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ABSTRACT

Stem cell technologies hold great promise in solving problems within fields such as drug
development, regenerative medicine, and disease modeling. Stem cell engineering provides a
mechanism that will help stem cells achieve this promise. Currently, many applications within
tissue engineering are limited by a lack of ability to create accurate micro-physiological structures
that recapitulate multicellular tissue patterns in vivo. Precise control of spatial and temporal
signaling is desired to perform concurrent differentiation to multiple cell types intentionally. The
OptoWnt construct, a novel optogenetic system activating the Wnt signaling pathway, achieves
precise spatiotemporal regulation, in pursuit of greater control in stem cell differentiation. We
utilize OptoWnt, to differentiate stem cells into cardiovascular cells: endothelial progenitor cells
and cardiomyocytes, valuable cell types for designing microtissues. Endothelial cells comprise
the luminal lining of blood and lymphatic vessels, providing the integral structure for distribution
within the body, separating mobile and stationary tissues. Cardiomyocytes provide the force
required to pump blood throughout the human body and are a highly desired cell type in
regenerative medicine.

In this project, we have applied an optogenetic induced signaling pathway, OptoWnt, to
differentiate human pluripotent stem cells (hPSCs) into cardiovascular cells via light-induced
activation of Wnt signaling pathway. In the analysis of these cells and comparison to previous
small molecule approaches to cardiovascular cell differentiation, we demonstrate the robustness
of the optogenetic approach and similar efficiency that it has with the small molecule approach. In
short, we have further demonstrated the utility and potential of optogenetic induction of

developmental pathways, via the OptoWnt construct.



1. INTRODUCTION

1.1 Motivation

Every single cell of any human being once originated from a stem cell. Stem cells have a
property called pluripotency, which refers to their ability to differentiate, or sequentially refine
through defined developmental pathways, into a more mature phenotype, sequentially becoming
less pluripotent, but more nuanced'. This is how we all came to be.

Stem cells hold immense promise in fields such as regenerative medicine, drug development,
and disease modeling. Stem cells, as tools for developmental biology, help us to identify where
exactly certain mechanisms and changes occur in embryogenesis and what occasionally goes
wrong to create diseases. Stem cells have the capacity to differentiate into any tissue within the
human body. For instance, with proper signaling pathway control, human pluripotent stem cells
(hPSCs) may be differentiated to form different cardiovascular cells (Figure 1.1). One of the
attractive characteristics of stem cells is a seemingly unlimited renewal capacity?, which allows
for a great source of cells for tissue generation. With induced pluripotent stem cells® and genome
editing®, we now have the tools to perform greater investigations of genetic-related diseases,

permitting more accurate genetic and cellular models of diseased phenotypes.
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Figure 1.1. Wnt signaling modulation to develop different cell types within heart tissue. With the activation and
inhibition of the Wnt pathway, we are able to sequentially differentiate stem cells into more specified cell types,
ultimately deriving the cells that compose the three major layers of the heart: endocardium, myocardium, and
epicardium.



During the conception of stem cell technology, researchers and healers alike dreamed of a
future with modular medicine. That would be the pinnacle of regenerative medicine: where an
injured tissue may simply be replaced with a stem cell-derived substitute. Priority stem cell
transplant treatments primarily involve cells that do not heal or replicate well, such as neurons and
cardiomyocytes. Slightly over 20 years have passed since the discovery that allows for the
maintenance of pluripotency in stem cells®®, functionalizing these cells for studies in the lab;
however, stem cell treatment has not yet become standard care. While no stem cell therapies have
arrived in phase 3 clinical trials’, there have been several promising investigations in phases 1 and
2, looking to repair cardiomyopathy® and retinal macular degeneration’. Clearly, there is much
more to investigate and discover for stem cell applications.

Current progress is limited by the inability to create physiologically accurate tissues. /n vivo,
animal tissues contain a heterogenous mixture of cells with defined and purposeful relations to
each other. Pursuits in physiologically relevance include creating integrated heterogeneous
composites of multiple cell types, achieving mature phenotypes comparable to tissues in vivo, and
designing tissues that are sufficiently complex to mimic tissue. Pursuing these concepts within
stem cell cultures will help us to create synergistic interactions between cells within these tissues
and create tissues that model those required to meet the complicated demands of multicellular life.

Historically, most differentiation and cell culture protocols focus on creating a monoculture
of a specific cell phenotype. However, in many of the body’s microstructures, there is
heterogeneity in cell types. Current approaches in designing intentional multicellular tissues rely

on these different approaches: matrix bound substrates!®, 3D printing!"!?

, or signaling gradients
via microfluidics'®. Matrix bound substrates refer to tagging the matrices that cells grow on with
signaling molecules or substrates, such that only the cells in the very direct vicinity of said tag are
signaled and differentiate accordingly. 3D printing involves suspending cells of interest into
different 3D printing inks to be layered spatially. A third approach requires utilizing microfluidics
to create signaling molecule gradients. Difficulties with the aforementioned approaches to
multicellularity in differentiation involve a lack of spatial control after the initial design, lack of
cell-to-cell interactions, and lack of tunability, all of which are imperative to creating a
physiologically relevant model. OptoWnt, an optogenetic construct which activates the Wnt

pathway, meets these needs in supplying a robust system that provides precise spatially controlled

signaling!*.
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The canonical Wnt pathway is a well-studied, highly conserved developmental pathway
common to fruit flies, humans, and all animals in-between. This pathway occurs in early
embryogenesis and helps to establish fate determination among different subpopulations of stem
cells'>!%. Upon activation, the extracellular Wnt protein binds to the Wnt receptors, Frizzled and
LRP6 (Figure 1.2). As Frizzled and LRP6 bind to the extracellular Wnt protein, the intracellular
components of the receptors create a condition which attracts and inhibits GSK3!7. While GSK3
is inhibited, B-catenin accumulates and resultingly migrates into the nucleus of the cell. Once in
the nucleus, B-catenin binds to other transcription factors and activates the Wnt pathway associated

genes.
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Figure 1.2. Simplified schematic of the canonical Wnt pathway. The activation of the Wnt pathway relies on the
inhibition of a protein complex centered on GSK3. Uninhibited, GSK3 marks fB-catenin for ubiquitination, or
degradation. In vivo the canonical Wnt pathway is activated via an extracellular Wnt signaling protein, such as Wnt-
8. This protein binds to the receptors Frizzled and LRP6. Once activated by the extracellular Wnt ligand, LRP6
becomes phosphorylated. Phosphorylated LRP6 inhibits GSK3, allowing B-catenin to accumulate in the cytosol,
diffuse into the nucleus, and resultingly, up-regulate Wnt targeted genes.

