
From Department of Clinical Science, Intervention and Technology, 
Division of Obstetrics and Gynecology 

Karolinska Institutet, Stockholm, Sweden 

DEVELOPMENTAL INSIGHTS AND BIOMEDICAL 
POTENTIAL OF HUMAN EMBRYONIC STEM CELLS  

Modelling Trophoblast Differentiation and Establishing Novel 
Cell Therapies for Age-related Macular Degeneration 

 

Álvaro Plaza Reyes 

 

Stockholm 2020 
 



 

All previously published papers were reproduced with permission from the publisher. 
Published by Karolinska Institutet. 
Printed by Universitetsservice US AB 2020 
Cover: [Left side]: Human embryonic stem cell-derived trophoblast cells expressing 
cytokeratin 19 (red) and GATA3 (green). [Right side]: Human embryonic stem cell-derived 
retinal pigment epithelium cells expressing BEST1 (green) and having its DNA stained (blue). 
Image was created using own microscopy pictures and objects from Biorender.com  
© Alvaro Plaza Reyes, 2020 
ISBN 978-91-7831-806-3 



 

Department of Clinical Science, Intervention and Technology. 
Division for Obstetrics and Gynecology 

DEVELOPMENTAL INSIGHTS AND BIOMEDICAL 
POTENTIAL OF HUMAN EMBRYONIC STEM CELLS 
Modelling Trophoblast Differentiation and Establishing Novel 
Cell Therapies for Age-related Macular Degeneration 

THESIS FOR DOCTORAL DEGREE (Ph.D.) 
which will be defended in public at Karolinska Institutet, Erna 
Möllersalen, Neo building, Blickagången 16, Campus Flemingsberg, 
Stockholm  

Wednesday, May 27th, 2020 at 9:30 AM  

by 
Álvaro Plaza Reyes 
      

Principal Supervisor:  
Dr. Fredrik Lanner 
Karolinska Institutet 
Department of Clinical Science,         
Intervention and Technology 
Division of Obstetrics and Gynecology 
 
Co-supervisor(s):  
Professor Anders Kvanta 
Karolinska Institutet 
Department of Clinical Neuroscience 
Division of Ophthalmology and Vision 
 
Professor Kenneth R. Chien 
Karolinska Institutet 
Department of Medicine, Huddinge 
Integrated Cardio Metabolic Centre (ICMC) 
 

Opponent: 
Professor Anna Veiga Lluch 
Universitat Pompeu Fabra 
Facultat de Ciències de la Salut i de la Vida  
 
Examination Board: 
Dr. Ola Hermanson 
Karolinska Institutet 
Department of Neuroscience 
 
Dr. Sergey Rodin 
Uppsala Universitet 
Department of Surgical Sciences 
 
Dr. Cecilia Götherström 
Karolinska Institutet 
Department of Clinical Science,         
Intervention and Technology 
Division of Obstetrics and Gynecology 
 

 
Stockholm 2020 



 



 

 

To my family, for supporting my enthusiasm to become a scientist, and to my fiancé, for 
keeping me sane on the long way there.  
  



 

 



 

 

ABSTRACT 
Understanding the molecular pathways responsible for lineage segregation in the 
preimplantation human embryo is critical in order to fully elucidate the mechanisms involved 
in pluripotency and differentiation of embryonic stem cells. A significant increase in our 
comprehension of such processes will lead to an improvement in the quality and efficiency of 
these cells for applications requiring stem cell maintenance and differentiation, such as 
regenerative medicine. Through responsible and ethical research, such new knowledge can 
then be translated effectively and efficiently into future advancements in health and medical 
practices. This thesis focuses on two different applications of human embryonic stem cells 
(hESC): first, as an in-vitro model to investigate the genetic requirements for human 
trophoblast formation and second, as a cell replacement therapy for age-related macular 
degeneration (AMD) through the establishment of efficient, scalable, and clinically compliant 
protocols for their differentiation into retinal pigment epithelium cells (RPE). 

In paper I, we used human embryonic stem cells to model trophoblast establishment and 
differentiation in order to better understand the mechanisms governing trophectoderm 
segregation in the embryo. Combining this in-vitro model with the use of pharmacological 
inhibitors and CRISPR/Cas9 genome editing, we demonstrated that blockade of the 
YAP1/WWTR1-TEAD complex impairs not only trophoblast differentiation, but also survival 
of undifferentiated stem cells. Furthermore, through systematic targeting of the different 
components of the complex, we described a dominant role for YAP1 in these processes and a 
striking genetic and functional redundancy of the function of TEAD proteins. Altogether, the 
findings indicate a role for the Hippo signaling pathway, both in human trophectoderm 
segregation and in maintaining human pluripotency. 

In papers II and III, we developed xeno-free and defined methodologies for the differentiation 
of human embryonic stem cells into RPE with the potential for use in replacement therapies 
for common retinal degenerative diseases, such as age-related macular degeneration. These in-
vitro derived cells exhibited specific morphological and molecular features and functional 
properties that are typical of native RPE. In addition, upon subretinal transplantation into a 
large-eyed animal model, hESC-derived RPE cells were able to integrate and survive for 
extensive periods of time and rescued the neuroretina from the damage induced at the moment 
of injection. Finally, we identified a set of unique cell surface markers that were able to 
distinguish the RPE from other potential contaminating cell types or undifferentiated remnants 
and demonstrated their utility in monitoring differentiation efficiency and in increasing the 
purity and homogeneity of the final cell product. 

Through this work, we demonstrate that human embryonic stem cells hold enormous potential 
for modeling specific aspects of human development, which can help to elucidate the complex 
mechanisms governing lineage segregation and support the production of bona fide 
differentiated cell types to serve in future replacement therapies.  

.   



RESUMEN EN ESPAÑOL 
Dilucidar las vías moleculares implicadas en la segregación de los distintos linajes celulares presentes 
en el embrión humano previo a la implantación es de crucial importancia para comprender plenamente 
los mecanismos responsables de la pluripotencia y diferenciación de las células madre embrionarias. El 
aumento significativo en nuestra comprensión de tales procesos conducirá a una mejora en la calidad y 
eficiencia de estas células para aplicaciones que requieren el mantenimiento y diferenciación de células 
madre, tales como la medicina regenerativa. Sólo a través de una investigación responsable y ética, ese 
nuevo conocimiento se podrá traducir de manera efectiva y eficiente en futuros avances de las prácticas 
médicas. Esta tesis se centra en dos aplicaciones diferentes de las células madre embrionarias humanas 
(hESC): su uso como modelo para esclarecer los requisitos genéticos necesarios para la formación de 
trofoblasto humano y su uso traslacional como terapia de reemplazo para la Degeneración Macular 
asociada con la Edad (DMAE), a través del establecimiento de metodologías eficientes, escalables y 
clínicamente compatibles para su diferenciación en células de epitelio pigmentario de la retina (EPR). 

En el artículo I, utilizamos células madre embrionarias humanas para modelar el establecimiento y la 
diferenciación de trofoblasto a fin de comprender mejor los mecanismos que rigen la segregación del 
trofectodermo en el embrión. Combinando este modelo in-vitro con el uso de inhibidores 
farmacológicos y la edición del genoma mediante la técnica CRISPR/Cas9, demostramos que el bloqueo 
del complejo YAP1/WWTR1-TEAD perjudica no solo la diferenciación del trofoblasto, sino también 
la supervivencia de las células madre indiferenciadas. Además, a través de la disrupción funcional 
sistemática de los diferentes componentes del complejo, describimos el papel dominante de la proteína 
YAP1 en estos procesos y la inesperada redundancia genética y funcional de las proteínas TEAD. Lo 
cual, en conjunto, indica un papel esencial de la vía de señalización Hippo tanto en la segregación del 
trofectodermo humano como en el mantenimiento de la pluripotencia humana. 

En los artículos II y III, desarrollamos metodologías definidas y libres de xeno-componentes para la 
diferenciación de células madre embrionarias humanas en EPR con potencial para usarse como terapias 
de reemplazo celular en enfermedades degenerativas comunes de la retina, como la DMAE. 
Confirmamos que estas células derivadas in-vitro exhiben características morfológicas y moleculares 
específicas, así como propiedades funcionales típicas del EPR nativo. Además, mostramos que, tras el 
trasplante subretiniano en nuestro modelo animal, las células EPR derivadas de hESC pueden integrarse 
y sobrevivir durante largos períodos de tiempo, al mismo tiempo que son capaces de rescatar la 
neuroretina del daño inducido durante el proceso de inyección. Finalmente, identificamos un conjunto 
de marcadores de superficie celular únicos que permiten distinguir el EPR de otros tipos de células 
potencialmente contaminantes, así como de remanentes indiferenciados, y demostramos la utilidad de 
los mismos a la hora de monitorear la eficiencia de diferenciación y aumentar la pureza y homogeneidad 
del producto celular final. 

En conjunto, el trabajo presentado en esta tesis demuestra el enorme potencial que poseen las células 
madre embrionarias humanas a la hora de modelar aspectos específicos del desarrollo humano, 
permitiendo estudiar en profundidad los complejos mecanismos que rigen la segregación de los distintos 
linajes celulares, además de servir como una fuente ilimitada de células indiferenciadas para la 
producción de diferentes tejidos con futuras aplicaciones en medicina regenerativa. 
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1 INTRODUCTION 
1.1 IN-VITRO MODELLING OF HUMAN TROPHOBLAST DIFFERENTIATION 

1.1.1 Human Embryo Preimplantation Development 

Embryo preimplantation is the developmental period that spans from the one-celled embryo 
(or zygote), after fertilization, until the implantation of the multicellular blastocyst into the 
uterine wall (Figure 1). When an oocyte is fertilized with a spermatozoid, it completes the 
division of its second meiosis making the female pronucleus haploid while releasing the second 
polar body. The pronuclei then migrate towards each other, replicating their DNA as they 
approach. At this point, the male and female pronuclei fuse together and begin a series of 
mitotic divisions, known as cleavage divisions, that will sequentially divide the zygote into 
two, four, eight and 16 daughter cells (or blastomeres) without increasing the total size. During 
that time, and more specifically during the transition from four to eight cells occurring after 
developmental day 2 (E2), a process known as embryonic genome activation (EGA) takes 
place. When EGA occurs, the embryo ceases to rely on maternally inherited transcripts and 
proteins from the oocyte and initiates its own genetic program. Following that, in the 16-celled 
embryo, or morula, the blastomeres start to develop gap and tight junctions and undergo a 
process known as compaction, in which the blastomeres reduce their intercellular space to the 
point of becoming nearly indistinguishable while still dividing. The embryo continues 
developing through a process designated as blastulation in which the outer blastomeres 
differentiate into the trophectoderm (TE), a layer of epithelial cells that will later facilitate 
embryo implantation and will form the fetal placenta1,2. The trophectoderm then surrounds a 
less-differentiated group of cells, the inner cell mass (ICM), formed by epiblast cells, which 
will give rise to the embryo itself, and primitive endoderm cells, which will be the major 
constituent of the yolk sack3–5. Polarized transport of ions and water through the trophectoderm 
helps in creating an inner cavity, the blastocoel, which supports the already formed blastocyst 
to increase its volume and hatch through the zona pellucida, a protective glycoprotein layer 
surrounding the embryo. Once the blastocyst has hatched, it can implant in the endometrial 
lining of the uterus, where it resumes development until the formation of the fetus. 
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Figure 1. Schematic overview of human early embryonic development. The totipotent zygote undergoes several rounds of 
cell divisions before becoming a multicellular morula, around day 5. During such process, maternal transcripts are gradually 
degraded and gets replaced by the embryo’s own transcripts in a process known as embryonic genome activation. Once it 
reaches the morula stage, the embryo undergoes compaction and initiates the formation of a blastocoel activity that will continue 
its expansion until the formation of a blastocyst, around day 7. By that time the embryo is known to be configurated by three 
different cell types: TE, EPI and PE, and it is ready to initiate implantation in the endometrium. After implantation, the embryo 
continues developing and start forming dedicated structures, such as the amniotic and yolk sack cavities, and specialized tissues, 
such as mesoderm and primordial germ cells. Image was adapted from ref.6, with permission from Elsevier. 

