 𝟏𝟎−𝟒
𝑳
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We achieve the maximum possible O2 flux (Jmax) when the concentration gradient is maximal; this
in turn results when oxygen concentration at the cells is minimal. It has been reported(Froese,
1962) that some cells at least are able to maintain 50% of their normal metabolic activity down
to CC = 2.6 × 10−7

𝑚𝑜𝑙
𝐿

. As this value is almost three orders of magnitude smaller than C S, we

approximate it as zero for the purpose of calculating Jmax, thus:
∆𝐶 = 𝐶𝑆 − 𝐶𝐶

(5)

∆𝐶𝑀𝑎𝑥 ≅ 𝐶𝑆

(6)

∆𝐶 ≅ 𝟏. 𝟕𝟗 × 𝟏𝟎−𝟒

𝒎𝒐𝒍
𝑳

Example 1: Here we use a standard 6 well plate from Thermo Fisher Scientific, of area 9 cm 2,
containing 3 mL of medium per well.(Scientific, 2017) – The height of the medium column h is
therefore (3 cm3 / 9 cm2 = 0.33̅ 𝑐𝑚)
𝐽𝑀𝑎𝑥 = −𝐷 ×

∆C𝑀𝑎𝑥
𝑧

𝑚𝑜𝑙
1.79 × 10−4 𝐿
𝑐𝑚2
𝐽𝑀𝑎𝑥 = 2.86 × 10
×
𝑠
0.33̅ 𝑐𝑚
𝑐𝑚 ∙ 𝑚𝑜𝑙
𝐿
𝐽𝑀𝑎𝑥 = 1.53 × 10−8
×
𝑠∙𝐿
1000 𝑐𝑚3
𝒎𝒐𝒍
𝑱𝑴𝒂𝒙 = 𝟏. 𝟓𝟑 × 𝟏𝟎−𝟏𝟏
𝒄𝒎𝟐 ∙ 𝒔
−5

We then assess whether JMax (the maximum rate at which oxygen could be delivered to the cells
through the overlying medium) is greater or less than the amount of oxygen required by the cells
for full metabolism (Jreq).
If Jreq > Jmax, then there is an oxygen deficit in the system (normal cellular metabolism would
consume more oxygen than can be delivered). This deficit may be described by reporting the
fraction of normal oxygen demand that remains unmet:
𝑱𝒓𝒆𝒒 − 𝑱𝑴𝒂𝒙
𝑱𝒓𝒆𝒒

(7)
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Alternatively, since J is proportional to ∆𝐶 (see equation 2 above), if Jreq ≤ JMax then at equilibrium
the net flow J is less than the maximum possible flow JMax, and we can calculate the ∆𝐶 (and
thereby CC) necessary to drive that flow J by setting J = Jreq. Thus:

𝑱𝒓𝒆𝒒
𝑱𝑴𝒂𝒙

=

∆𝑪 =

∆𝑪

(8)

∆𝑪𝑴𝒂𝒙

∆𝑪𝑴𝒂𝒙 ∙ 𝑱𝒓𝒆𝒒
𝑱𝑴𝒂𝒙

𝑪𝑪 = 𝑪𝑺 − ∆C
(9)

For instance, if we culture Chinese hamster ovary (CHO) cells in our example system:
𝑚𝑜𝑙

We start with a reported OCR value for CHO cells of 8.60 × 10−17 𝑐𝑒𝑙𝑙𝑠 ∙ 𝑠 from the literature.
(Wagner et al., 2011)
CHO cell lines have been reported to achieve between 2 × 105 − 4 × 105 cells/cm2 cell density
at confluency in standard cell culture surfaces.(Camire and Upton, 2007) Using the lower end of
this range for our sample calculation:
𝑱𝒓𝒆𝒒

8.60 × 10−17 𝑚𝑜𝑙 2 × 105 𝑐𝑒𝑙𝑙
=
×
𝑐𝑒𝑙𝑙 𝑥 𝑠
1 𝑐𝑚 2

𝑱𝒓𝒆𝒒

𝟏. 𝟕𝟐 × 𝟏𝟎−𝟏𝟏 𝒎𝒐𝒍 𝑶𝟐
=
𝒄𝒎𝟐 ∙ 𝒔

Note that even though we calculated using the lower end of the reported cell density range, this
is greater than the amount of oxygen that could be delivered through the medium column.
Since 𝑱𝒓𝒆𝒒 > 𝑱𝑴𝒂𝒙 , 𝒕𝒉𝒆𝒏 𝒐𝒙𝒚𝒈𝒆𝒏 𝒅𝒆𝒇𝒊𝒄𝒊𝒕 (𝑶𝟐 𝒅𝒆𝒇 ) =
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑂2 𝑑𝑒𝑓 =