1.2 Optogenetics

Optogenetics refers to the process of utilizing light as a medium to alter genetic expression
within the cell. This can refer to utilizing light to induce the production of a specific protein '8, or,

as in our case, utilizing light to activate a fundamental developmental pathway!*!*?°. We will be

11



referring to the latter. The primary purpose of the OptoWnt system is to provide precise
spatiotemporal control over the activation of Wnt signaling'®. In application, modulation of
signaling permits researchers to have greater spatiotemporal control in differentiating stem cells

intentionally and concurrently into cells of interest within the same culture dish (Figure 1.3).
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Figure 1.3. Graphic demonstrating OptoWnt’s ability to selectively differentiate into multilineage patterns. Through
this research, we demonstrate that optogenetics may be utilized to modulate the Wnt pathway and induce
differentiation into different cell types, such as cardiomyocytes and endothelial progenitor cells. In taking the research
a step further, we use spatial control of light exposure to create patterning in cell differentiation, leading to intentional
and controlled patterning in stem cell differentiation.

As compared to other approaches for intentionally heterogeneous differentiation,
optogenetics imparts several comparative benefits: orthogonality in signaling, precise control over
expression, low impact on non-optogenetic cells, and concurrent differentiation. Orthogonality in
signaling refers to being able to supply other means by which impact the differentiation of the stem
cells, aiding in the adaptability of this approach. Other methods of co-differentiation are unable to
achieve the spatial precision that optogenetics achieves. With optogenetics, boundaries between
different cell types are defined by the exposure to the activating light'*?!. It is difficult to achieve
this discrete of a boundary with other mechanisms of signaling control. It may be noted that the
exposure to light has a negligible effect on non-engineered stem cells. Finally, the greatest benefit

and perhaps most influential achievement of OptoWnt and the Light Activation at Variable
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Amplitude (LAVA) device is the ability to create distinct populations of desired cell types via Wnt
pathway modulation from a source of light alone®?. Specifically, this may be noted in the example
of differentiation hPSCs into cardiomyocytes and epicardial cells, where distinct subpopulations
of each cells are shown. This precise spatiotemporal control is paramount to designing more
physiologically relevant tissues>>%*.

OptoWnt was designed by inserting a conjugated protein Cry2-LRP6¢ (Cry2 connected to
the cytoplasmic domain of LRP6) into the HO hPSCs’ 44 VS safe harbor locus'®. Cry2-LRP6c is
expressed constitutively within the cell, permitting an abundance of this protein to be available for
the activation of the Wnt pathway. This creates an alternative entry into the standard canonical
Wnt pathway. Instead of relying on the exogenous exposure to the Wnt protein or a substitute,
cells may be exposed to light to induce the Wnt pathway, a much more spatially controllable option.
When the OptoWnt cells are exposed to 470 nm light, the Cry2 domains of the Cry2-LRP6c protein
clump together, forming aggregate bodies?’. These aggregate bodies recapitulate the Wnt receptor
protein interactions on the cell surface, leading to a similar activation. The clustering of the LRP6¢

domains inhibits GSK3, leading to the accumulation of B-catenin. Once again, B-catenin is able to

migrate to the nucleus and interact with transcription factors activating Wnt-targeted genes.
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Figure 1.4. Mechanism of light activated Wnt pathway in OptoWnt cells'*. To create an optogenetic approach to
activation of the Wnt pathway, the cytoplasmic domain of LRP6 was conjugated to the Cry2 protein. When exposed
to light at 470 nm, Cry2 aggregates similarly to the endogenous triggering of the Wnt receptors. LRP6¢ becomes
phosphorylated due to aggregation and inhibits GSK3. As GSK3 is inhibited, -catenin accumulates in the cytosol,
diffuses into the nucleus, and activates Wnt target genes. Reproduced without edit under the Creative Commons
license 4.0.1

1.3 Cardiovascular Cells

Endothelial progenitor cells are the precursor to endothelial cells. These progenitors
demonstrate similarities and the potential to become endothelial cells, but they do not exhibit the

expected qualities and expression levels characteristic of mature endothelial cells, such as vVWF
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expression or acetylated LDL uptake?. Endothelial cells originate from the mesoderm germ layer
and compose the luminal lining of blood and lymphatic vessels, present all over the body. These
endothelial cells act as a barrier between mobile and stationary tissues. Endothelial cells have
distinct and vital functions such as structural integrity, nutrient and waste transport, protection,
tissue separation, specialized cellular transport, promoting proper hemostasis, and chemical
production?’3°,

As endothelial cells define the luminal surface of blood and lymph vessels, the relative
spatial properties of these cells are very important in practice*!. Without the annular geometry of
blood vessels, the body would not be able to distribute oxygen and nutrients as efficiently.
Therefore, the spatial patterning of tissues is especially essential in regards to endothelial cell
placement. OptoWnt provides a way to meet these spatial demands.

For any significant orthotopic tissue repair via stem cell derived tissues, endothelial cells are
necessary to ensure proper vascular supply to the donor tissue®. Similarly, in drug development,
endothelial tissues provide a system to characterize pharmacokinetics*?, investigating how a drug
is able to permeate the walls of the blood vessels. Endothelial cells have been shown to increase
the maturity of stem cell-derived tissues, leading to a more phenotypically relevant tissue*>. With
greater endothelial cell models, we would be able to investigate findings of angiogenesis, leading
to better methods of repairing vascular injuries** and better methods to prevent the growth and
spread of tumors>’.

Cardiomyocytes comprise the muscle tissue that enables the heart to beat, pumping blood
throughout the body. These cells rhythmically contract from birth to death without interruption.
Cardiomyocytes are another prime cell fate to organize spatially, due to a necessity for proper
vasculature and cooperation among the cells. In muscle fibers, cells are all oriented in the same
direction, allowing for the cooperation of each muscle cell’s contraction. Without spatial control
in the differentiation of cardiomyocytes, the orientation and direct vicinity of each cell is random?®,
which is difficult to implement downstream or clinically. Cardiovascular and heart disease are the
leading causes of mortality in the world®’. These diseases result from blockages in the coronary
arteries that provide nutrients and oxygen to the cardiomyocytes. With a blockage, these cells die,
commonly referred to as a myocardial infarction, or heart attack. Cardiomyocytes are not a highly
proliferative cell; therefore, the heart is not typically repaired. Cardiomyocytes prove to be a prime

target for the regenerative medicine potential of stem cells.
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Previous methods for cardiovascular cell differentiation call for co-culturing with stromal
cells®®, embryoid body formation, or 2-dimensional (2D) monolayer*®. These techniques lead to
heterogeneity in cell population, with the 2D monolayer having the greatest efficiency of the three.
Stromal cells, also called feeder cells, provide hPSCs with the proper environment to proliferate
and differentiate into endothelial cells. Embryoid body formation relies on spontaneous
differentiation in the stem cells to produce a subpopulation of endothelial progenitors. The
resulting cell mixtures have a high variability in composition and are not ideal for tissue modeling.
2D monolayers demonstrate good efficiencies in differentiating, but do not grow integrated with
other cell types. While modulating the OptoWnt spatial signaling does pursue heterogeneity in
culture, it is controlled heterogeneity, as opposed to what stromal cell and embryoid body
techniques allow. This control allows for the production of complex stem cell-derived multicellular

tissues, driving the field of stem cell technology forward.