1.1.2 Animal Models for Studying Early Embryogenesis 

Studies of human preimplantation development have historically focused solely on the 
morphological examination of embryos through the different developmental stages7–9. While 
these studies have informed the optimization of assisted reproductive techniques and in-vitro 
embryo culture conditions, they have failed to foster a comprehensive understanding of the 
molecular and cellular processes that occur during that time. Basic research on mammalian 
preimplantation using animal models, especially the mouse, was traditionally the only manner 
of gaining insights into the different molecular and cellular mechanisms governing embryo 
preimplantation development. While human and mouse preimplantation developments are 
morphologically very similar, recent findings of species-specific differences have raised the 
question of whether the same molecular and cellular mechanisms controlling such processes in 
the mouse are conserved in humans. While most of these known differences are structural, 
especially during postimplantation development, some refer to the signaling pathways and 
downstream gene regulatory mechanisms that regulate the major lineage specifications 
occurring before implantation (Figure 2)10–14. 

During mouse preimplantation development, two major differentiation events take place: the 
first event separates the trophectoderm and the inner cell mass, and the second event separates 
the epiblast and the primitive endoderm within the inner cell mass. In mice, the first cell 
differentiation event occurs as early as the morula stage and is primarily driven by the Hippo 
signaling pathway, which senses the positional and polarity information of the blastomeres and 
regulates the transcription of the trophectoderm and inner cell mass determinants15–21. By the 
end of this process, the polarized outer cells of the morula are committed to become 
trophectoderm, while the inner cells will remain as inner cell mass. Afterwards, during 
blastocyst formation, the cells in the inner cell mass undergo a second lineage specification 
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process, now controlled by the fibroblast growth factor/mitogen-activated protein kinases 
(FGF/MAPK) signaling pathways. Throughout this differentiation event, cells with a higher 
expression of Fgfr2 that are thereby more sensitive to FGF4 will form the primitive endoderm, 
while the other cells will remain as the epiblast22,23. 

 

Figure 2. Comparative scheme of mouse and human preimplantation development. While human and mouse embryos are 
morphologically very similar, several differences have been described between these two species. Image was adapted from 
ref.24, with permission from Elsevier. 

Mouse and human preimplantation development demonstrate significant differences, 
especially in the timing of the events and the expression pattern of lineage specific markers. 
Compared to the 4.5 days in mice, in humans it takes seven days to form a mature blastocyst 
that is ready to implant in the uterine wall3,25–27. At this point, there are three distinct cell 
lineages that express the same key lineage-specific transcription factors as those displayed in 
the late blastocyst of mice. However, the timing of expression and the pathways controlling 
such defining factors are not similar between mice and humans. Probably one of the first clues 
that made us aware of the developmental differences between these two species was the 
significant disparities in the timing of the expression of Cdx2, a determinant factor in mice for 
trophectoderm identity and maintenance. In mice, Cdx2 expression can be observed as early as 
the eight-cell morula stage prior to trophectoderm formation, whereas in the human embryo, 
its expression is not evident until the late blastocyst, suggesting a less critical role of this factor 
in human trophectoderm specification12,28.  

Another important difference between mouse and human development is the independence 
from FGF signaling observed during human primitive endoderm formation. In contrast to the 
findings in mice, FGFR2 expression is not present in E6 human embryos when primitive 
endoderm and epiblast lineages are well segregated. Furthermore, the inhibition of FGF/MAPK 
signaling pathways in humans does not interfere with primitive endoderm formation, which 
still expresses lineage-specific markers such as GATA6 and GATA4 even under the complete 
absence of FGF signaling11,13. Moreover, in addition to differences in the timing and expression 
patterns, recent studies using single-cell high-throughput transcriptomics have demonstrated 
that, in contrast to findings in mice, the segregation of the three cell lineages occurs almost 
simultaneously in humans29. This observation aligns with the late expression of CDX2 and 
delayed morula compaction that is perceived in humans compared to mice.  
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Figure 3. Main known differences between mouse, pig, bovine and human oocyte and early embryo development. 
Differences in the object sizes correlate with the proportional differences in mean size of oocytes and embryos among the 
different species. Time differences in oocyte maturation (green arrows) and embryo development (pink, blue and purple arrows) 
are also depicted. Likewise, the different developmental stages at which EGA takes places in these different species are 
illustrated in the right panel. Image was adapted from ref.30, with permission from Springer Nature and using Biorender.com. 

While the use of animal models, such as mice, has proven to be advantageous for uncovering 
many shared fundamental molecular mechanisms with humans, the many differences across 
species, such as the ones discussed above, make it difficult to accurately infer developmental 
events in human embryos from any other animal model system (Figure 3). Recent studies of 
bovine, porcine, and rabbit embryos revealed that important aspects of development in these 
species resemble human embryo development better than the mouse does10,11,31–35. These 
aspects include the coexpression of OCT4 and CDX2 observed in the TE and the independence 
of FGF/MEK signaling for the regulation of the second lineage differentiation. While these 
alternative animal models may still prove to be very helpful to our understanding of 
mammalian development, certain species-specific features can only be determined by 
performing functional studies directly in human embryos. Improved understanding of the 
processes involved in human development (e.g., fertilization, embryo genome activation, X-
chromosome dosage compensation, cell lineage development, pluripotency regulation and 
implantation) will have practical consequences for the development of improved IVF 
technologies and the derivation of better stem cells for disease modeling and application in 
regenerative medicine. 

1.1.3 Hippo Signaling Pathway 

As described in the previous section, the Hippo signaling pathway plays the main role in 
separating the trophectoderm and inner cell mass during morula formation in mice. This 
pathway was first described in Drosophila as a tumor suppressor pathway and it was later found 
to be conserved in mammals, where it has been extensively studied for its function as a 
regulator of organ size in mice and humans36. In all of its different functions, the Hippo pathway 
always translates information from extracellular stimuli, such as cell position and polarization, 
into gene regulation of several downstream effectors. When the Hippo signaling pathway is 
active, the paralogous transcriptional coactivator molecules termed YAP1 and WWTR1 
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(commonly named TAZ) are phosphorylated by a set of Hippo-inherent kinases termed 
LATS1/2. YAP1/WWTR1 normally interacts with several transcription factors, such as the 
TEA domain transcription factor family (TEAD1-4), which are localized in the nucleus and, 
once activated, drive the expression of their target genes. However, in the event of 
phosphorylation by LATS1/2 kinases, YAP1/WWTR1 is retained in the cytoplasm, where it is 
prevented from interacting with any transcription factors and eventually is degraded by the 
proteasome (Figure 4)37–39. 

 

Figure 4. Function of the Hippo signaling pathway during mouse embryo development. The right panel illustrates the 
transcriptional regulation of trophectoderm-specific markers, such as CDX2, in inner and outer cells of the mouse morula. In 
outer cells apical and polarity factors like PARD6B and αPKC inhibit the activity of the Hippo pathway kinases LATS and 
allow the migration of coactivator factors YAP and TAZ to the nucleus, where they bind to TEAD4 and initiate the transcription 
of TE genes. Contrary, in inner cells, Hippo pathway remains active and LATS kinases phosphorylate YAP and TAZ, forcing 
their retainment in the cytoplasm by factors such as AMOT and impeding the activation of TEAD4 and posterior transcription 
of TE genes. Image was created with Biorender.com. 

The role of the Hippo pathway signaling pathway in cell specification during early 
development in mice was recently uncovered. The first clue that led to this discovery came 
from the analysis of Tead4 mutants mouse embryos. It was found that Tead4 null embryos 
downregulated trophectoderm specific genes such as Cdx2 and Gata3, which made all of the 
cells acquire an inner cell mass constitution and consequently impaired the development of 
these embryos into blastocysts. This finding indicates an essential role of Tead4 for the 
activation of trophectoderm-specific genes15,17,20. Furthermore, subsequent studies have 
demonstrated that phosphorylated YAP1 can only be found in the cytoplasm of inner cells at 
the 16-cell-stage morula, which are already committed to become inner cell mass21. This 
differential activation of the Hippo pathway observed in the mice embryos suggests a novel 
mechanism through which activated Hippo inhibits the expression of trophectoderm-specific 
genes by phosphorylating YAP1 and preventing its interaction with TEAD4. However, the 
processes that correlate cell position with Hippo pathway activation remain unknown.  

The aim to understand the mechanisms that control lineage segregation during preimplantation 
development attracted interest even before discovery of the involvement of the Hippo pathway. 
Two major models have traditionally been proposed: the positional model and the polarity 
model. According to the first model, the cell fate is determined by the position of each cell 
within the embryo; outer cells in the morula become trophectoderm, while inner cells give rise 
to inner cell mass40,41. The second model, which is more accepted today, focuses more on the 
polarization status of the blastomeres conforming the morula. According to the polarity model, 
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polar cells situated in the outer part become TE, while apolar cells inside the embryo turn into 
ICM2,42. 

Following the idea that polarity may play a central role in regulating cell fate during the first 
lineage segregation, different authors have sought to understand the connection between 
polarity and Hippo pathway activation. In mouse embryos, the Par-aPKC system is responsible 
for regulating cell polarity. Previous experiments with embryos in which polarity had been 
disrupted, by targeting the Par-aPKC system demonstrated that Hippo differential activation 
between the outer and inner compartments of the morula is highly dependent not only on the 
polarity status of each individual cell, but also on the presence of cell-to-cell adhesions16,43,44. 
Loosing apical-basal polarity results in the Hippo pathway being active in all cells (inner and 
outer). Meanwhile, losing cell-to-cell adhesions, by dissociating the blastomeres, causes a 
complete loss of Hippo activation. In further support of this model, later studies have 
demonstrated that the link between the Hippo pathway and cell polarity may be operated by a 
family of junction-associated proteins known as angiomotins. Two of the three angiomotins 
present in mice (AMOT and AMOTL2) were found to be expressed in mouse embryos. 
Blocking AMOT and AMOTL2 in mouse embryos resulted in an accumulation of nuclear 
YAP1 in all cells and differentiation into TE, highlighting the essential role of these proteins 
in Hippo activation. In addition, AMOT proteins were found to be differentially distributed in 
the outer and inner cells of the 16-cell mouse embryo. In the inner cells, AMOT is found in 
adherent junctions (AJ) throughout the entire cell membrane, where it interacts with LATS1/2 
kinases and activates the Hippo pathway. In contrast, in outer cells, AMOT is sequestered to 
the apical part by the Par-aPKC system, where it binds to F-actin and is kept away from AJs; 
therefore being unable to activate Hippo through interaction with LATS1/2 (Figure 4)16,19,45,46. 

Despite recent progress, our knowledge about the role of the Hippo pathway in the mouse 
embryo preimplantation remains incomplete. Questions on how cell polarity is regulated, and 
which mechanisms are involved in the Par-aPKC-mediated subcellular distribution of Amot 
remain to be answered. Furthermore, the possibility of having an equally important role in TE-
ICM specification in humans remains unexplored. Although, the differences in the timing of 
lineage specification and in the expression of appropriate transcription factors make this 
possibility unlikely, thorough experimental evaluation is still necessary.  

1.1.4 Early Stages of Human Placenta Development 

The placenta, which derives from the preimplantation trophectoderm, constitutes the first fetal 
organ to develop during pregnancy. Among its primary functions are the exchange of nutrients, 
gases, and excretory material between the mother and the fetus; the anchoring of the conceptus 
to the wall of the reproductive tract; the secretion of necessary hormones; and the protection of 
the fetus against the maternal immune system. Proper formation of the placenta is essential for 
normal in-utero development in mammals, as defects in placentation are known causes of 
common pregnancy-related complications such as pre-eclampsia, fetal growth restriction and 
miscarriage47,48. Despite the importance of the placenta, cellular and molecular mechanisms 
governing the early stages of human placentation are poorly understood, largely due to the 
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obvious ethical and practical obstacles impeding direct investigations of early human 
pregnancy and to the historical lack of appropriate cellular model systems. Most of the 
knowledge that we have to date on the first weeks of human placental development comes from 
morphological observations and experimentation on samples from early pregnant 
hysterectomies, as well as from studies in relevant animal models, such as higher 
primates26,49,50. According to those studies, human placental development until the end of the 
first trimester can be divided into five different phases: pre-lacunar stage, lacunar stage, 
primary villous stage, secondary villous stage, and tertiary villous stage.  