𝐽𝑟𝑒𝑞 − 𝐽𝑀𝑎𝑥
𝐽𝑟𝑒𝑞

× 100

(10)

𝑚𝑜𝑙
𝑚𝑜𝑙
− 1.53 × 10−11
𝑐𝑚2 ∙ 𝑠
𝑐𝑚2 ∙ 𝑠 × 100
𝑚𝑜𝑙
1.72 × 10−11
𝑐𝑚2 ∙ 𝑠

1.72 × 10−11
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑂2 𝑑𝑒𝑓 =

𝑱𝒓𝒆𝒒 − 𝑱𝑴𝒂𝒙
𝑱𝒓𝒆𝒒

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝑶𝟐 𝒅𝒆𝒇 = 𝟏𝟏 %
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Thus, despite being cultured under what would typically be reported as 21% O 2, these cells are
experiencing extremely low local levels of oxygen, and are metabolically limited to about 90% of
their normal oxygen consumption. Note however that this simplified calculation does not include
oxygen diffusing directly through the tissue culture plasticware(Randers-Eichhorn et al., 1996)

Example 2: Maintaining the same conditions as example 1, but in this example we use a
standard T-25 flask from Thermo Fisher Scientific(Scientific, 2017) with 3 mL of medium – The
height of the medium column h is therefore (3 cm3 / 25 cm2)= 0.12 cm
𝐽𝑀𝑎𝑥 = −𝐷 ×

∆C
𝑧

𝑚𝑜𝑙
2
1.79 × 10−4 𝐿
𝑐𝑚
𝐽𝑀𝑎𝑥 = 2.86 × 10−5
×
𝑠
0.12 𝑐𝑚
𝑐𝑚 ∙ 𝑚𝑜𝑙
𝐿
𝐽𝑀𝑎𝑥 = 4.26 × 10−8
×
𝑠∙𝐿
1000 𝑐𝑚3
𝒎𝒐𝒍
𝑱𝑴𝒂𝒙 = 𝟒. 𝟐𝟔 × 𝟏𝟎−𝟏𝟏
𝒄𝒎𝟐 ∙ 𝒔
And 𝐽𝑟𝑒𝑞 = 1.72 × 10−11

𝑚𝑜𝑙 𝑂2
𝑐𝑚2 ∙ 𝑠

as previously calculated for Chinese hamster ovary (CHO) cells

Now 𝑱𝒓𝒆𝒒 < 𝑱𝑴𝒂𝒙 , therefore:
𝑱 = 𝑱𝒓𝒆𝒒
𝑱𝒓𝒆𝒒
∆𝑪
=
𝑱𝑴𝒂𝒙
∆𝑪𝑴𝒂𝒙
∆𝑪 =

∆𝑪𝑴𝒂𝒙 ∙ 𝑱𝒓𝒆𝒒
𝑱𝑴𝒂𝒙

𝑚𝑜𝑙 1.72 × 10−11 𝑚𝑜𝑙 𝑂2
∙
𝐿
𝑐𝑚2 ∙ 𝑠
∆𝑪 =
𝑚𝑜𝑙
4.26 × 10−11
𝑐𝑚2 ∙ 𝑠
𝑚𝑜𝑙
∆𝑪 = 𝟕. 𝟐𝟐 × 10−5
𝐿
1.79 × 10−4

𝑪𝑪 = 𝑪𝑺 − ∆𝑪
𝐶𝐶𝑒𝑙𝑙𝑠 = 1.79 × 10−4

𝑚𝑜𝑙
𝑚𝑜𝑙
− 7.22 × 10−5
𝐿
𝐿
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𝑪𝑪𝒆𝒍𝒍𝒔 = 𝟏. 𝟎𝟔 × 𝟏𝟎−𝟒

𝒎𝒐𝒍
𝑳

, which is equivalent to oxygen concentration in a medium in

equilibrium with air at 12.6% O2 at sea level (Henry’s law calculation not shown)

Example 3: Maintaining the same conditions as example 1, but in this example we use a 24 well
plate (area 2 cm2 per well) from Thermo Fisher Scientific(Scientific, 2017) containing 1 mL of
media per well – The height of the medium column h is therefore (1 cm3 / 2 cm2) = 0.5 cm
𝐽𝑀𝑎𝑥 = −𝐷 ×