1.4 Project Objectives

This research is an exploration of an optogenetic-induced Wnt pathway, OptoWnt. Primarily,
we introduce this construct as an alternate mode of signal induction and, resultingly, differentiation.
We investigate the usage of OptoWnt and LAVA device to provide precise spatiotemporal
signaling control. Through our investigation, we first demonstrate the similar efficiency in
endothelial progenitor differentiation obtained via optogenetics compared to the established small-
molecule approach. Next, we demonstrate the ability of this technology to establish patterns in
differentiation via modulation of light exposure spatially. In achieving these objectives, we provide

a proof of concept for the potential and efficacy of optogenetics in stem cell populations.
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2. RESULTS

2.1 Genomic Insertion of OptoWnt Construct

In order to create the stable OptoWnt cell line, we prepared a vector to insert into the A4 VS
safe harbor site, a commonly utilized locus for gene editing. As shown in Figure 2.1 below, the
donor plasmid has a puromycin resistance (PuroR) cassette for drug selection and a constitutive
CAG promoter producing Cry2-LRP6¢ and mCherry. Homologous 5’arm and 3’arm were also
included in this construct to achieve targeted knockin via homology directed repair (HDR), which
permits any transgene of interest to insert into and repair the genomic DNA after a double stranded

break (DSB) induced by a nuclease such as Cas9.

Donor plasmid —( 5arm —{ PuroR —/ CAG [ Cry2 | LRPéc @Al mCherry }— 3arm ——
AAVST locus —{ Exon1 - Bin = T TR i Exon2 —
tsgrNA
§ron
OptoWnt — Exon1 —{ PuroR — CAG [ Cry2 _ LRPBC Exon2 —

Cry2-LRP6c-2A-mCherry

Figure 2.1. Insertion of OptoWnt construct into 44 VS safe harbor locus via homology directed repair'*. Cells were
transfected with plasmids coding for Cas9, sgRNA for the 44 VS1 locus, and the OptoWnt donor construct. The Cas9-
sgRNA complex creates a double stranded break at the A4VS! locus. Using homology directed repair, the OptoWnt
donor construct inserts into the 44 VS site.

Figure 2.2. Identification of a positive insertion clone with mCherry. After a successful transfection, mCherry positive
colonies are identified. As mCherry and Cry2-LRP6c¢ are transcribed under the same promoter, CAG, mCherry
presence is indicative of Cry2-LRP6c.

We transfected the hPSCs via electroporation. Initially, we investigate if the stabilized

colonies, post-transfection and selection, expressed mCherry (Figure 2.2). After we have
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identified drug-resistant individual mCherry+ hPSC clones from the transfection, we utilized PCR
genotyping to determine their homozygosity (Figure 2.3). We prepare primers that identify the
unedited 44VS1 site and then perform PCR to determine which clones still retain the unedited
AAVSI locus. If the clones display a band in the homozygosity assay below, then they do not have

a homozygous insertion.

204 bp
e W -

""'.

Homozygosity

Figure 2.3. Homozygosity PCR assay to determine if the OptoWnt construct is inserted into both alleles of the A4VS1
site'*. The clones with 204 bp results only have a single OptoWnt insertion. The negative clones are identified as
having a homozygous insertion of OptoWnt into both alleles of the AAVS] site.

2.2 OptoWnt Retains Pluripotency

Prior to the usage and differentiation of the stable OptoWnt cell line, it is important to ensure
that the engineered cell line itself retains pluripotency, despite having an exogenous gene
expressed. Without pluripotency under maintenance stage, there would be no subsequent directed
differentiation into desired cell types. We cultured OptoWnt cells in pluripotency media for the
duration of 3 passages, or roughly 10 days, and analyzed the expression of two pluripotency
markers, SOX2 and OCT4, via immunostaining and flow cytometry. As can be seen in Figure 2.4
by the 98.3% double positive cells in the flow cytometry plot, the OptoWnt cells retain

pluripotency.

0.06

OCT4

117 0.44

SOX2

Figure 2.4. Flow cytometry analysis of OptoWnt for pluripotency markers, OCT4 and SOX2. Cells were treated with
antibodies binding to the pluripotency markers OCT4 and SOX2. Each axis demonstrates a logarithmic scale of
fluorescence. As 98.3% of these cells demonstrate presence of the pluripotency markers, we can properly state that
the engineered OptoWnt cells retain pluripotency.
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Furthermore, we performed immunostaining analysis to demonstrate the typical stem cell
phenotype. The strong expression of OCT-4 and SSEA-4 in OptoWnt cells confirmed their
pluripotency (Figure 2.5). The mCherry expression suggests the expression of OptoWnt transgene,

as these two transgenes are driven by the same constitutive CAG promoter.

. ocT-4

Figure 2.5. Immunostaining analysis for pluripotency markers OCT-4 and SSEA-4, along with mCherry'4. OCT4 and
SSEA4 presence further demonstrates the pluripotent state of the OptoWnt engineered hPSCs.

2.3 Differentiation of Endothelial Progenitor Cells

In order to differentiate OptoWnt cells into endothelial progenitor cells, we modified an
established protocol (Figure 2.6), which utilizes small molecule CHIR99021 (CHIR) to activate
the canonical Wnt signaling pathway. The modification of the Wnt activation replaces the small

molecule CHIR with light activation in the OptoWnt cells (Figure 2.7).