 

Figure 5. Early stages of human placental development. Illustration portraying the early phases of placenta formation, right 
after blastocyst implantation. (A, B) The implantation and pre-lacunar stages. (C) The lacunar stage. (D) The primary villous 
stage. 1° ys, primary yolk sac; ac, amniotic cavity; cs, cytotrophoblastic shell; eec, extra-embryonic coelom; exm, extra-
embryonic mesoderm; GE, glandular epithelium; ICM, inner cell mass; lac, lacunae; LE, luminal epithelium; mn. tr, 
mononuclear trophoblast; pr. syn, primary syncytium; TE, trophectoderm; vs, blood vessels. Image was adapted from ref.51, 
with permission from The Company of Biologists. 

1.1.4.1 Implantation and Pre-lacunar stage 

Right before implantation, at 6-7 days post fertilization (dpf), the area of the trophectoderm 
that is contiguous to the underlying inner cell mass differentiates into what is known as the 
polar trophectoderm. Polar trophectoderm cells are morphologically and transcriptionally 
different from the remaining trophectoderm which sits distal to the inner cell mass (termed the 
mural trophectoderm) and mediates the attachment of the embryo to the uterine surface 
epithelium in a process called implantation29. Upon implantation, trophectoderm cells fuse, 
forming a primary syncytium that will continue invading the surface epithelium during the 



 

8 

following days, until it reaches the underlying endometrium, which at this point should have 
transformed into decidua (Figure 5A-B)52,53.  

1.1.4.2 Lacunar stage 

By 14 dpf, the blastocyst is completely implanted into the decidua and surrounded by the 
surface epithelium. Vacuoles begin forming inside the primary syncytium and continue 
expanding until they become lacunae. The fluid-filled lacunae become then become surrounded 
by a network of structures called trabeculae, comprised by the remaining cells (Figure 5C)51.  

1.1.4.3 Primary villous stage 

Cytotrophoblast cells sitting underneath the syncytium push through the primary syncytium, 
forming projections that are composed of a cytotrophoblast core and a syncytiotrophoblast 
(SCT) outer layer, known as primary villi54. Up to 17 dpf, villous trees are formed by the 
continuous branching and proliferation of the primary villi. Meanwhile, the neighboring 
lacunae become the intervillous space. At the end of the primary villous stage, the 
cytotrophoblast eventually breaks through the primary syncytium and forms a shell 
surrounding the embryo, which is now covered by three layers: the inner chorionic plate, the 
villi with their intervillous space, and the cytotrophoblast shell (Figure 5D). 

1.1.4.4 Secondary villous stage 

Around 17-18 dpf, primary mesodermal cells known as extraembryonic mesoderm, which are 
believed to be derived from the hypoblast, invade the primary villi and transform them into 
secondary villi. 

1.1.4.5 Tertiary villous stage 

After extraembryonic mesoderm invasion at 18 dpf, fetal capillaries derived from umbilical 
vessels appear within the mesodermal core of the villi to form tertiary villi (Figure 6)55. From 
that moment until the end of the first trimester, villous trees continue branching and 
proliferating, forming a network called the labyrinth structure. During that time, individual 
cytotrophoblast cells leave the embryonic shell and the tip of the villi to invade the decidua as 
extravillous trophoblast (EVT). 

1.1.5 Cell Types of the Human Placenta 

During the course of placenta formation, many different cell types emerge and cooperate to 
ensure its correct functioning, which is essential in reproductive success. While the vast 
majority of these cells belong to various trophoblast cell subtypes - such as cytotrophoblast, 
syncytiotrophoblast and extravillous trophoblast – additional placental cell types not derived 
from the TE also provide important functions, such as endothelial, immune, and fibroblast cells 
(Figure 6).  
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Figure 6. Cell types present in the human placenta. Diagram depicting the main cell types present in the maternal and fetal 
sides of the placenta by the end of the first trimester. Extravillous cytotrophoblasts proliferate in anchoring columns and invade 
the maternal side through the decidua (1) where they reach the distal spiral arteries and initiate their transformation (2). These 
transformations facilitate the necessary increase in volume flow at low pressure into the intervillous space (3). On the fetal side, 
placental villi are enclosed by the syncytiotrophoblast and the underlaying proliferative cytotrophoblast (4). Image was adapted 
from ref.56, with permission from The American Society of Hematology. 

1.1.5.1 Cytotrophoblast (CTB) 

Cytotrophoblasts are historically considered to be bipotent progenitor cells, capable of 
differentiating towards syncytiotrophoblast and extravillous cytotrophoblast. They are 
regarded as the germinative layer due not only to their differentiative potential but also to their 
preserved proliferative capacity. Transcriptionally, they are typically characterized for 
expressing markers such as TEAD4, p63, GATA2/3, TFAP2C, ELF5, and TCF157. 

1.1.5.2 Syncytiotrophoblast (SCT) 

Syncytiotrophoblasts are a multinucleated layer of cells formed after the fusion of villous 
cytotrophoblast cells. They are the majority cell type in the placenta and sits in direct contact 
with maternal glandular secretions and maternal blood flowing through the intervillous space54. 
SCT have a major endocrine function: secreting necessary hormones and proteins for 
successful pregnancy – such as human chorionic gonadotropin (hCG), human placental 
lactogen (hPL) and human placental growth hormone (PGH) – into the maternal circulation58. 
Furthermore, SCT lacks expression of HLA molecules, which allows it to function as a 
protective barrier against maternal immune cells59.  

Syncytiotrophoblast
FibroblastHofbauer Cell
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1.1.5.3 Extravillous cytotrophoblast (EVT) 

EVT originate from the cytotrophoblasts present in the embryonic shell and in the tip of the 
villi, which undergo a process closely resembling epithelial-mesenchymal transition (EMT) 
and invades the adjacent decidua. Once EVT cells invade the decidua, they reach the maternal 
spiral arteries and replace smooth muscle and endothelial cells60. In this manner, EVT are able 
to remodel these arteries into vessels capable of high conductance at low pressure: a feature 
that is essential for successful pregnancy (Figure 6). EVT expresses HLA-Ib molecules, such 
as HLA-G and HLA-E, which have immunomodulatory functions and play an important role 
in avoiding rejection from maternal immune cells, especially NK cells61–63. 

1.1.5.4 Other placental cells 

Apart from the different trophoblast cells, several other cell types play important roles in 
placental function and homeostasis. These non-trophoblastic cells include fibroblasts, which 
may be involved in vascular development; Hofbauer cells, which protect the fetus from 
infections and also assists in trophoblast and vascular development as the only immune cells in 
the placenta; and vascular cells comprising the vascular system, which, by the end of the first 
trimester, connects to the fetus through the umbilical cord64,65. All of these cells are believed to 
be derived from the extraembryonic mesoderm, which in humans is thought to arise from the 
embryonic epiblast66.  

1.1.6 In-vitro Models for Trophoblast Differentiation 

Given the inherent ethical and logistical barriers for the direct study of human early pregnancy, 
and the lack of physiologically relevant animal models, consequence of the diversity of 
strategies followed by eutherian mammals for placental formation, in-vitro models are devised 
as invaluable research tools for gaining insights into the mechanisms that govern the early 
stages of human placental development67.  

1.1.6.1 Primary trophoblast cultures 

Primary trophoblast, which is primarily derived from term placentas, have been deemed as 
useful for studies on placental hormone secretion, and the transcellular transportation of 
nutrients, drugs, and pathogens across the placental syncytium68. When maintained in culture, 
these isolated trophoblast cells spontaneously differentiate into SCT and display phenotypic 
characteristics of third-trimester placentas, which makes them a weak model for the study of 
placental early development. In addition, these primary cultures display a limited expansion 
potential and face the inherent risk of contamination by maternal epithelium and fetal 
mesenchymal cells that can eventually outgrow the trophoblast cells. 

1.1.6.2 Immortalized trophoblast cell lines 

In addition to the use of primary trophoblast cell cultures, many previous studies have benefited 
from the use of immortalized trophoblast cell lines derived from choriocarcinoma (e.g. BeWo 
line) or normal placentas (e.g. HRP-1 line). While these cells also display typical features of 
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third-trimester placentas, unlike their primary counterparts, they are mostly unable to 
differentiate in culture. Their capacity to indefinitely expand and to form polarized monolayers, 
however, makes them a useful placental model to investigate asymmetric transcellular 
transportation68. Nevertheless, the lack of consensus on defining the essential markers and 
phenotypic characteristics necessary to define the trophoblastic nature of immortalized cell 
lines, have elicited the use of cell lines not representative of bona fide trophoblast cells in-vivo. 
Therefore, caution is warranted when interpreting the conclusion of the many published studies 
using this particular in-vitro model system69,70.  

1.1.6.3 Trophoblast stem cells (hTSC) 

The derivation of trophoblast stem cells was previously only possible from mouse embryos71. 
However, recent advances in organoid culture along with systematic screening of essential 
growth factors has allowed the isolation of these cells from human first-trimester placentas and 
human blastocysts72. The propagation and long-term expansion of these cells requires the 
simultaneous stimulation of EGF and WNT, together with inhibition of Activin A, HDAC, and 
Rho kinase. Slight modification of these culture conditions allows hTSC to differentiate into 
EVT and SCT, demonstrating the bipotentiality of these progenitor cells. Contrary to primary 
and immortalized cell lines, the developmental origin of hTSC renders them a valuable model 
system to study early placental development. However, up to now, no other groups have 
reported successful replication of these results. 

1.1.6.4 3D organoids 

Although hTSC represent a promising resource for understanding the mechanisms that control 
the differentiation mechanisms of the different trophoblast subpopulations, hTSC grow as a 
monolayer and therefore cannot recapitulate the formation of complex 3D placental structures 
that occur in-vivo. For that reason, recently developed 3D cultures of human trophoblast 
organoids represent a better alternative to understand complex events in placental early 
development, such as cytotrophoblast column formation73,74. Initial studies using hTSC-
derived organoids have described the self-organization of the cells, with progenitor CTBs 
sitting on the outside and differentiated subtypes emerging on the inside. Moreover, the 
possibility of combining hESC and hTSC opens the door for the creation of embryoid-like 
structures that could become helpful in understanding the crosstalk between embryonic and 
extraembryonic lineages. In that line, recent studies using similar embryoid-like constructions 
in mice, found that NODAL and BMP signals secreted by the epiblast are essential for 
trophoblast maturation and embryo cavitation75,76. 

1.1.6.5 Human embryonic stem cell-derived trophoblast cells 

Due to their phenotypic features and growth requirements, hESC have been traditionally 
considered to resemble the postimplantation epiblast of the embryo and are therefore believed 
to be “primed” for differentiation into the different embryonic lineages exclusively. However, 
several researchers have found that, when exposed to high concentrations of BMP2/4, these 
cells are able to change their morphology and exhibit molecular characteristics of trophoblasts, 
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such as bipotential differentiation into SCT and EVT, secretion of hCG and progesterone, or 
expression of specific markers, such as TFAP2A/C, GATA2/3, CDX2, TEAD4, KRT7, and 
p6377–79. While some studies have speculated that BMP4 acts by reverting hESC to a totipotent-
like state that is able to differentiate into extraembryonic tissues, the fact that these cells 
originated from hESC together with their expression of several markers that are shared between 
trophoblast and mesoendoderm lineages has elicited some controverted opinions in the field80. 
While some researchers believe in the mesodermal or extraembryonic mesodermal nature of 
these cells, others have defended the possibility of hESC-derived trophoblasts representing an 
early-post-implantation trophoblast population80–82. Subsequent publications have 
demonstrated that inhibiting FGF2 and Activin A signaling during BMP4 treatment (termed 
BAP-TB differentiation), avoids any potential mesoderm diversion and have provided solid 
evidence through the combination of RNAseq, microarray, ELISA, WB and flow-cytometry 
techniques that hESC can efficiently differentiate into trophoblasts83. Moreover, studies 
combining transcriptome and chromatin occupancy analysis on BAP-TB have concluded that 
GATA2/3 and TFAP2A/C coordinately mediate the downregulation of pluripotency genes and 
simultaneous initiation of trophoblast differentiation in these cells84. Supporting the theory that 
BMP4 enables the differentiation of hESC by reverting them to more totipotent state, a couple 
of recent publications have reported the enhanced potential of naive stem cells to differentiate 
towards trophoblast, which proved to be able to do so even in the absence of BMP482,85. 