∆C𝑀𝑎𝑥
𝑧

𝑚𝑜𝑙
2
1.79 × 10−4 𝐿
𝑐𝑚
𝐽𝑀𝑎𝑥 = 2.86 × 10−5
×
𝑠
0.5 𝑐𝑚
𝑐𝑚 ∙ 𝑚𝑜𝑙
𝐿
𝐽𝑀𝑎𝑥 = 1.02 × 10−8
×
𝑠∙𝐿
1000 𝑐𝑚3
𝒎𝒐𝒍
𝑱𝑴𝒂𝒙 = 𝟏. 𝟎𝟐 × 𝟏𝟎−𝟏𝟏
𝒄𝒎𝟐 ∙ 𝒔

From the previous examples, 𝑱𝒓𝒆𝒒 =

𝟏.𝟕𝟐×𝟏𝟎−𝟏𝟏 𝒎𝒐𝒍 𝑶𝟐
𝒄𝒎𝟐 ∙ 𝒔

Since 𝑱𝒓𝒆𝒒 > 𝑱𝑴𝒂𝒙 , 𝒕𝒉𝒆𝒏 𝒐𝒙𝒚𝒈𝒆𝒏 𝒅𝒆𝒇𝒊𝒄𝒊𝒕 (𝑶𝟐 𝒅𝒆𝒇 ) =
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑂2 𝑑𝑒𝑓 =

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑂2 𝑑𝑒𝑓

𝑱𝒓𝒆𝒒 − 𝑱𝑴𝒂𝒙
𝑱𝒓𝒆𝒒

𝐽𝑟𝑒𝑞 − 𝐽𝑀𝑎𝑥
× 100
𝐽𝑟𝑒𝑞
1.72 × 10−11 𝑚𝑜𝑙
𝑚𝑜𝑙
− 1.02 × 10−11
2
𝑐𝑚 ∙ 𝑠
𝑐𝑚2 ∙ 𝑠 × 100
=
−11
1.72 × 10
𝑚𝑜𝑙
2
𝑐𝑚 ∙ 𝑠

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝑶𝟐 𝒅𝒆𝒇 = 𝟒𝟏 %
In this case, the cells would be experiencing a substantial oxygen deficit.
Note that in the preceding three examples, the same cells, cultured at the same density, in
different culture vessels under commonly used volumes of growth medium, are expected to
experience dramatically different oxygen environments, ranging from physiologically
hyperoxic, to oxygen-limited near-anoxic.
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Paper scoring criteria:
Each paper was scored by two evaluators independently, and any discrepancies were
subsequently resolved by discussion to establish a consensus score. A conservative list of critical
parameters was identified, whose absence provides a challenge for efforts to reproduce the
published work precisely: cell type, media volume, culture chamber specifications, and seeding
density. Each paper was scored as including all parameters; missing one parameter; or missing
two or more parameters.
In addition to the parameters listed above, oxygen delivery to cultured cells can be influenced by
other factors and reporting them would further ensure reproducible oxygen delivery. Although
these factors did not influence our current conservative scoring criteria, our evaluators checked
if they were reported in each paper. These parameters include: cell number at confluence,
culture temperature, and partial pressure of O2. Culture temperature is often assumed to be 37
°C if not explicitly reported, and if not specified the partial pressure O2 is generally considered to
reflect exposure to atmospheric oxygen, however it is important to note that this is a function of
the altitude of the location at which the culture experiment was carried out, and this value should
also be reported.
Ideally authors would also calculate or measure the Oxygen Consumption Rate (OCR) of the
culture and O2 flux, however for technical reasons this is often not practical.
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Appendix B
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This experiment was done to evaluate if controlling the size for CFA-PI would allow us to inject
them through a 30-gauge needle – the needle typically used for portal vein injections in mice
(Sherman et al., 2014). In this experiment we injected P100 (a), P250 (b), P500 (c), P750 (d), and
P1000 (e) CFA-PI through a 30-gauge needle (inner diameter of 159 µm, dotted circle) at 50
µl/minute. Subsequent staining for fluorescein diacetate (green) and propidium iodide (red) cells
and quantification (f) reveals that P100 and P250 appear to survive the injection better than P750
and P1000. The mean fluorescence for the green and red channel of each RPE-µT was quantified
using a custom-made Image J plugin that automated fluorescence measurement for each
aggregate. The ratio of FDA (green) to PI (red) fluorescence for each measured aggregate was
calculated for P100 (N=158 aggregates), P250 (N=164), P500 (N=73), P750 (N=143), P1000
(N=105) and Tukey’s multiple comparisons test was conducted to evaluate the statistical
significance.
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Appendix C
Image j custom macro designed and written by Dr. Mark Ungrin
macro "Analyse clusters [f5]" {
inputImage=getTitle();
print("\\Clear");
run("Clear Results");
roiManager("Reset");
print("Processing "+inputImage);
mask_threshold=1200;
data_slice_1=3;
data_slice_2=2;
mask_slice=1;
min_size=1000;
smoothing_iterations=20; // used during erode-dilate cycles to smooth outlines of masks, controls how
finely the watershed algorithm divides up clusters
test_mask=false;
run_watershed=true;
blur_size=10; // how much to blur the blue image before generating the mask - makes watershed less
aggressive about splitting things up
Dialog.create("Preferences");
sliceCount = nSlices;
sliceChoices=newArray(sliceCount);
//