Figure 2.6. Small-molecule approach for endothelial progenitor differentiation using Wnt pathway activator

d-2 do d1 d2 CD34+CD31+ | d5
s chi | e | | e
v v Y v >
L7™ I LaSR basal I LaSR basal + VEGF I

CHIR99021 (CHIR)*. The small-molecule CHIR activates the Wnt pathway via inhibition of GSK3 during days 0
and 1 of endothelial progenitor differentiation. On days 2 through 5, the cells are cultured in a basal media with 100

ng/mL of VEGF.
d-2 do d1 d2 CD34+CD31+ | d5
Single-cell Basal Endothelial
seeding hv hv medium /_—’—I Progenitors
¥ v ¥ v >
L7™ I LaSR basal I LaSR basal + VEGF I

Figure 2.7. Modified light-activated approach to endothelial progenitor differentiation for OptoWnt cells. The
standard small-molecule differentiation protocol is altered by utilizing the light activation of OptoWnt in replacement
of the CHIR activation. Wnt activation occurs on days 0 and 1. On days 2 through 5, the cells are cultured in a basal
media with 100 ng/mL of VEGF.
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Through endothelial progenitor cell differentiation via OptoWnt activation with the LAVA
device, we achieved a 19.0% CD34+CD31+ endothelial progenitor cells (Figure 2.8). In
comparison to other tested cell lines, this demonstrates great promise in the potential for

differentiation via optogenetics.
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Figure 2.8. Flow cytometry analysis of OptoWnt endothelial progenitor cells via light activation. OptoWnt endothelial
progenitor cells are stained for established surface markers CD31 and CD34 on day 5 of differentiation. The light-
activation of OptoWnt demonstrates a CD31+CD34+ rate of 19.0% with a standard deviation of 1.3%.

21.8% of these light-activated endothelial progenitor cells are CD34+. This is slightly higher
than the small-molecule approach of 20.4% CD34+, but not significantly (Figure 2.9).
Furthermore, the light-activated endothelial progenitor differentiation approach shows a
comparable efficiency to the other cell lines achieved via the small-molecule approach. The
greatest efficiency of the cell lines was by H13 at 32.0% and the smallest efficiency by H9 at 20.4%
CD34+. The H9 optogenetic differentiation results are statistically similar to the small-molecule
approaches of cell lines 19-9-7, 6-9-9, H9, and H14. It may be noted that this range in
differentiation efficiencies is typical in stem cell technologies. Different cell lines may be
predisposed to a specific lineage compared to other cell lines*!. To further explain potential
variations, certain induced pluripotent stem cell (iPSC) lines may be predisposed to differentiate
to similar tissues from which the iPSC was originally derived. Additionally, these biological
science experiments have a tendency towards larger variations. This exciting result demonstrates

the potential that the OptoWnt cell line has to offer in terms of differentiation induction.
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Figure 2.9. Comparison of light activated H9 OptoWnt CD34+% with other cell lines using small molecule
differentiation via CHIR*. In comparing the H9 cells differentiated into endothelial progenitor cells via the light-
activation approach and the H9 differentiated via the CHIR, we can see comparable results. Light-activation achieved
an average of 21.8% CD34+ cells while small molecule approach averaged at 20.4%, with standard deviations of 0.7
and 2.2%, respectively. Data received from Bao et al. Stem Cell Research 2015.

To further characterize the cells derived from light activated OptoWnt-derived endothelial
progenitor cells, we performed immunostaining analysis. Cells were stained for surface markers
CD31, CD34, and VECAD (Figure 2.10). Brightfield images presented a cobblestone-like
phenotype in cells, along with some apparent 3-dimensional structure. This cobblestone-like

characteristic packing of endothelial cells is what allows them to create the layers that seal the
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blood vessels circulating throughout the body.

Figure 2.10. Immunostaining analysis of CD31, CD34, and VECAD in light-induced endothelial progenitor cells.
CD31, CD34, and VECAD are representative of endothelial progenitor cells, demonstrating the effectiveness of the

optogenetic protocol.

20

| |

I

H1

H13

H14



2.4 Differentiation of Cardiomyocytes

Similar to the protocol for differentiation of endothelial progenitor cells, we replace the
small-molecule Wnt-activation with light-activated Wnt-activation via OptoWnt to differentiate
cardiomyocytes (Figure 2.11). Following Wnt-activation on day 1, Wnt-inhibition is induced by
Wnt-C59 at day 3. Following this, the cells are retained in basal media until day 15, when they are
characterized via flow cytometry analysis or immunostaining. The differentiated cardiomyocytes

may be noticed contracting after day 7, a well-known example of cardiomyocytes’ ability to beat

spontaneously.
d-1 d0 d1 d3 ds d15
Single cell hv Basal Wnt-C59 Basal Molecular
seeding 5 medium medium d7 Contracting cells analysis
mTeSR1 RPMINVC | RPMHB27

Figure 2.11. Light-activated approach to cardiomyocyte differentiation from OptoWnt cells. On day 0, the Wnt
pathway is activated via light exposure. On day 3, Wnt-C59 inhibits Wnt signaling. These cells are maintained on
basal medium until characterization via immunostaining and flow cytometry on day 15.

In further analysis, optogenetic differentiated cardiomyocytes were stained for ¢cTnT and
MF20 (Figure 2.12). These cells demonstrate a similar phenotype to the small-molecule approach
for cardiomyocytes. Furthermore, they demonstrate a high efficiency of differentiation, judged by
the presence of cTnT. It may be noted that mCherry still remains present from the OptoWnt

transgene.

Figure 2.12. Immunostaining of optogenetic-differentiated cardiomyocytes. Cells are stained with cardiomyocyte
specific marker cTnT and muscle cell specific marker MF20. mCherry is produced from the OptoWnt gene construct.
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To investigate the efficiency of cardiomyocyte differentiation from hPSCs, flow cytometry
analysis was performed, quantifying cTnT in the differentiated cultures (Figure 2.13). The isotype
utilized compared to was non-differentiated OptoWnt. When compared to a small molecule
protocol for cardiomyocyte differentiation, the optogenetic efficiency of 81.8% cTnT+ approaches

the small molecule efficiency of 96% cTnT+%,
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Figure 2.13. Histogram defining difference in cTnT expression between optogenetic-derived OptoWnt
cardiomyocytes and pluripotent OptoWnt cells. The differentiated cardiomyocytes, red curve, are found to be 81.8%
¢TnT positive when using pluripotent OptoWnt cells as an isotype, blue curve.