1.1.7 CRISPR/Cas9 Genome Editing 

The CRISPR/Cas9 system has elicited a revolution since its first appearance as an effective 
genome editing tool in eukaryotes86–88. This system was first described by Francisco Mojica, 
who found a curious arrangement of interspaced repeats in the genome of an archaeal microbe 
isolated from Alicante’s marshes, which he would later name clustered regularly interspaced 
palindromic repeats (CRISPR)89,90. In archaea and bacteria, this system acts as a primitive 
immune system that protects the microbes against possible viral infections91. In the event of a 
viral infection, special endonucleases known as CRISPR-associated (Cas) nucleases recognize 
the foreign DNA and cleave it into pieces. A piece of the viral DNA will then be stored in a 
dedicated region of the bacterial genome, the CRISPR array, which serves as a memory of all 
previous viral infections. Upon a second infection with the same type of virus, the microbe will 
transcribe this CRIPSR array into a long RNA molecule known as pre-CRISPR RNA, which 
will be further processed into many short CRISPR RNAs (crRNAs). The crRNA corresponding 
to the invading type of virus will then guide a Cas nuclease through sequence complementarity 
to the invading viral DNA, where it will generate double strand breaks (DSBs) and promote its 
degradation. 

The ability of the CRISPR/Cas9 complex to generate such DSBs is what makes it an interesting 
as a genome editing tool in other cell systems. In contrast to what occurs in viral genomes, 
when a DSB is introduced in an eukaryotic genome, the intrinsic DNA repair machinery of the 
cell will try to fix it, and it is actually this DNA repair that ultimately elicits the edition of the 
genome. DNA repair after a DSB can occur in two different ways: via the non-homologous 
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end-joining (NHEJ) pathway, which fixes the DSB through the addition or deletion of a few 
nucleotides; or via the homology-dependent repair (HDR), which repairs broken strands of 
DNA through utilizing a homologous template92,93. While NHEJ repair often results in a 
deleterious frame-shift mutation, the HDR mechanism, which occurs at a much lower 
frequency, is assumed to be error free as long as there is an available template. Both of these 
mechanisms have demonstrated to be equally interesting from the gene-editing perspective. On 
the one hand, frame-shift mutations caused by the NHEJ repair have been exploited to create 
genetic knockouts with the aim of studying the function and importance of certain genes in 
different biological settings94. On the other hand, homologous recombination resulting from 
HDR repair has allowed the inclusion of reporter genes in various loci, as well as the insertion 
or correction of point mutations of known importance for certain health conditions95. 

 

Figure 7. CRISPR/Cas9 Genome Editing. The programmable nuclease Cas9, directed by a sgRNA, introduces a target-specific 
double-stranded break (DSB) in genomic DNA. In the absence of a repair template, the cell will process the DSB mostly by 
NHEJ, resulting in indels at the site of editing. In the presence of a separate DNA template containing sequences homologous 
to the regions flanking the DSB, HDR can result in the incorporation of the repair template into the genomic DNA. Image was 
created with Biorender.com. 

Although genome editing has been in use for many decades, none of the techniques available 
until the appearance of CRISPR/Cas9 reached its level of efficiency and simplicity. Genome 
editing using CRISPR/Cas9 only requires two components: a Cas endonuclease, which is 
responsible for creating the DSB, and a chimeric single-guide RNA (sgRNA) containing a 
target sequence that can be tailored to guide the Cas protein to the desired locus in the 
genome96,97. The simplicity of this system and its relative ease of use had expanded the 
applications of genome editing to new frontiers, such as the human embryo. 

The possibility of using CRISPR/Cas9 in human embryos has triggered an enormous debate 
around the ethics of this application, especially regarding the possible clinical use of the 
technique as a way to correct disease-causing mutations or enhance some features in embryos 
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that could eventually give rise to individuals. Such concerns ended up embodied in two 
different publications, in which renowned scientists and ethicists called for a moratorium on 
all research involving genome modification of the human germline, or more specifically on the 
clinical applications of such technologies98,99. However, despite the growing consensus among 
scientists, several groups adventured to demonstrate the potential of CRISPR/Cas9 embryo 
editing for clinical applications, igniting a firestorm of controversy worldwide that resulted in 
the creation of a committee through the joint efforts of the National Academy of Science and 
the National Academy of Medicine100,101. The Committee on Human Gene Editing was 
convened to analyze the benefits, risks, regulatory frameworks, ethical issues, and societal 
implications of this new technology. The resolution of the study was published in a report in 
which the committee permitted the clinical application of heritable germline editing on the 
condition that a solid regulatory framework is in place, limiting its use to the treatment of 
serious diseases or conditions, and only in those cases where there is an absence of reasonable 
alternatives. Furthermore, the committee expressed its opposition to the use of genome editing 
in any other clinical setting beyond the treatment or prevention of a disease or disability, while 
it supported the use in basic laboratory research under existing ethical norms and regulatory 
frameworks at the local, state, and federal levels102. These recommendations from the 
Committee on Human Gene Editing were, however, not able to avert the polemical 
announcement of the world’s first genome-edited babies using CRISPR technology, a notice 
that was severely criticized by the scientific community and that resulted in the incarceration 
of the main responsible, who was convicted for illegal medical practice103.  

The availability of transcriptomic data on the early human embryo and the emergence of new 
tools to help in the downstream analysis of gene disruption and gain- or loss-of-function 
experiments, create the perfect environment for genome editing techniques, such as CRISPR-
Cas9, to increase our understanding of the genes and processes involved in normal embryo 
development and reproductive health29,104–108. Such investigations, in addition to providing 
important insights into human developmental biology, may shed some light on the causes of 
miscarriage, optimize assisted reproduction techniques, and provide potential benefits in 
enhancing fertility and in regenerative medicine. 

1.2 HUMAN EMBRYONIC STEM CELLS FOR THE TREATMENT OF AGE-
RELATED MACULAR DEGENERATION 

1.2.1 Age-related Macular Degeneration 

Age related macular degeneration (AMD) is a degenerative retinal disease characterized by a 
progressive loss of vision in the center of the visual field (Figure 8). As the name indicates, the 
region of the eye affected in this condition is the macula, a relatively small area situated near 
the center of the retina in humans and in some other mammals (Figure 9).  

The retina has two types of photosensitive cells (a.k.a. photoreceptors): cones and rods. In the 
human retina, there are three types of cones, which are responsible for color vision and function 
best in bright light. Rod cells cannot discriminate colors, but exhibit a higher sensitivity than 
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cones and work better under dim light conditions, which makes them responsible for our night 
vision. The macula is the region of the retina with the highest density of cones, which explains 
its role in central, high-resolution color vision under bright light circumstances109. This type of 
vision is the one impaired under medical conditions that damage the macula, such as AMD.  

AMD is the main cause of vision loss in the Western world, accounting for 54% of blindness 
among the white population in the US and 42% of the blindness in UK. Its incidence is higher 
in individuals over 50 years-old, especially in those with Caucasian ethnicity110,111. The disease 
is normally characterized by an impairment in the retinal pigment epithelium (RPE) cell layer, 
which leads to death and loss of the photoreceptors in that area112. Although the etiology of 
AMD is not well understood, it is known to be a multifactorial disease in which both genetic 
and environmental factors are involved113. 

 

Figure 8. Age-related Macular Degeneration. A scene as it might be viewed by someone with normal vision and by someone 
affected by AMD. 

AMD generally starts with the progressive accumulation of yellow deposits, known as drusen, 
between the RPE layer and the underlying choroid. However, the appearance of drusen is not 
always regarded as a synonym for AMD, and many people above the age of 60 exhibit drusen 
deposits without reporting an impairment in their vision114. The early and intermediate forms 
of AMD are usually asymptomatic, although abnormalities in the RPE layer may be found 
already this stage, especially in the intermediate forms. In the late forms of AMD, there is 
enough retinal damage, in addition to drusen, that subjects begin to suffer from symptomatic 
loss of central vision115. Depending on the nature of the retinal damage, late AMD is further 
divided into two subtypes: wet AMD and geographic atrophy (GA). Wet AMD, also known as 
exudative or neovascular AMD, is characterized by an abnormal growth of blood vessels from 
the choroid into the subretinal space, causing edema and hemorrhages that are eventually 
responsible for damage in the RPE and photoreceptors and lead to vision loss. In contrast, in 
GA, also known as advanced dry AMD or non-exudative AMD, there is no neovascularization 
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involved and the loss of photoreceptors results from an atrophy and progressive degeneration 
of the RPE layer at well-demarcated areas in the macula. Dry AMD, including early and 
intermediate states besides GA, accounts for 90% of AMD cases. Of all patients with some 
type of dry AMD, it is known that 10-20% will progress to the wet type116,117. 

There are currently treatments for the wet form of AMD, including those targeting the vascular 
endothelial factor (VEGF), which is crucial for the neovascularization process118. However, 
there are no efficient treatments to date for the dry forms of AMD, and current strategies focus 
only on slowing down the progression of the disease by delivering supplements such as lutein 
and zeaxanthin or by trying to restore the damaged areas through the transplantation of healthy 
RPE119–121. 

1.2.2 Retinal Pigment Epithelium 

The retinal pigment epithelium, or RPE, is a cell layer of polarized, hexagonal, and heavily 
pigmented cells that are found in the retina. It is positioned between the photoreceptors and the 
Bruch’s membrane (BM), a basement membrane that separates the choriocapillaris from the 
neural retina (Figure 9)122.  

 

Figure 9. Retinal structure. Schematic view of the eye displaying the location of the macula and the main retinal layers and 
cell types. Image was created with Biorender.com 

The RPE is formed by a single layer of densely packed cells that are attached to each other by 
strong tight junctions creating - together with the BM - what is known as the blood-retina 
barrier123. RPE cells are polarized, which means that their apical and basal membranes have 
specific and distinct functions. On the apical membrane, which is the membrane facing the 
neural retina, the RPE displays long microvilli that surrounds the photoreceptors’ outer 
segments and establishes a complex interaction that is essential for maintaining the homeostasis 
of the retinal tissue. On the basal membrane, which faces the BM and the choroid, the RPE 
secretes ions, water, and metabolic end-products from the subretinal space into the blood. This 
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polarization also allows the RPE to secrete distinct growth factors that are needed by the 
photoreceptors (e.g. PEDF) and by the choroid (e.g. VEGF), as wells as immunosuppressive 
cytokines that contribute to the immune-privileged status of the eye122,124,125. 

The pigment present in the RPE cells enables the absorption of the light energy focused by the 
lens on the retina, which has an important role in preventing photo-oxidative damage and 
maintaining visual function. In addition to preventing photo-oxidative damage and providing 
essential nutrients, the RPE layer has other important functions for the maintenance and 
function of photoreceptors. For example, RPE cells help to maintain the excitability of 
photoreceptors through the phagocytosis of their outer segments, which are saturated with 
radicals and photo-damaged proteins and lipids. They also contribute to the visual cycle by 
regenerating all-trans-retinal into 11-cis-retinal, which is used by photoreceptors to transduce 
light energy into electrical impulses126. 

These complex different functions make the RPE an essential retinal component for visual 
function. As such, dysfunction of the RPE, which occurs in medical conditions such as AMD, 
will inevitably leads to degeneration of the retina, loss of visual function, and blindness. 