Dialog.addNumber("Slice to use to identify objects:", mask_slice);
for (i=0; i<sliceCount; i++) {
Dialog.addString("Name for slice "+(i+1)+":", "Slice_"+(i+1));
sliceChoices[i]=""+(i+1);
}
Dialog.addChoice("Slice to use to identify objects:", sliceChoices);
//Dialog.addNumber("Slice to use to identify objects:", mask_slice);
Dialog.addCheckbox("Only test object identification?", false);
Dialog.addCheckbox("Run watershed segmentation to break apart objects in contact?", true);
Dialog.addCheckbox("Automatically identify threshold value?", true);
Dialog.addNumber("Manual threshold (used only if NOT selected automatically):", 1200);
Dialog.addNumber("Smoothing iterations on mask:", smoothing_iterations);
Dialog.addNumber("Blur levels on mask:", blur_size);
Dialog.addNumber("Minimum object size to analyse:", min_size);
Dialog.show();
sliceNames=newArray(sliceCount);
for (i=0; i<sliceCount; i++) {
sliceNames[i]=Dialog.getString();
print("Name for slice "+(i+1)+": "+sliceNames[i]);
}
mask_slice = Dialog.getChoice();
print("mask_slice "+mask_slice);
test_mask = Dialog.getCheckbox();
print("test_mask "+test_mask);
run_watershed = Dialog.getCheckbox();
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print("run_watershed "+run_watershed);
auto_threshold = Dialog.getCheckbox();
print("auto_threshold "+auto_threshold);
mask_threshold = Dialog.getNumber();
print("mask_threshold "+mask_threshold);
smoothing_iterations = Dialog.getNumber();
print("smoothing_iterations "+smoothing_iterations);
blur_size = Dialog.getNumber();
print("blur_size "+blur_size);
min_size = Dialog.getNumber();
print("min_size "+min_size);
function check_saturation(name) {
bit_depth=bitDepth();
getRawStatistics(nPixels, meanVal, minVal, maxVal, stdVal, histogram);
if (maxVal == (pow(2,bit_depth)-1)) {
saturated_pixels = histogram[maxVal]/nPixels;
getLut(reds, greens, blues);
reds[255] = 255-reds[255];
greens[255] = 255-greens[255];
blues[255] = 255-blues[255];
setLut(reds, greens, blues);
showMessage("WARNING("+name+"): Intensity values for "+histogram[maxVal]+" pixels
out of "+nPixels+" are saturated (value="+maxVal+")\nIntegrated and mean intensity values calculated in this
channel will be artefactually low.\nConduct your analyses accordingly\nPlease try to capture images without
significant numbers of saturated pixels.");
}
}
for (i=0; i<sliceCount; i++) {
selectWindow(inputImage);
setSlice(i+1);
check_saturation(sliceNames[i]);
run("Duplicate...", "title="+sliceNames[i]);
}
selectWindow(inputImage);
setSlice(mask_slice);
run("Duplicate...", "title=MASK_SLICE");
if (blur_size>0) run("Gaussian Blur...", "sigma="+blur_size+" scaled");
if (auto_threshold) {
setAutoThreshold("Default dark");
} else {
setThreshold(mask_threshold, 65535);
}
setOption("BlackBackground", false);
run("Convert to Mask");
run("Options...", "iterations="+smoothing_iterations+" count=5 pad do=Nothing");
run("Fill Holes");
setOption("BlackBackground", false);
run("Dilate");
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run("Erode");
//run("Dilate");
if (run_watershed) run("Watershed");
//run("Set Measurements...", "area mean standard min centroid fit shape integrated display redirect=None
decimal=3");
run("Set Measurements...", "area mean standard min centroid shape integrated display redirect=None
decimal=3");
run("Input/Output...", "jpeg=85 gif=-1 file=.csv use use_file copy_column save_column");
run("Clear Results");
roiManager("Reset");
run("Analyze Particles...", "size="+min_size+"-Infinity show=Nothing display exclude add");
selectWindow("MASK_SLICE");
run("Close");
run("Clear Results");
if (!test_mask) {
setBatchMode(true);
roi_count=roiManager("Count");
meanArray=newArray(sliceCount);
print("sliceCount "+sliceCount+", roi_count "+roi_count);
for (i=0; i<roi_count; i++){
roiManager("Select", i);
roiManager("Rename", "Aggregate #"+(i+1)+"("+inputImage+")");
for (j=0; j<sliceCount; j++){
selectWindow(sliceNames[j]);
print("ROI "+i+", slice "+sliceNames[j]+" of "+sliceCount);
roiManager("Measure");
meanArray[j]=getResult("Mean");
}
summaryRow = nResults();
setResult("Label", summaryRow, "Aggregate #"+(i+1)+"("+inputImage+")");
for (j=0; j<sliceCount; j++){
setResult(sliceNames[j], summaryRow, meanArray[j]);
}
setResult("SUMMARY", summaryRow, "SUMMARY");
updateResults();
}
}
selectWindow(inputImage);
imgW = getWidth();
imgH = getHeight();
setBatchMode(false);
montageName = "Montage ("+inputImage+")";
newImage(montageName, "RGB black", imgW*sliceCount, imgH, 1);
setBatchMode(true);
fontSize = imgH / 10;
setFont("Sanserif", fontSize);
setColor(255, 255, 255);
for (j=0; j<sliceCount; j++){
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selectWindow(sliceNames[j]);
run("Select All");
run("Copy");
selectWindow(montageName);
makeRectangle(imgW*j, 0, imgW, imgH);
run("Paste");
drawString(sliceNames[j], imgW*j+fontSize*0.5, fontSize*1.5);
selectWindow(sliceNames[j]);
run("Close");
}
setBatchMode(false);
selectWindow(inputImage);
roiManager("Show All");
selectWindow("Results");
selectWindow(montageName);
roiManager("Show All");
}