2.5 Spatial Modulation of the Wnt Pathway

To demonstrate the spatial modulation that the OptoWnt cell line and the LAV A device may
serve, we set up two scenarios of light exposure: a ring and a vertical bar (Figure 2.14). The ring
exposes all cells to light except for those under the ring, while the vertical bar only exposes those
within the bar to light. The 470 nm light activates the Wnt pathway and induces illuminated cells
to progress into the mesoderm germ layer. The brachyury (or T) is a mesendoderm specific marker,
and can be witnessed in the illuminated cells below. We can see that only the cells that have been
exposed to the light have progressed into the mesendoderm lineage, demonstrating spatial
modulation as a proof-of-concept. In the bright field panels of each image, we may see a black
ring and light vertical bar. These demonstrate the light exposure geometries that these cells were
cultured in. Therefore, the black region in the brightfield images indicates a region that was not

illuminated and did not have induce the Wnt pathway.
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Figure 2.14. Spatial modulation of Wnt signaling creates patterning of mesoderm lineage cells'*. Transparent films
were utilized to control the spatial differentiation and were placed between the culture plate and the LAVA light source.
Two conditions, a ring and a vertical bar, were utilized to test the capabilities of this technology. The ring demonstrates
a majority of the cell culture exposed to light, while the vertical bar exposes less than half of the cells, with two
different geometries.

After the proof-of-concept in delivering spatial patterning within the mesendoderm, we
induced differentiation into two different cell types, cardiomyocytes and epicardial cells (Figure
2.15). All cells were initially illuminated on day 0, in order to activate the Wnt pathway. On day
3, Wnt-C59 was added to the media to inhibit the Wnt pathway for all cells. At this point, the cells
may be classified as cardiac progenitors. A transparent film with an opaque ring was placed
between the LAVA device and the cell culture, inducing spatial patterning. The cells exposed to
the light once again had the Wnt pathway activated and consequentially differentiated into

epicardial cells. The cells shaded by the mask further developed into cardiomyocytes.
Epicardium

Myocardium

Epicardium

Figure 2.15. Spatial modulation of Wnt signaling creates patterning of cardiomyocytes and epicardial cells. After
Wnt-inhibition via Wnt-C59, a ring mask blocked exposure during a second light-activated Wnt-activation. The
secondary Wnt-activation induced the development of epicardial cells around a ring of cardiomyocytes.
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3. MATERIALS AND METHODS

3.1 Stem Cell Culture and Passaging

Original H9 wildtype hPSCs were obtained from WiCell. hPSCs were cultured on Matrigel
coated 6-well plates in stem cell culture media: mTeSR 1™, mTeSR Plus™, E8 or LaSR. Cells
were cultured in an incubator at 5% CO2, 37°C. When cell confluency reached approximately 90%,
cells were passaged using 0.5 mM EDTA solution to a new well with 5 uM Y-27632, a ROCK

inhibitor.

3.2 Genomic Editing

CRISPR/Cas9-mediated homology-directed repair (HDR) was used to knock the OptoWnt
construct into H9 hPSCs. To construct the donor plasmid, Cry2-LRP6c-P2A-mCherry was
synthesized and cloned into 44V S1-Puro CAG FUCCI (Addgene #136934) via Gibson Assembly.
The resulting donor plasmid was electroporated into wildtype H9 hPSCs along with the SpCas9
AAVSI gRNA T2 (Addgene; #79888). The resulting cells were seeded onto the Matrigel-coated 6-
well plate and subjected for drug selection (1 pg/ml puromycin) once reaching confluency.
Successfully-targeted mCherry+ clones were then picked and subjected for homozygosity assay

using PCR genotyping.

3.3 Light Activated Wnt Activation

In order to induce the light activated Wnt pathway in OptoWnt cells, we utilized the LAVA
board. The LAVA device was set to expose the cells to 1 uW/mm? of 470 nm light, the equivalent
of Wnt activation by 6 uM of CHIR99021. The 24-well plate with the differentiating OptoWnt
cells was placed on top of the LAVA device (Figure A1) and cultured for 24 or 48 hours. After
24 hours, the cells were inspected for any apoptosis. For desired differentiation patterning, films
were created with transparent and opaque regions to either expose or block cell culture from the

light, resultingly modulating the Wnt activation across a single cell culture well.
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3.4 Flow Cytometry Analysis

Flow cytometry allows us to quantify subpopulations of cells based on fluorescent molecules.
Antibodies may be tagged with fluorophores to identify cells with specific markers. For surface
markers, live cell flow cytometry analysis was performed. Cells were treated with Accutase™ or
0.5 mM EDTA and filtered through a strainer to obtain single cell suspension. Singularized cells
were centrifuged and washed once with FlowBuffer-1 (0.5% BSA in PBS). The cell pellet was
then suspended in 50 pL of FlowBuffer-1 with appropriate antibodies and incubated for 30 minutes
at room temperature. Cells were then washed and analyzed in a BD Accuri C6 plus flow cytometry

machine.

3.5 Immunostaining

Cells were washed with PBS to remove any debris and fixed in 4% paraformaldehyde/PBS
for 15 minutes. Cells were washed twice with PBS and stained with desired antibodies in 5%
nonfat milk powder and 0.4% Triton X-100 solution overnight at 4°C on a plate rocker. After PBS
washing, cells were incubated with appropriate secondary antibodies in the 5% milk blocking
solution for 30 mins at room temperature or overnight at 4°C. Nuclei were stained with DAPI
solution for 5 mins. After PBS washing, the stained cells were imaged and processed with a Leica

DMi-8 fluorescent microscope and ImagelJ, respectively.
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4. CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Summary of Current Progress

The OptoWnt gene construct has shown its ability to activate the Wnt pathway,
differentiating hPSCs into endothelial progenitor cells, cardiomyocytes*’, and epicardial cells?'. In
creating results capable of direct comparison with the small-molecule approach of differentiation,
we have demonstrated the capacity of the OptoWnt construct to replace the standard Wnt activator,
CHIR, while permitting precise spatial control at the same time. Comparable percentages of
CD34+ endothelial progenitor cells were achieved between the OptoWnt optogenetic
differentiation and previous small molecule approach. Future work may investigate the ability of
OptoWnt cells to differentiate into other cell types achieved via Wnt pathway modulation.

Further investigations should look at the gene expression levels of OptoWnt cells. It should
be investigated if the cells display any unusual markers that may be attributed to the constitutive
expression of Cry2-LRP6c¢. The cell line being able to maintain a pluripotent state is a good start
to this investigation. If the cells were under stress from the constant expression of this transgene,
we would anticipate that the cells would spontaneously differentiate and would not remain
proliferative in culture**. Any findings of potential stress indicators as a result of the constitutive
expression of Cry2-LRP6¢ would provide valuable insight into micro-physiological effects that

this approach may have on other cells.

4.2 Applications of OptoWnt Endothelial Progenitor Cells for Future Work

In order for a tissue to be effective in orthotopic transplantation, it must have a proper supply
of blood. Similarly, for the scaling-up of lab grown tissues for transplantation experiments,
vascular supply is necessary. OptoWnt-derived endothelial cells provide as source of
vascularization for creating physiologically relevant tissues. With the spatial patterning capability
that the LAV A device allows, more physiologically relevant tissues may be achieved. A next step
in this investigation may examine the potential of OptoWnt-derived endothelial tissue to benefit
in vascular repair®.