1.2.3 Development of the RPE 

Human eye formation begins in week five post conception and continues until postnatal month 
18. During this time, many different signaling pathways coordinate to form the specific 
structures and cell types present in the adult human eye (Figure 10). The development process 
begins with the establishment of the neuroectodermal plate during gastrulation (at around 18 
dpf) through the combined activities of FGF signaling; Notch signaling; time-dependent 
canonical WNT activation and inhibition; and inhibition of BMP signaling by Noggin, 
Chordin, and Follistatin127. Soon after, an area of the early forebrain is specified as the eye field 
due to the joint expression of eye-field transcription factors (including RX1, PAX6, SIX3, and 
OPTX2), which is believed to be regulated by Notch signaling128,129. At week four of 
development, optic vesicles arise from the early forebrain due to the action of Sonic Hedgehog 
(Shh), which also specifies the proximal and ventral region of the optic vesicles that will give 
rise to the optic stalk and neuroretina, respectively127. During optic vesicle expansion, 
extracellular signals from the surface ectoderm segregate the vesicle into three regions: the 
optic stalk, neuroretina, and RPE. Release of BMP and TGFβ family members (such as Activin 
A) from the surface ectoderm initiates MITF expression in the proximal mesenchyme, making 
it differentiate into retinal pigment epithelium130. FGF induction of VSX2 and SOX2 
transcription factors by the surface ectoderm subsequently initiates the neuroretina 
specification of the distal wall of the optic vesicle. Finally, after optic vesicle protrusion, the 
combined actions of WNT and Shh result in the evagination and formation of the optic cup, 
where the RPE becomes pigmented and retinal progenitors will resume their maturation until 
eventually configuring the different specialized subtypes present in the human eye. 
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Figure 10. Development of the Retinal Pigment Epithelium. Diagram representing key stages of retina development. Once 
the blastocyst implants and initiates gastrulation and neurulation, the neural plate is formed. Blockage of BMP, TGFΒ and Wnt 
activity at the anterior neural plate (ANP) enables the emergence of the early eye field, which subsequently continues 
developing and forms the optic vesicles. Invagination of the optic vesicle leads to establishment of the bilayered optic cup. 
Coordinated activities of Wnt, FGF, BMP, Notch, SHH, RA and activin A signaling pathways enable then the specification of 
the RPE and NR from the outer and inner layers of the optic cup, respectively. Image was adapted from ref.131, with permission 
from The Company of Biologists.  

1.2.4 RPE Replacement as a Treatment for AMD 

The important role of the RPE in maintaining retinal homeostasis and its implication in the 
degenerative forms of AMD has drawn the attention into the potential of transplanting healthy 
RPE cells to prevent the secondary loss of photoreceptors and potentially to preserve or restore 
vision.  

Different studies have examined RPE cell transplantation as a therapy for AMD using several 
cells sources: autologous RPE, established RPE cell lines, fetal RPE or cadaveric 
donors120,121,132–136. Each of these sources demonstrates unique strengths and weaknesses. 
Autologous RPE, which is normally derived from the periphery of the same eye affected by 
AMD, has the advantage of being non-immunogenic. However, among the disadvantages of 
these cells are the risk of transplanting cells that are affected by the disease and will therefore 
have an already impaired function, and the limited availability of these cells. Conversely, 
established RPE cell lines represent an unlimited source for transplantation, but they exhibit a 
high level of batch-to-batch variability and lack of some of the properties from functionally 
mature RPE cells. Finally, fetal RPE cells may overcome most of the problems of the other cell 
sources; however, they are a limited source and their use involve significant ethical concerns.  
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Figure 11. Human pluripotent stem cells as a source of RPE. Visual representing the derivation of human embryonic stem 
cells and the reprograming of human induced pluripotent stem cells, as well as their differentiation into retinal pigment 
epithelium with potential application in cell replacement therapies. Image was created with Biorender.com using objects from 
Servier Medical Art. 

Aiming to find a better source of RPE cells for transplantation, some authors have recently 
begun to explore the possibility of generating RPE from human pluripotent stem cells (hPSC). 
Two types of hPSC are currently being used for differentiation into RPE: human embryonic 
stem cells (hESC), which are derived from the undifferentiated inner cell mass of human 
embryos, and induced pluripotent stem cells (hiPSC), which are derived from adult somatic 
cells via chemical or genetic reprogramming. Both cell types present an attractive source of 
replacement cells for RPE tissue engineering, as they are readily available in limitless supply 
and can be differentiated into any tissue in the body137,138, which allows for the production of 
an unlimited number of healthy, young, and well-characterized clinical grade cells (Figure 
11)139. 

1.2.5 Production of hPSC-RPE 

Since the emergence of hESC cultures, many authors have described the differentiation of these 
cells into RPE. Many of these protocols rely on the spontaneous differentiation into RPE after 
the removal of basic fibroblast growth factor (bFGF) from the hPSC culture media140–143. 
Despite being simple and inexpensive, these protocols normally involve long differentiation 
processes and fail to render a homogeneous population of RPE cells, which is a critical aspect 
for their clinical application. For these reasons, many authors have proposed different strategies 
to increase the efficiency of the differentiations and the purity degree of the final cell product. 
These strategies include the use of several retinal-inducing factors and inhibitors to direct the 
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differentiation of hPSC solely towards RPE, as well as the use of biologically relevant culture 
substrates (Figure 12)141,143–151. 

 

Figure 12. Differentiation of human embryonic stem cells into RPE. Representative phase contrast pictures of hESC (A) and 
hESC-RPE cells (B) both growing on human recombinant laminin 521. Scale bar = 100μm 

In addition to their classification into spontaneous or directed protocols, differentiation 
protocols can also be subclassified into suspension and adherent protocols. Suspension 
protocols rely on the aggregation of hPSC into embryoid bodies (EBs), which are maintained 
in ultra-low attachment culture plates and, after some time in culture, typically display 
differentiated structures known as optic vesicles (OVs) that contain the RPE cells. Meanwhile, 
in adherent protocols, the differentiation process does not include an EB stage; instead, cells 
are maintained in 2D cultures until colonies of RPE cells begin to emerge. In both cases, the 
initial differentiated product is significantly heterogeneous and requires subsequent 
purification processes: manual dissection and enzymatic dissociation of OVs followed by 
replating and culturing of the obtained cells in 2D cultures after suspension protocols, or 
manual selection and dissociation of pigmented RPE colonies and their posterior expansion in 
culture after adherent protocols.  

1.2.6 cGMP and Large-scale Manufacturing of hPSC-RPE 

In light of the enormous potential that hPSC-RPE cells hold as a cell replacement treatment for 
AMD, efforts have recently been made toward the establishment of cleaner and defined 
differentiation protocols capable of rendering a more clinically compliant cell product. 
Examples include the establishment of xeno-free protocols, which could avoid the risk of 
rejection or microbial contamination upon transplantation created by the presence of non-
human components in the final cell product (such as MEFs, animal-derived growth factors and 
matrices), and the use of chemically defined culture conditions, which eliminates the batch-to-
batch variability associated with the use of serum, as well as the risk of having contaminants 
in the final product147–150,152. Furthermore, in order to meet the requirements demanded by the 
regulatory agencies to ensure patient safety, there is an increasing trend of establishing clinical 
good manufacturing practice (cGMP) routines for the production and quality control of the 
hPSC-RPE cells that are intended for transplantation (Figure 13). 

A B 
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In addition to the application of xeno-free and defined conditions, the potential clinical 
application of any cell-based product also requires its scalability. The identification of cell-
specific surface markers can facilitate access to highly enriched populations of differentiated 
cell types derived from hESCs and hiPSCs, such as hPSC-RPE, and can enable greater control 
of the differentiation process, as previously demonstrated for other differentiated cell types153–

156. Implementation of these surface markers in techniques such as FACS or MACS would 
facilitate the isolation of hPSC-RPE in an automated manner and support its large-scale 
manufacturing. Moreover, the application of these specific cell-surface markers as in-process 
quality-control assays could warrant the detailed and quantitative phenotypic evaluation of the 
cells and the generation of defined and safer cell products for transplantation.  

To ensure the identity and functionality of hPSC-RPE cells, the final cell product obtained after 
differentiation must be characterized. The features of these cells that are normally investigated 
include: morphology (hexagonal shape and grade of pigmentation); expression of molecular 
markers, such as BEST1, MITF, RPE65, and CRALBP at the RNA and protein levels; 
polarized secretion of growth factors, typically PEDF and VEGF on the apical and basal sides, 
respectively; their ability to phagocyte photoreceptor outer segments, and their integrity as an 
epithelial barrier measured by transepithelial electric resistance (TEER). In addition, when 
considering the use of these cells in replacement therapies, their safety upon transplantation 
would also need to be analyzed. Safety tests include discarding the presence of other 
contaminant cells (e.g., undifferentiated cells) in the final product by flow-cytometry, 
immunostaining or qPCR analysis, as well as ensuring the stability of the cells through whole-
genome sequencing, or tumorigenicity and biodistribution studies in animals. Finally, before 
their use in human patients, the function and efficacy of hPSC-RPE cells in rescuing retinal 
structure and visual function must be demonstrated in relevant animal models such as the Royal 
College of Surgeons (RCS) rat, which mimics photoreceptor degeneration associated with dry 
AMD, or in large-eyed animal models like pigs, rabbits, or primates, which resemble more 
faithfully the real scenario in terms of diagnostic and surgical procedures157–162. 

1.2.7 RPE Transplantation 

Despite of the increasing number of studies that report the functionality of hPSC-RPE 
transplants in different animal models and the extensive efforts being made to generate these 
cells at the highest standards of purity and safety, the best method to deliver the cells into the 
subretinal space of patient eyes remains unclear (Figure 13). In cell replacement studies 
performed with animal models, RPE cells have traditionally been delivered to rats and mice 
via subretinal injections of cell suspensions in saline142,144,163. While many of these studies have 
reported partial restoration of visual function, in most, the histology demonstrated limited cell 
survival and an abnormal or poor integration of the cells in the subretinal space, with cells 
normally clustering together into a large clump rather than integrating into a monolayer 
between the photoreceptors and the choroid. Such weak results have led many authors to argue 
that delivering the cells in suspension is not the right approach and that giving the cells a 
supporting material will enhance not only cell survival, but also cell integration, as cells will 
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no longer have to rely on the native basement membrane, the Bruch’s membrane, which may 
be damaged in the advanced stages of the disease164–168. The implantation of hPSC-RPE 
growing on bioscaffolds was foreseen by many as a better approach to cell suspension delivery, 
as the cells will exhibit improved stability and maintain cell polarization.  

 

Figure 13. Cell and tissue engineering for the treatment of retinal diseases. Graphic representation of the key stages and 
main challenges surrounding the manufacturing and clinical translation of cell therapies. Image was adapted from ref.169, with 
permission from Elsevier. 

Although the theoretical approach seemed rational, the first studies in animal models 
demonstrated that this new approach created more complications than advantages. First, the 
transplantation of patches of cells implied a more severe surgery than the necessary for a 
subretinal injection. In addition, the lack of flexibility of the scaffolds made the subretinal 
delivery across the damaged retina difficult, often resulting in impairment of the retinal 
microstructure during transplantation, which negatively impacted the outcome of the 
procedure164,166. Finally, the restraints on the size of the cell patches made this approach a very 
limited solution for advanced stages of the disease where retinal damage is presumed to be 
extensive. In parallel to these discouraging experiments with 2D cell sheets, the first clinical 
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trial with hPSC-RPE cells delivered in cell suspension occurred in the US170. The results 
derived from this trial were very promising, in contrast to the previously noted studies in 
animals. The cells integrated and formed a monolayer of cells that survived for at least two 
years and partially improved visual function in patients with AMD170,171.  

In view of the promising results of the cell suspension approach reported in that first clinical 
trial, many authors attempted to further improve the methodology through the use of 
biodegradable hydrogels as an injectable scaffold to improve cell survival during the subretinal 
delivery. However, the first studies using hyaluronic acid-based gels for the delivery of hPSC-
RPE cells reported failure in cell integration due to the relatively slow degradation of the 
scaffold (more than three weeks), which likely exceeded the migration time window of hPSC-
RPE cells172. This limitation has fortunately been overcome through the use of hyaluronan-
methylcellulose (HAMC) hydrogels, which degraded within one week after 
transplantation173,174. In addition to the use of biodegradable hydrogels, significant efforts have 
been exerted toward developing specialized devices for the delivery of hPSC-RPE on a scaffold 
that allows the insertion of larger patches while reducing the size of the retinotomy, which 
translates into a reduction of related surgical complications (Figure 13). 

Given the advantages and disadvantages of both transplantation strategies described in these 
preliminary studies, it is still unclear which will prove to be the best in a clinical context. Only 
the result of the first pilot clinical trials for both transplantation strategies will provide insight 
to that question. 