Example 1: R400 RPE-µT control

Example 2: R100 RPE-µT injected:
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Appendix D
Hi everyone,

Since you are listed as a co-author on the following manuscript in preparation:

Al-Ani, A., Toms, D., Giles, K., Touahri, Y., Sunba, S., Biernaskie, J., Schuurmans, C., and Ungrin,
M. Scaffold-free Retinal Pigment Epithelium Microtissues Exhibit Increased Release of PEDF. (in
preparation).

The University of Calgary requires that I obtain your permission to use this thesis for my PhD
thesis. If you agree, please respond to this email stating that you agree.

Thank you

Abdullah
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Since you are listed as a co-author on the following manuscript in preparation:

Toms, D*., Al-Ani, A*., Sunba, S., Tong, Q., Workentine, M., Ungrin, M. (2019). Automated
hypothesis generation to identify signals relevant in the development of mammalian cell and
tissue bioprocesses, with validation in a retinal culture system. Frontiers (in preparation).

The University of Calgary requires that I obtain your permission to use this thesis for my PhD
thesis. If you agree, please respond to this email stating that you agree.
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Abdullah
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Hi everyone,

Since you are listed as a co-author on the following manuscript in preparation:

Al-Ani, A., Sunba, S., Toms, D., Giles, K., Hafeez, B and Ungrin, M. In vitro maturation increases
the expression of key RPE genes. (in preparation).
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Thank you
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cells into engineered human pseudoislets enhances their glucose-stimulated insulin secretion. (in
preparation).
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Al-Ani A, Toms D, Kondro D, Thundathil J, Yu Y, Ungrin M. 2018. Oxygenation in cell culture:
Critical parameters for reproducibility are routinely not reported. Ed. Zoran Ivanovic. PLoS
One 13:e0204269. http://dx.plos.org/10.1371/journal.pone.0204269.
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