Future analysis to be done with OptoWnt-derived endothelial cells includes performing

functional assays to demonstrate the phenotype of these cells. Function assays include acetylated-
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LDL uptake?S and vascular tube formation*, which may further demonstrate the mature phenotype

achieved by cells derived from the optogenetic differentiation of hPSCs.

4.3 Other Applications of Optogenetics in hPSCs

The approach discussed in this study is flexible. Additional cell lines may be engineered for
optogenetic control of other developmental pathways. However, a requirement is that the receptor
protein must have a similar mechanism to LRP6c, which may be recapitulated by the light-
activated aggregation of Cry2. For example, Humphreys et al. has created a system in which the
BMP signaling pathway was activated via optogenetics'®. With the increasing availability of stem
cell lines with different optogenetic pathways, tissue development will have access to more control

in permitting the sequential addition and differentiation of different stem cell subpopulations.
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APPENDIX A

Table A.1. Values for CD34+% in comparison of endothelial progenitor differentiation from stem cell lines*’. Data
from Bao et al. Stem Cell Research 2015.

Cell Line Wnt Activation | CD34+ Endothelial Progenitors % | Standard Dev.%
H9 OptoWnt Light 21.8 +0.7
H9 ESCs CHIR 204 +2.2
19-9-11 iPSCs CHIR 25.2 +2.2
19-9-7 iPSCs CHIR 22.5 +1.8
6-9-9 iPSCs CHIR 20.6 +1.4
H1 ESCs CHIR 259 +1.2
dH13 ESCs CHIR 32.0 +1.6
H14 ESCs CHIR 20.5 +1.9

Figure A.1. Descriptive Diagram of Light Activation at Variable Amplitude (LAVA) device. Cells are placed on top
of the tissue culture plate rack in a 24-well tissue culture plate. If spatial patterning is desired, a regionally-opaque and
regionally-transparent film is placed underneath the culture plate, leading to spatially-controlled activation of the Wnt

pathway.

Tissue Culture Plate Rack

Electronic Control

—
)\//

(

\

<

28

Cooling Fans and Heat Sink




(1)

)

)

4

)

(6)

(7)

(8)

REFERENCES

Thomson, J. A. Embryonic Stem Cell Lines Derived from Human Blastocysts. Science
1998, 282 (5391), 1145-1147. https://doi.org/10.1126/science.282.5391.1145.

Lau, K. X.; Mason, E. A.; Kie, J.; de Souza, D. P.; Kloehn, J.; Tull, D.; McConville, M. J.;
Keniry, A.; Beck, T.; Blewitt, M. E.; Ritchie, M. E.; Naik, S. H.; Zalcenstein, D.; Korn, O.;
Su, S.; Romero, I. G.; Spruce, C.; Baker, C. L.; McGarr, T. C.; Wells, C. A.; Pera, M. F.
Unique Properties of a Subset of Human Pluripotent Stem Cells with High Capacity for
Self-Renewal. Nature Communications 2020, 11 (1). https://doi.org/10.1038/s41467-020-
16214-8.

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka,
S. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors.
Cell 2007, 131 (5), 861-872. https://doi.org/10.1016/j.cell.2007.11.019.

Pellagatti, A.; Dolatshad, H.; Valletta, S.; Boultwood, J. Application of CRISPR/Cas9
Genome Editing to the Study and Treatment of Disease. Archives of Toxicology. Springer
Verlag July 15, 2015, pp 1023—-1034. https://doi.org/10.1007/s00204-015-1504-y.

Dvorak, P.; Hampl, A. Basic Fibroblast Growth Factor and Its Receptors in Human
Embryonic Stem Cells. Folia Histochemica et Cytobiologica. Polish Histochemical and
Cytochemical Society 2005, pp 203-208. https://doi.org/10.5603/4597.

Ludwig, T. E.; Kujak, A.; Rauti, A.; Andrzejewski, S.; Langbehn, S.; Mayfield, J.; Fuller,
J.; Yashiro, Y.; Hara, Y.; Bhattacharyya, A. 20 Years of Human Pluripotent Stem Cell
Research: It All Started with Five Lines. Cell Stem Cell. Cell Press November 1, 2018, pp
644—648. https://doi.org/10.1016/j.stem.2018.10.009.

Deinsberger, J.; Reisinger, D.; Weber, B. Global Trends in Clinical Trials Involving
Pluripotent Stem Cells: A Systematic Multi-Database Analysis. npj Regenerative Medicine
2020, 5 (1). https://doi.org/10.1038/s41536-020-00100-4.

Vrtovec, B.; Poglajen, G.; Sever, M.; Lezaic, L.; Domanovic, D.; Cernelc, P.; Haddad, F.;
Torre-Amione, G. Effects of Intracoronary Stem Cell Transplantation in Patients with
Dilated Cardiomyopathy. Journal of Cardiac Failure 2011, 17 (4), 272-281.
https://doi.org/10.1016/j.cardfail.2010.11.007.

29



)

(10)

(1)

(12)

(13)

(14)

(15)

(16)

Sharma, R.; Khristov, V.; Rising, A.; Jha, B. S.; Dejene, R.; Hotaling, N.; Li, Y.; Stoddard,
J.; Stankewicz, C.; Wan, Q.; Zhang, C.; Campos, M. M.; Miyagishima, K. J.; McGaughey,
D.; Villasmil, R.; Mattapallil, M.; Stanzel, B.; Qian, H.; Wong, W.; Chase, L.; Charles, S.;
McGill, T.; Miller, S.; Maminishkis, A.; Amaral, J.; Bharti, K. Clinical-Grade Stem Cell-
Derived Retinal Pigment Epithelium Patch Rescues Retinal Degeneration in Rodents and
Pigs. Science Translational Medicine 2019, 11 (475).
https://doi.org/10.1126/scitranslmed.aat5580.

Ye, K.; Wang, X.; Cao, L.; Li, S.; Li, Z.; Yu, L.; Ding, J. Matrix Stiffness and Nanoscale
Spatial Organization of Cell-Adhesive Ligands Direct Stem Cell Fate. Nano Letters 2015,
15 (7),4720-4729. https://doi.org/10.1021/acs.nanolett.5b01619.

Ker, E. D. F.; Chu, B.; Phillippi, J. A.; Gharaibeh, B.; Huard, J.; Weiss, L. E.; Campbell,
P. G. Engineering Spatial Control of Multiple Differentiation Fates within a Stem Cell
Population. Biomaterials 2011, 32 (13), 3413-3422.
https://doi.org/10.1016/j.biomaterials.2011.01.036.