1.2.8 Clinical Trials using hPSC-RPE  

hPSC-RPE transplantation holds immense potential as a replacement therapy not only for 
AMD, but also for other major ophthalmological conditions, such as Stargardt’s disease, a less 
prevalent autosomal recessive form of macular degeneration that affects younger patients. The 
considerable progress made in establishing more efficient and safer hPSC-RPE differentiation 
protocols, together with the promising preclinical studies in animal models that have 
demonstrated the effectiveness of these cells in stopping retinal degeneration and rescuing 
vision, has prompted the emergence of several clinical trials around the globe aiming to bring 
this therapy closer to the bedside (Figure 14). The first early phase trial began in the US in 2012 
(NCT01344993)170,175,176, in which hPSC-RPE cell suspensions were injected into a small 
group of patients with the principal aim of demonstrating the safety of the cells and the delivery 
method. Similar studies were subsequently initiated in Japan177, the UK (NCT01691261)178, 
the US (NCT02590692)179 and Israel (NCT02286089), where hPSC-RPE were transplanted 
into patients suffering from advanced forms of AMD. Although the finding of culture-acquired 
oncogenic mutations on the transplanted cells forced the termination of the Japanese clinical 
trial, this first attempt to use hiPSC in a clinical context served to increase awareness on the 
need to perform thorough safety testing of any hPSC-derived cell product, even when produced 
under a cGMP setting180,181. In addition to the safety of the final cell products, current concerns 
center around whether hPSC-RPE can achieve sufficient maturation levels upon transplantation 
or if they could remain stalled at an embryonic level, impeding their complete functional 
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performance182. Nevertheless, several studies on the transplantation of CNS derivatives suggest 
that delivering hPSC-RPE at an intermediate progenitor stage could be significantly more 
effective in engrafting and repairing than a terminally differentiated cell product, while also 
allowing for a reduction of manufacturing time and expenses183.  

While the eye has been historically considered to be immunoprivileged due to the presence of 
a blood-retina barrier and immunomodulatory cytokines, largely provided by the RPE, 
immunorejection can still occur184,185. Using autologous hPSC-RPE transplants will likely 
solve the problem; however, the impractically high manufacturing expenses necessary for the 
generation of a personalized cell product for each patient, limit their applicability186. For this 
reason, the majority of current strategies that seek to use hPSC-RPE as a therapeutic cell 
product still focus on the use of allogenic sources175,176,178,179. Ongoing clinical trials have 
demonstrated that limited immune suppression during the 3-12 months after transplantation is 
enough to avoid rejection of allogeneic donor cells, as it is thought that during this time, the 
blood-retina barrier can be reestablished and ocular immunoprivilege can be restored169,185. In 
the future, advancements in large-scale manufacturing of clinical-grade hPSC might hold the 
promise of individual-use hPSC-RPE from autologous hiPSC. Meanwhile, progress is also 
being made in the establishment of HLA-typed stem cell banks, both via banking hPSC 
covering the most-represented HLA subtypes in the population or by using genome editing 
strategies to create HLA-modified universal donor cells187–190.  

In short, hPSC-RPE replacement therapies offer great potential for decelerating the progression 
of macular dystrophies and protecting photoreceptors from further degeneration. However, 
photoreceptors are terminally differentiated neurons, and once lost, they cannot be regenerated. 
As such, several studies are exploring the possibility of transplanting cocultured hPSC-RPE 
and hPSC-derived photoreceptor explants, which may prove to be more effective in restoring 
retinal function, especially in more advanced stages of AMD and SD191,192. Still, several 
challenges must be overcome before this approach could be brought to the clinic, such as 
ensuring connectivity to the neuroretina and determining methods for enriching for cone 
photoreceptors to match the high concentration of cones present in the native macula.  
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Figure 14. Clinical trials using hPSC-RPE. Table summarizing the clinical trials involving the use of hPSC-RPE for the 
treatment of common retinal diseases that are currently taking place. Table created with information from clinicaltrials.gov 
(updated in May 2020). 

 

Identifier Title Type Conditions Sponsors and Collaborators Cell type

NCT02590692
Study of Subretinal Implantation of Human 
Embryonic Stem Cell-Derived RPE Cells in 
Advanced Dry AMD 

Phase I/IIa
Dry Age Related Macular 
Degeneration, Geographic 
Atrophy

Regenerative Patch 
Technologies

hESC-RPE on a 
scaffold

NCT01691261
A Study Of Implantation Of Retinal 
Pigment Epithelium In Subjects With Acute 
Wet Age Related Macular Degeneration 

Phase I
Age Related Macular 
Degeneration

•Moorfields Eye Hospital 
NHS Foundation Trust
•University College, London
•Pfizer

hESC-RPE on a 
scaffold

NCT01674829

A Phase I/IIa, Open-Label, Single-Center, 
Prospective Study to Determine the Safety 
and Tolerability of Sub-retinal 
Transplantation of Human Embryonic 
Stem Cell Derived Retinal Pigmented 
Epithelial(MA09-hRPE) Cells in Patients 
With Advanced Dry Age-related Macular 
Degeneration(AMD) 

Phase I/IIa
Dry Age Related Macular 
Degeneration

CHABiotech
hESC-RPE in 
suspension

NCT01469832

Safety and Tolerability of Sub-retinal 
Transplantation of Human Embryonic 
Stem Cell Derived Retinal Pigmented 
Epithelial (hESC-RPE) Cells in Patients 
With Stargardt's Macular Dystrophy (SMD) 

Phase I/II Stargardt's Macular Dystrophy 
Astellas Institute for Reg. 
Medicine

hESC-RPE in 
suspension

NCT01345006

Sub-retinal Transplantation of hESC 
Derived RPE(MA09- hRPE)Cells in 
Patients With Stargardt's Macular 
Dystrophy 

Phase I/II Stargardt's Macular Dystrophy 
Astellas Institute for Reg. 
Medicine

hESC-RPE in 
suspension

NCT01344993

Safety and Tolerability of Sub-retinal 
Transplantation of hESC Derived RPE 
(MA09-hRPE) Cells in Patients With 
Advanced Dry Age Related Macular 
Degeneration 

Phase I/II
Dry Age Related Macular 
Degeneration

Astellas Institute for Reg. 
Medicine

hESC-RPE in 
suspension

NCT02286089
Safety and Efficacy Study of OpRegen for 
Treatment of Advanced Dry-Form Age-
Related Macular Degeneration 

Phase I/IIa
Age Related Macular 
Degeneration

•Lineage Cell Therapeutics, 
Inc.
•CellCure Neurosciences 
Ltd.

hESC-RPE in 
suspension
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2 AIMS 
The general aim of this thesis is to elucidate the genetic requirements for human trophoblast 
formation using human embryonic stem cells and to develop robust, scalable, and clinically 
compliant methodologies for the production of hESC-RPE that can be used in replacement 
therapies for patients suffering from non-exudative forms of AMD. 

The specific aims of the three projects are as follows: 

I. To examine to what degree the mechanisms regulating TE-ICM lineage segregation in 
mice are conserved in humans by studying the function of the Hippo signaling pathway 
during human trophoblast differentation 
 

II. To establish a xeno-free, defined, and clinically compliant hESC-RPE differentiation 
protocol and to evaluate the in-vivo performance of these cells in a rabbit model of 
AMD 

 
III. To identify and validate novel cell surface markers for hPSC-RPE and to develop  more 

robust and scalable differentiation methodologies 

 

Figure 15.Thesis at a glance. Flowchart portraying an overview of the aims, research questions and methods covered by the 
present thesis work. 
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II
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the differentiation process 

and for increasing the purity 
of the final cell product?

Screening and validation  
of hPSC-RPE specific cell 
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III

Aim Research Question Method Paper

Is the subretinal injection 
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decelerate or stop AMD 
progression in a larged-
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3 MATERIAL AND METHODS 
3.1 ETHICS 

3.1.1 Human Pluripotent Stem Cells 

Human embryonic stem cell lines HS975, HS980 and HS983a were derived from 
supernumerary in-vitro fertilized human embryos that were kindly donated to us upon proper 
written consent from the donor couples and with approval from the Swedish Ethics Review 
Authority (Permit number: 2011/745:31/3).  

Human induced pluripotent stem cell lines CTRL-7-II, CTRL-9-II, CTRL-12-I and CTRL-14-
II were kindly provided by the Karolinska Institutet iPSC Core facility. Derivation and 
subsequent use of these cell lines was performed after adequate consent from donors and with 
approval from the Swedish Ethical Review Authority (Permit numbers: 2012/208-31/3 and 
2010/1778-31/4).  

3.1.2 Animals 

For the studies included in the present thesis, a total of 27 female New Zealand albino rabbits 
were used. These animals were provided by Lidköpings rabbit farm (Lidköping, Sweden). All 
experiments were conducted after approval from the Northern Stockholm Animal 
Experimental Ethics Committee (Permit number: N25/14) and in accordance with the 
Statement for the Use of Animals in Ophthalmic and Vision Research. 

3.2 CELL CULTURE 

3.2.1 Human Pluripotent Stem Cells 

Human embryonic stem cell lines HS975, HS980 and HS983a were derived and cultured in 
our laboratory as previously described, under xeno-free and defined conditions193,194. HS983a 
cell line was derived from a single blastomere biopsied from a supernumerary in-vitro fertilized 
8-cell stage human embryo. The Wisconsin H9 (WA09) human embryonic stem cell (ESC) 
line was obtained from WiCell. For human pluripotent stem cell maintenance (hESC and 
hiPSC), cells were seeded onto plates previously coated overnight at 4°C with 10μg/mL 
hrLN521. Cells were kept at 5%CO2/5%O2 and fed daily with NutriStem hPSC XF media. 
Once they reached confluency, cells were enzymatically dissociated into single cells using 
TrypLE and passaged into new hrLN521 coated plates at a 1:10 ratio. When needed, cells were 
frozen using Stem Cell Banker freezing solution.  

3.2.2 hPSC-RPE Differentiation 

3.2.2.1 Paper II 

Human embryonic stem cells were cultured until confluency on hrLN521 coated plates. At this 
stage, cells were washed and incubated at 37°C with DPBS (without Calcium and Magnesium) 
for 5 minutes. Then, using a pipette tip, the hESC monolayers were scraped and divided into 
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smaller clumps, these cell clumps were then transferred to ultra-low attachment plates 
containing 10μM Y-27632 in NutriStem hPSC XF media lacking bFGF and TGFβ (NutriStem 
-/-). From the day after plating until day 30, media was exchanged twice a week using fresh 
NutriStem -/- without Y-27632 and cultures were kept at 5%CO2/21%O2. During this time, cell 
clumps in the ultra-low attachment plates formed embryoid bodies that continue differentiating 
until they eventually produced optic vesicles (OV) containing hESC-RPE cells. These OVs 
were manually dissected using a scalpel and enzymatically dissociated into single cells using 
TrypLE followed by flushing through a 20G needle and syringe. The resultant cell suspension 
was then passed through a cell strainer (ø 40 μm) and plated onto tissue culture plates coated 
with 20μg/mL hrLN521 at a cell density of 0.6-1.2x104 cells/cm2 and fed twice a week with 
NutriStem -/- medium for another 30 days until a homogenous pigmented hESC-RPE 
monolayer was obtained.  

3.2.2.2 Paper III 

hPSC (hESC or hiPSC) were plated at a cell density of 2.4x104 cells/cm2 on tissue culture plates 
coated with 20μg/mL hrLN521 or hrLN111 and using NutriStem hPSC XF medium. 10μM Y-
27632 was added during the first 24h, while cells were kept at 37°C, 5% CO2/5% O2. After 
24h, medium was replaced with differentiation medium (NutriStem -/-) and cells were placed 
at 37°C, 5% CO2/21%O2. Cells were fed three times a week and kept for 30 days. From day 6 
after plating until day 30, 100 ng/mL of Activin A (R&D Systems) was added to the media. 
Monolayers were then enzymatically dissociated into single cells using TrypLE Select. The 
resultant cell suspension was then passed through a cell strainer (ø 40 μm) and seeded on 
laminin coated dishes (hrLN521 at 20μg/mL) at different cell densities ranging from 1.4x106 
to 1.4x104 cells/cm2. Replated cells were fed three times a week with NutriStem hPSC XF 
medium without bFGF and TGFβ for another 30 days until a homogenous pigmented hESC-
RPE monolayer was obtained. 