Yuan, J.; Sahni, G.; Toh, Y. C. Stencil Micropatterning for Spatial Control of Human
Pluripotent Stem Cell Fate Heterogeneity. In Methods in Molecular Biology; Humana Press
Inc., 2016; Vol. 1516, pp 171-181. https://doi.org/10.1007/7651 2016 325.

O’Grady, B.; Balikov, D. A.; Wang, J. X.; Neal, E. K.; Ou, Y. C.; Bardhan, R.; Lippmann,
E.S.; Bellan, L. M. Spatiotemporal Control and Modeling of Morphogen Delivery to Induce
Gradient Patterning of Stem Cell Differentiation Using Fluidic Channels. Biomaterials
Science 2019, 7 (4), 1358—1371. https://doi.org/10.1039/c8bm01199k.

Repina, N. A.; Bao, X.; Zimmermann, J. A.; Joy, D. A.; Kane, R. S.; Schaffer, D. v.
Optogenetic Control of Wnt Signaling for Modeling Early Embryogenic Patterning with
Human Pluripotent Stem Cells. bioRxiv. bioRxiv June 10, 2019, p 47907.
https://doi.org/10.1101/665695.

Komiya, Y.; Habas, R. Wnt Signal Transduction Pathways. Organogenesis. Landes
Bioscience 2008, pp 68—75. https://doi.org/10.4161/0rg.4.2.5851.

Lindsley, R. C.; Gill, J. G.; Kyba, M.; Murphy, T. L.; Murphy, K. M. Canonical Wnt
Signaling Is Required for Development of Embryonic Stem Cell-Derived Mesoderm.
Development 2006, 133 (19), 3787-3796. https://doi.org/10.1242/dev.02551.

30



(17)

(18)

(19)

(20)

21

(22)

(23)

(24)

(25)

Bili¢, J.; Huang, Y. L.; Davidson, G.; Zimmermann, T.; Cruciat, C. M.; Bienz, M.; Niehrs,
C. Wnt Induces LRP6 Signalosomes and Promotes Dishevelled-Dependent LRP6
Phosphorylation. Science 2007, 316 (5831), 1619-1622.
https://doi.org/10.1126/science.1137065.

Zhao, E. M.; Zhang, Y.; Mehl, J.; Park, H.; Lalwani, M. A.; Toettcher, J. E.; Avalos, J. L.
Optogenetic Regulation of Engineered Cellular Metabolism for Microbial Chemical
Production. Nature 2018, 555 (7698), 683—687. https://doi.org/10.1038/nature26141.

Humphreys, P. A.; Woods, S.; Smith, C. A.; Bates, N.; Cain, S. A.; Lucas, R.; Kimber, S.
J. Optogenetic Control of the BMP Signaling Pathway. ACS Synthetic Biology 2020, 9 (11),
3067-3078. https://doi.org/10.1021/acssynbio.0c00315.

Bugaj, L. J.; Choksi, A. T.; Mesuda, C. K.; Kane, R. S.; Schaffer, D. v. Optogenetic
Protein Clustering and Signaling Activation in Mammalian Cells. Nature Methods 2013, 10
(3), 249-252. https://doi.org/10.1038/nmeth.2360.

Repina, N. A.; Bao, X.; Zimmermann, J. A.; Joy, D. A.; Kane, R. S.; Schaffer, D. v.
Optogenetic Control of Wnt Signaling for Modeling Early Embryogenic Patterning with
Human Pluripotent Stem Cells. bioRxiv. bioRxiv June 10, 2019, p 47907.
https://doi.org/10.1101/665695.

Repina, N. A.; McClave, T.; Johnson, H. J.; Bao, X.; Kane, R. S.; Schaffer, D. v.
Engineered Illumination Devices for Optogenetic Control of Cellular Signaling Dynamics.
Cell Reports 2020, 31 (10), 107737. https://doi.org/10.1016/j.celrep.2020.107737.

Hoang, P.; Wang, J.; Conklin, B. R.; Healy, K. E.; Ma, Z. Generation of Spatial-Patterned
Early-Developing Cardiac Organoids Using Human Pluripotent Stem Cells. Nature
Protocols 2018, 13 (4), 723-737. https://doi.org/10.1038/nprot.2018.006.

Drakhlis, L.; Biswanath, S.; Farr, C.-M.; Lupanow, V.; Teske, J.; Ritzenhoff, K.; Franke,
A.; Manstein, F.; Bolesani, E.; Kempf, H.; Liebscher, S.; Schenke-Layland, K.; Hegermann,
J.; Nolte, L.; Meyer, H.; de la Roche, J.; Thiemann, S.; Wahl-Schott, C.; Martin, U.;
Zweigerdt, R. Human Heart-Forming Organoids Recapitulate Early Heart and Foregut
Development. Nature Biotechnology 2021. https://doi.org/10.1038/s41587-021-00815-9.

Bugaj, L. J.; Choksi, A. T.; Mesuda, C. K.; Kane, R. S.; Schaffer, D. v. Optogenetic
Protein Clustering and Signaling Activation in Mammalian Cells. Nature Methods 2013, 10
(3), 249-252. https://doi.org/10.1038/nmeth.2360.

31



(26)

(27)

(28)

(29)

(30)

(€19

(32)

(33)

(34)

(35)

Voyta, J. C.; Via, D. P.; Butterfield, C. E.; Zetter, B. R. Identification and Isolation of
Endothelial Cells Based on Their Increased Uptake of Acetylated-Low Density Lipoprotein.
Journal of Cell Biology 1984, 99 (6), 2034-2040. https://doi.org/10.1083/jcb.99.6.2034.

Yoder, M. C. Human Endothelial Progenitor Cells. Cold Spring Harbor Perspectives in
Medicine. Cold Spring Harbor Laboratory Press 2012.
https://doi.org/10.1101/cshperspect.a006692.

Coultas, L.; Chawengsaksophak, K.; Rossant, J. Endothelial Cells and VEGF in Vascular
Development. Nature. Nature Publishing Group December 15, 2005, pp 937-945.
https://doi.org/10.1038/nature04479.

Banno, K.; Yoder, M. C. Tissue Regeneration Using Endothelial Colony-Forming Cells:
Promising Cells for Vascular Repair. Pediatric Research. Nature Publishing Group January
1, 2018, pp 283-290. https://doi.org/10.1038/pr.2017.231.

Banno, K.; Yoder, M. C. Tissue Regeneration Using Endothelial Colony-Forming Cells:
Promising Cells for Vascular Repair. Pediatric Research. Nature Publishing Group January
1, 2018, pp 283-290. https://doi.org/10.1038/pr.2017.231.