3.2.3 In-vitro Trophoblast Differentiation 

hESC growing on hrLN-521 and NutriStem hPSC XF were enzymatically dissociated into 
single cells and seeded onto new plates coated with 10μg/mL hrLN-521 at a cell density of 
1,84x104 cells/cm2. 24h after seeding, hESC were moved to a 5%CO2/21%O2 incubator and 
were differentiated into trophoblastic cells using NutriStem hPSC XF without bFGF and TGFβ 
that was supplemented with 10ng/mL BMP4, 1μM A83-01 and 0,1μM PD173074. The 
medium was changed every other day during the 9 days of culture.  

3.2.4 Established Cell Lines 

The human intestinal Caco-2 cell line was maintained on uncoated tissue culture plates with 
DMEM medium complemented with 4 mM glutamine, 100 u/mL penicillin, 100 u/mL 
streptomycin, 1% non-essential amino acids (NEEA), 10% heat inactivated FCS and sodium 
pyruvate at 37°C in 5%CO2/21%O2. For cell line maintenance, cells were kept in culture until 
they reached 50% confluency and were then enzymatically dissociated and seeded into new 
tissue culture plates at a cell density of 4.5x103 cells/cm2. Medium was changed every two 
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days. For the verteporfin treatment experiments, cells were seeded on new tissue culture plates 
at a density of 3x105 cell/cm2 and maintained for 21 days in the above-mentioned medium; the 
medium was changed three times a week. At day 21, mature Caco-2 cells were then treated 
with different concentrations of verteporfin. 

3.3 CRISPR/CAS9 GENOME EDITING 

CRISPR/Cas9 genome editing system was used to knock out gene function of several genes 
related to the Hippo signaling pathway in Paper I.  

Between 3 and 9 sgRNAs were designed for each target gene. Design and selection of the top 
candidates sgRNAs for each target was done using CRISPR-ERA (Xiaowo Wang lab, 
Tsinghua University) and E-CRISP (Boutros lab, German Cancer Research Center) online 
design tools.   

For plasmid-based CRISPR/Cas9 delivery, the sgRNA target sequence was then cloned into a 
modified version of the bicistronic vector PX459 (Addgene #63988), where we had exchanged 
the CMV promoter for an EF1a promoter, which gave better results in hESC. For RNP-based 
CRISPR/cas9 delivery, chemically modified synthetic sgRNA containing the desired target 
sequences were ordered and right before transfection they were complexed with Cas9 protein 
through a 10 minutes incubation a room temperature.  

Plasmids or RNP complexes containing the different sgRNAs for each target where then 
individually transfected in hESC using a Neon electroporation system (ThermoFisher 
Scientific). Following transfection with PX459 plasmids, the hESC cells were allowed to 
recover for 24h and then were subjected to antibiotic selection by treating them with 500ng/mL 
Puromycin for 48h. After antibiotic selection, transfected cells were grown until confluency 
and performance of the different sgRNAs was then assessed by targeted Sanger Sequencing of 
the target region, using TIDE or ICE sequence trace decomposition tools. 

3.4 CLONAL ISOLATION OF KNOCK-OUT HESC LINES 

For clonal isolation of CRISPR/Cas9-KO hESC lines, bulk transfected hESC cultures were 
enzymatically dissociated and suspended into limiting dilutions containing 20 cells/mL and 
10μM Rock Inhibitor (Y-27632, Millipore). 100μL of these limiting dilutions were then plated 
per well into 96-well plates previously coated with 15μg/mL hrLN-521 and 1,7μg/mL E-
cadherin. Individual cells were then allowed to grow until they formed confluent clonal 
colonies, which were then passaged and genotyped. Those clonal lines containing homozygous 
CRISPR/Cas9 frame-shift mutations were then analyzed for absence of the desired protein by 
Western Blot and/or immunofluorescence staining. 

3.5 CELL COUNTS AND CELL SIZE MEASUREMENTS 

In order to estimate cell survival and cell proliferation during BAP-TB differentiations in Paper 
I, cell density counts were performed at day 2, day 5 and day 9 of the differentiation using a 
Moxi Z Automated Cell Counter. 
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Cell size comparison between WT and CRISPR-KO hESC was achieved by measuring average 
cell diameter using a Moxi Z Automated Cell Counter of 70% confluent hESC cultures. 

3.6 QUANTITATIVE PCR 

For gene expression analysis, cells cultures were collected in RLT cell lysis buffer. Total RNA 
was isolated using the RNeasy Plus Mini Kit and treated with RNase-free. cDNA was 
synthesized using Superscript III reverse transcriptase, according to the manufacturer’s 
instructions. Samples were subjected to real-time PCR amplification protocol using Taq-
polymerase and specific Taqman probes for the genes of interest, on a StepOneTM real-time 
PCR System. Three independent experiments were performed for every condition and technical 
duplicates were carried for each reaction. Gene expression results are presented normalized to 
GAPDH expression and relative to a reference sample (ΔΔCt). 

3.7 FLOW CYTOMETRY ANALYSIS 

For extracellular protein detection by flow cytometry analysis, cells were enzymatically 
collected, incubated for 30min with conjugated antibodies for 30min, followed by washes and 
finally resuspended on FACS buffer (2%FBS, 1mM EDTA in DPBS) containing 7AAD or 
DRAQ7 live/dead stains.  

For intracellular protein detection by flow cytometry analysis, cells were enzymatically 
collected, incubated for 30min with Violet Live/Dead fixable stain and fixed with BD 
Cytofix/Cytoperm™ kit. After fixation and permeabilization, cells were stained with a 
conjugated antibody for 30min or a primary antibody for 30min on ice, followed by washes 
and staining with secondary antibody for another 30min on ice. Finally, cells were resuspended 
on FACS buffer (2%FBS, 1mM EDTA in DPBS). 

Fluorescence minus one (FMO) controls were included for each condition to identify and gate 
negative and positive cells. Stained cells were analyzed on a LSRFortessa equipped with 405 
nm, 640 nm, 488 nm, 355 nm and 561 nm lasers or a CytoFLEX equipped with 405 nm, 638 
nm, 488 nm and 561 nm lasers cell analyzers. Analysis of the data was carried out using FlowJo 
v.10 software. 

3.8 FLUORESCENCE ACTIVATED CELL SORTING (FACS) 

For cell sorting based on extracellular protein expression, cells were incubated with conjugated 
antibodies on ice for 30 min followed by washes and finally resuspended on FACS buffer (2% 
FBS, 1mM EDTA in DPBS) containing 7AAD or DRAQ7 live/dead stains. Fluorescence 
minus one (FMO) controls were included for each condition to identify and gate negative and 
positive cells. Stained cells were then sorted using a BD FACS Aria Fusion Cell Sorter (BD 
Biosciences) using FACSDiva Sofware v8.0.1. Sorted cells were collected on 15mL conical 
tubes containing cell culture medium with Penicillin/Streptomycin. 
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3.9 CYTOSPIN 

For protein detection on cell suspensions after cell sorting, cells were resuspended to a 
concentration of 7x105 cells/mL in FACS buffer (2% FBS, 1mM EDTA in DPBS). 100 μl of 
the cell suspensions were then loaded into the cytospin cuvettes and centrifuged for 5 minutes 
at 400 rpm onto glass slides. Slides were left to dry overnight at room temperature followed by 
fixation with 4% methanol-free formaldehyde at room temperature for 10 min and 
immunofluorescence staining. 

3.10 WESTERN BLOT 

Confluent cells cultures were collected after a brief 37°C incubation with Dulbecco’s 
phosphate buffered saline buffer (DPBS). Whole cell extracts were lysed in RIPA buffer 
(Sigma-Aldrich), then fractionated by SDS-PAGE and transferred to a Nitrocellulose or 
polyvinylidene difluoride membrane using a Mini Trans-Blot® Cell apparatus, according to 
the manufacturer’s protocol. After blocking with 5% nonfat milk in TBST (10 mM Tris, pH 
8.0, 150 mM NaCl, 0.5% Tween 20) for 60 min, the membrane was washed once with TBST 
and incubated with primary antibodies. Membranes were washed three times for 10 min with 
TBST and incubated with Alexa Fluor 680 conjugated secondary antibodies for 1h. Blots were 
washed with TBST three times and imaged with an Oddysey NIR Western Imager system and 
images were analyzed on ImageJ software. Vinculin detection was used as a protein loading 
control. 

3.11 IMMUNOFLUORESCENCE 

Cell cultures and cytospin preparations were washed with DPBS and fixed with 4% methanol-
free formaldehyde at room temperature for 10 minutes. After fixation, samples were 
permeabilized using 0.3% TritonX-100 in DPBS for another 10 minutes at room temperature, 
followed by a blocking step with 0.1% Tween 20 and 4% FBS in DPBS (Blocking Solution) 
for 1 hour at room temperature. Subsequently, samples were incubated overnight at 4°C with 
primary antibodies diluted in Blocking Solution. The following day, samples were washed 3 
times for 5 minutes with Blocking Solution and incubated for 2 hours at room temperature with 
Alexa Fluor conjugated secondary antibodies diluted in Blocking Solution. Hoechst 33342 and 
sometimes rhodamine phalloidin were added to the secondary antibody mix for staining of 
nuclei and actin cytoskeleton, respectively. Finally, samples were washed 3 times for 5 minutes 
with Blocking Solution and imaged using an epifluorescence, laser scanning confocal or 
spinning disk confocal microscope, depending on the experimental requirements. 

3.12 TIME-LAPSE MICROSCOPY 

For the experiments part of Paper II, where we studied the behavior of hESC-RPE on the 
different substrates, cell migration and expansion was monitored using the Cell-IQ live imaging 
system (Chip-Man Technologies Ltd.), equipped with an automated stage, an integrated 
incubator (37°C, 5% CO2) and a 10x phase contrast objective.  
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After OVs dissociation, hESC-RPE were seeded in triplicates on the different substrates tested 
in a 24-well plate format and kept with NutriStem -/- at 37°C in 5%CO2/21%O2 to allow their 
attachment to the substrate before initiating the imaging. The day after, plates were transferred 
to the time lapse imaging unit. For each well, images from several positions were acquired 
every hour over a total of 21 days. 

Cell migration was assessed for each condition using NIS-Elements v.4.0 (Nikon). For each 
set of images 10 cells were randomly chosen and their position was manually tracked during 
the first 7 days of imaging. The length and path of the trajectories followed by the different 
cells was used to compare the migration potentials of hESC-RPE among the different 
substrates. 

3.13 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 

In order to measure basal secretion of VEGF and apical secretion of PEDF by hPSC-RPE 
(Paper II and Paper III). Day 30 differentiations were seeded in triplicates on Transwell 
membranes (0.33 cm2 pore size) that were previously coated with 20μg/mL hrLN521. Cells 
were grown on the transwells for at least 30 more days, changing media from both apical and 
basal compartments 3 times per week. On the day of the experiment, supernatants that have 
been for at least 48h in contact with the cells were collected. PEDF and VEGF secretion levels 
were measured in both apical and basal compartments for each condition and replicate using 
commercially available human PEDF and VEGF ELISA Kits (RD191114200R from 
BioVendor, and DVE00 from R&D Systems, respectively). The OD450 values were measured 
using SpectraMax 250 Microplate Reader and used for calculating protein concentrations in 
relation to a standard curve. 

3.14 PHAGOCYTOSIS ASSAY 

This assay is intended to assess the in-vitro functionality of hPSC-RPE by measuring the 
capacity of the cells to phagocyte photoreceptor outer segments (POS).  

Day 30 hPSC-RPE were dissociated and seeded in triplicates onto Transwell membranes (0.33 
cm2 pore size) that were previously coated with 20μg/mL hrLN521. Cells were grown on the 
transwells for 30 more days, changing media from both apical and basal compartments 3 times 
per week. At day 60 of differentiation, cells were incubated at 37°C or 4°C overnight with 
2.42x106 FITC-labelled POS per Transwell diluted in DMEM or CO2-independent media, 
respectively. Undifferentiated hESC treated in the same manner were used as a negative 
control. The day after, cultures were incubated with a solution containing 0.2% Trypan Blue 
for 10 minutes at room temperature in order to quench the fluorescence signal coming from the 
non-phagocyted POS. After that, cells were washed with DPBS and fixed with 4% methanol-
free formaldehyde at room temperature for 10 minutes. Following fixation, samples were 
permeabilized using 0.3% TritonX-100 in DPBS for another 10 minutes at room temperature, 
before a final 20 minutes room temperature incubation with Hoechst 33342 and Rhodamine 
Phalloidin, used to visualize nuclei and cell boundaries, respectively. 
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Images were acquired with Zeiss LSM710-NLO point scanning confocal microscope and 
image analysis was performed using IMARIS (Bitplane). Automated quantification of total 
number of engulfed FITC-POS per condition was completed using CellProfiler software.  