Lee, S.-J.; Kim, K. H.; Yoon, Y.-S. Generation of Human Pluripotent Stem Cell-Derived
Endothelial Cells and Their Therapeutic Utility HHS Public Access. 2018.
https://doi.org/10.1007/s11886-018-0985-8.

Melgert, B. N.; Weert, B.; Schellekens, H.; Meijer, D. K. F.; Poelstra, K. The
Pharmacokinetic and Biological Activity Profile of Dexamethasone Targeted to Sinusoidal
Endothelial and Kupffer Cells. Journal of Drug Targeting 2003, 11 (1), 1-10.
https://doi.org/10.1080/1061186031000072969.

Dunn, K. K.; Reichardt, I. M.; Simmons, A. D.; Jin, G.; Floy, M. E.; Hoon, K. M.; Palecek,
S. P. Coculture of Endothelial Cells with Human Pluripotent Stem Cell-Derived Cardiac
Progenitors Reveals a Differentiation Stage-Specific Enhancement of Cardiomyocyte
Maturation. Biotechnology Journal 2019, 14 (8). https://doi.org/10.1002/biot.201800725.

Zampetaki, A.; Kirton, J. P.; Xu, Q. Vascular Repair by Endothelial Progenitor Cells.
Cardiovascular ~ Research.  Cardiovasc  Res June 2008, pp  413-421.
https://doi.org/10.1093/cvr/cvn081.

la Porta, S. L.; Roth, L.; Singhal, M.; Mogler, C.; Spegg, C.; Schieb, B.; Qu, X.; Adams,
R. H.; Scott Baldwin, H.; Savant, S.; Augustin, H. G. Endothelial Tiel-Mediated

32



(36)

(37)

(38)

(39)

(40)

(41)

(42)

Angiogenesis and Vascular Abnormalization Promote Tumor Progression and Metastasis.
Journal of Clinical Investigation 2018, 128 (2), 834—845. https://doi.org/10.1172/JCI194674.

Karakikes, I.; Ameen, M.; Termglinchan, V.; Wu, J. C. Human Induced Pluripotent Stem
Cell-Derived Cardiomyocytes: Insights into Molecular, Cellular, and Functional
Phenotypes. Circulation Research. Lippincott Williams and Wilkins June 19, 2015, pp 80—
88. https://doi.org/10.1161/CIRCRESAHA.117.305365.

Barquera, S.; Pedroza-Tobias, A.; Medina, C.; Herndndez-Barrera, L.; Bibbins-Domingo,
K.; Lozano, R.; Moran, A. E. Global Overview of the Epidemiology of Atherosclerotic
Cardiovascular Disease. Archives of Medical Research. Elsevier Inc. July 1, 2015, pp 328—
338. https://doi.org/10.1016/j.arcmed.2015.06.006.

Minami, H.; Tashiro, K.; Okada, A.; Hirata, N.; Yamaguchi, T.; Takayama, K.; Mizuguchi,
H.; Kawabata, K. Generation of Brain Microvascular Endothelial-like Cells from Human
Induced Pluripotent Stem Cells by Co-Culture with C6 Glioma Cells. PLoS ONE 2015, 10
(6). https://doi.org/10.1371/journal.pone.0128890.

Sahara, M.; Hansson, E. M.; Wernet, O.; Lui, K. O.; Spéter, D.; Chien, K. R. Manipulation
of a VEGF-Notch Signaling Circuit Drives Formation of Functional Vascular Endothelial
Progenitors from Human Pluripotent Stem Cells. Cell Research 2014, 24 (7), 820-841.
https://doi.org/10.1038/cr.2014.59.

Bao, X.; Lian, X.; Dunn, K. K.; Shi, M.; Han, T.; Qian, T.; Bhute, V. J.; Canfield, S. G.;
Palecek, S. P. Chemically-Defined Albumin-Free Differentiation of Human Pluripotent
Stem Cells to Endothelial Progenitor Cells. Stem Cell Research 2015, 15 (1), 122—-129.
https://doi.org/10.1016/j.scr.2015.05.004.

Randolph, L. N.; Bao, X.; Oddo, M.; Lian, X. L. Sex-Dependent VEGF Expression
Underlies Variations in Human Pluripotent Stem Cell to Endothelial Progenitor
Differentiation. Scientific Reports 2019, 9 (1), 1-8. https://doi.org/10.1038/s41598-019-
53054-z.

Lian, X.; Bao, X.; Zilberter, M.; Westman, M.; Fisahn, A.; Hsiao, C.; Hazeltine, L. B.;
Dunn, K. K.; Kamp, T. J.; Palecek, S. P. Chemically Defined, Albumin-Free Human
Cardiomyocyte Generation. Nature Methods. Nature Publishing Group June 30, 2015, pp
595-596. https://doi.org/10.1038/nmeth.3448.

33



(43)

(44)

(45)

(46)

Lian, X.; Bao, X.; Al-Ahmad, A.; Liu, J.; Wu, Y.; Dong, W.; Dunn, K. K.; Shusta, E. v.;
Palecek, S. P. Efficient Differentiation of Human Pluripotent Stem Cells to Endothelial
Progenitors via Small-Molecule Activation of WNT Signaling. Stem Cell Reports 2014, 3
(5), 804-816. https://doi.org/10.1016/j.stemcr.2014.09.005.

Hu, Q.; Khanna, P.; Ee Wong, B. S.; Heng, Z. S. L.; Subhramanyam, C. S.; Thanga, L.
Z.; Tan, S. W. S.; Baeg, G. H. Oxidative Stress Promotes Exit from the Stem Cell State and
Spontaneous Neuronal Differentiation. Oncotarget 2018, 9 (3), 4223-4238.
https://doi.org/10.18632/oncotarget.23786.

Cao, Z.; Ye, T.; Sun, Y.; Ji, G.; Shido, K.; Chen, Y.; Luo, L.; Na, F.; Li, X.; Huang, Z.;
Ko, J. L.; Mittal, V.; Qiao, L.; Chen, C.; Martinez, F. J.; Rafii, S.; Ding, B. sen. Targeting
the Vascular and Perivascular Niches as a Regenerative Therapy for Lung and Liver
Fibrosis. Science Translational Medicine 2017, 9 (405).
https://doi.org/10.1126/scitranslmed.aai8710.

Gentile, M. T.; Pastorino, O.; Bifulco, M.; Colucci-D’amato, L. Huvec Tube-Formation
Assay to Evaluate the Impact of Natural Products on Angiogenesis. Journal of Visualized

Experiments 2019, 2019 (148). https://doi.org/10.3791/58591.

34