3.15 TRANSEPITHELIAL ELECTRICAL RESISTANCE (TEER) 

Day 30 hPSC-RPE were dissociated and seeded in triplicates onto Transwell membranes (0.33 
cm2 pore size) that were previously coated with 20μg/mL hrLN521. Cells were grown on the 
transwells for 30 more days, changing media from both apical and basal compartments 3 times 
per week. At day 60 of differentiation, cultures were equilibrated outside the incubator at room 
temperature for at least 20 min before the experiment. Electrical resistance was measured using 
the Millicell Electrical Resistance System volt-ohm meter at three different positions on each 
well. Background electrical resistance measured in a well with no cells growing was subtracted 
from each measurement of the experimental wells. Measurements are reported as resistance in 
ohms times the area in square centimeters (Ω*cm2). 

3.16 SCANNING ELECTRON MICROSCOPY (SEM) 

hESC and day 60 hPSC-RPE cultures growing on transwell (as described above) were fixed 
by immersion in 2.5% glutaraldehyde in 0.1M phosphate buffer, pH7.4. The transwell 
membrane containing the cells was cut out and rinsed in dH20 prior to stepwise ethanol 
dehydration and critical-point-drying using carbon dioxide. Inserts were mounted on specimen 
stubs using carbon adhesive tabs and sputter coated with a thin layer of platinum. SEM images 
were acquired using an Ultra 55 field emission scanning electron microscope (Zeiss, 
Oberkochen, Germany) at 3 kV and the SE2 detector. 

3.17 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

hESC and day 60 hPSC-RPE cultures growing on transwell (as described above) were fixed 
by immersion in 2.5% glutaraldehyde in 0.1M phosphate buffer, pH7.4. The transwell 
membranes were ten cut out and into strips, rinsed in 0.1M phosphate buffer followed by a 
postfixation in 2% osmium tetroxide in 0.1M phosphate buffer, pH7.4 at 4°C for 2 hours. 
Following postfixation, membrane strips were dehydrated through stepwise ethanol exposure 
and finally flat embedded in LX-112. 50–60 nm sections were prepared using a Leica EM UC7 
and contrasted with uranyl acetate followed by lead citrate. TEM imaging was performed on a 
Hitachi HT7700 transmission electron microscope (Hitachi High-Technologies) operated at 80 
kV and using CCD camera. 

3.18 HISTOLOGY 

In Papers II and III characterization of transplanted hPSC-RPE in rabbit eyes as well as 
presence or absence of protein markers in rabbit and adult human retinas was assessed by 
histology and posterior immunohistochemistry and tissue immunofluorescence staining.  
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After euthanasia, rabbit eyes that were injected with hPSC-RPE or DPBS only were enucleated 
and fixed through intravitreal injection of 4% formaldehyde solution and posterior 24-48 hours 
incubation at 4°C. After that, eyes were embedded in paraffin and the injected retinal area was 
sectioned with a thickness of 4μm. Every fourth section of these retinas was stained with 
hematoxylin-eosin (HE). 

3.19 IMMUNOHYSTOCHEMISTRY (IHC) 

Cross sections of paraffin embedded tissue were deparaffinized in xylene and rehydrated by 
ethanol series followed by antigen retrieval through incubation in sodium citrate buffer (pH 6) 
at 96°C, followed by peroxidase and serum blocking. For immunohistochemistry, staining was 
performed in an automated manner in a Leica Biosystems Automated IHC stainer. For 
immunofluorescence staining, primary antibodies diluted in blocking buffer, were incubated 
overnight at 4°C, followed by washes and posterior incubation with Alexa Fluor conjugated 
secondary antibodies for 1 hour at room temperature. Finally, sections were mounted using 
mounting medium with DAPI under a 24x50 mm coverslip.  

Images were acquired using an Olympus IX81 epifluorescence microscope or Zeiss LSM710-
NLO point scanning confocal microscope. Image analysis was carried on with the help of 
ImageJ software. 

3.20 SINGLE-CELL RNA SEQUENCING (SCRNA-SEQ) 

In paper III, presence of potentially contaminating cells was analyzed through scRNA-Seq of 
day 60 hPSC-RPE 30 days after either replating or cell enrichment. Cell cultures were 
enzymatically dissociated into single cell suspensions using TrypLE and diluted to a 
concentration of 1x106 cells/mL. Cell suspensions were then used to create 3’ cDNA library 
for single cell RNA sequencing with the 10X Genomics platform available at the Eukaryotic 
Single Cell Genomics Facility in SciLife Lab, Stockholm. 

Cell Ranger 2.1.1 pipeline was used to convert Illumina base call files to fastq format and 
STAR aligner was used to align sequencing reads to the hg19 transcriptome and generate 
feature-barcode matrices. Cell Ranger quality-control filtered cells were analyzed using Seurat 
suite version 2.3. Only hPSC-RPE cells with uniquely expressed genes (≥ 2,000 to ≤ 5,000), 
UMIs (≥ 10,000 to ≤ 30,000) and percentage of UMIs mapping to MT-genes (≥ 0.025 to ≤ 
0.10) were selected. Similarly, hESC cells with uniquely expressed genes (≥ 2,000 to ≤ 8,000), 
UMIs (≥ 10,000 to ≤ 80,000) and percentage of UMIs mapping to MT-genes (≥ 0.025 to ≤ 
0.10). Cell-cell variation in gene expression driven by UMIs, mitochondrial gene expression 
and cell-cycle stages were regressed out during data scaling process, followed by 
dimensionality reduction by principal-component analysis (PCA). For principal component 
(PC) selection, findings of PCHeatmap, jackStraw, PC standard deviations and Clustree 
analysis were assessed. 
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3.21 SUBRETINAL INJECTIONS IN THE RABBIT EYE 

hPSC-RPE monolayers were washed with DPBS and enzymatically dissociated into a single 
cell suspension using TrypLE. Cell were counted on a hemocytometer using 0.4% trypan blue 
and aliquoted into 600μL units with a final concentration of 1x106 cells/mL that were kept on 
ice until transplantation. 

A day prior to the surgery, 2 mg (100μL) of intravitreal triamcinolone (Triescence 40 mg/mL) 
were administered to the rabbits (New Zealand Albino Rabbits). On the day of the surgical 
intervention, animals were anesthetized by intramuscular administration of 35 mg/kg ketamine 
and 5 mg/kg xylazine, the pupils were then dilated using a mix of 0.75% cyclopentolate and 
2.5% phenylephrine. Microsurgeries were performed on both eyes using 3-port 25G 
transvitreal pars plana technique. The cell suspension was drawn into a 1 mL syringe connected 
to an extension tube and a 38G PolyTip cannula. Without infusion or prior vitrectomy, the 
cannula was inserted through the upper temporal trocar. After proper tip positioning, 
ascertained by a focal whitening of the retina, 50 μL of cell suspension (equivalent to 50.000 
cells) were subretinally injected approximately 6 mm below the inferior margin of the optic 
nerve head, forming a clearly distinguishable and uniform bleb.  

3.22 RETINAL IMAGING 

In order to assess the integration of transplanted hPSC-RPE in the rabbit eyes in Paper II and 
Paper III, we used a combination of non-invasive ophthalmological techniques such as optical 
coherent tomography (OCT), infrared-confocal scanning laser ophthalmoscopy (IR-cSLO) and 
blue fundus autofluorescence (BAF). 

Anesthetized rabbits were placed in an adjustable mount. A Spectralis HRA + OCT device was 
used to obtain at least 3 cross- sectional OCT scans were with concurrent IR-cSLO reflectance 
reference images representing the upper, central and lower portion of the transplanted area. 
Finally, equivalent BAF images were acquired using the Spectralis blue light-laser with an 
excitation wavelength of 488 nm and a barrier filter of 500 nm. 

3.23 STATISTICS 

In Paper I, unpaired 2-tailed Student’s t-tests were performed to assess the effects the different 
knockouts on pluripotency gene expression. Same type of statistical tests was used to estimate 
the effect on cell density and on the proportion of cCaspase3 positive cells after treatment with 
LPA. 

In Paper II, unpaired 2-tailed Student’s t-test was performed comparing the relative outer retinal 
thickness between eyes with integrated and with non-integrated hESC-RPE after subretinal 
transplantation. 

For the statistical analysis present in Paper III, two-way ANOVA and posthoc multiple 
comparisons using Tukey test correction were executed to assess the significance of changes 
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in gene expression and functionality performance of the different replating densities tested, as 
well as sorting versus replating experiments. 

All quantifications were performed unblinded. In every case, statistical analysis was carried 
out on data from at least three independent experimental replicates. Comparisons between 
groups were planned before statistical testing and target effect sizes were not predetermined.  
Statistical analysis was carried out using Prism 7 software. 
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4 RESULTS AND DISCUSSION 
4.1 ROLE OF HIPPO SIGNALING PATHWAY IN HUMAN TROPHOBLAST 

DIFFERENTIATION (PAPER I) 

Hippo signaling plays an essential role in trophectoderm specification in mice. Inactivation of 
this pathway exclusively in the outer cells of the preimplantation embryo allows for the 
transcription of trophectoderm-specific genes through the activity of TEAD4 and its 
coactivator molecules, YAP1 and WWTR1. However, it remains unclear whether the same 
mechanisms govern trophectoderm establishment in humans. In an attempt to understand if the 
function of Hippo signaling is conserved in humans, we functionally examine the role of 
different downstream components of this pathway during in-vitro human trophoblast 
formation. 

 

Figure 16. Role of Hippo Signaling Pathway in Human Trophoblast Differentiation. Summary of the main results presented 
in Paper I. (A) BAP-TB differentiation protocol scheme. (B) Immunofluorescence images confirming the presence of several 
TB markers (GATA3, KRT7, KRT19, hCG and HLA-G) at day 9 of BAP-TB differentiation in WT and TEAD4KO cells. (C) 
Graph displaying differences in cell density at day 0, day 2, day 5 and day 9 of BAP-TB differentiation in WT, YAP1KO and 
WWTR1KO cells. Each data point represents mean ± SEM from three independent experiments. (D) Bar graphs displaying the 
proportion of wild-type, heterozygous and homozygous clones obtained after targeting YAP1 or WWTR1 on WT hESC and 
WWTR1KO or YAP1KO hESC, respectively. Scale bars = 100 μm.  

Study design 

This study employed a combination of pharmacological and genetic targeting to examine the 
function of the Hippo pathway in human cells. Clonal knockout hESC lines were established 
for different effectors downstream from the Hippo pathway and were then subjected to in-vitro 
trophoblast differentiation (Figure 16A). We assessed the effect of ablation of the different 
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molecular players based on the outcome on cell survival and the impact on trophoblast marker 
expression, both at the transcriptional and protein levels.  

Pharmacological inhibition of Hippo signaling impairs trophoblast differentiation and 
hESC survival 

Previous studies have demonstrated that pharmacological inhibition of Hippo signaling using 
Verteporfin (VP), a drug that impedes YAP1-TEAD interaction, impairs trophectoderm 
formation during blastocyst formation in mice195,196. As the first 48h hours of our in-vitro 
trophoblast differentiation model recapitulates trophectoderm formation, we decided to treat 
these cultures with VP. We observed that pharmacological treatment induced extensive cell 
death not only on the in-vitro trophoblast, but also on hESC that were treated in parallel as a 
control, suggesting that YAP1-TEAD function was equally important for trophectoderm 
establishment and hESC maintenance. Because high concentrations of VP have been found to 
be toxic and in order to ensure that any effect derived from these treatments was due to the 
inhibition of YAP1-TEAD interaction and not to toxicity, we decided to test different 
concentrations of the drug in hESC and mature CaCo2 cells, which do not express YAP1. We 
found that the range of VP concentrations used in our previous experiment did not have a toxic 
effect on CaCo2 cells, indicating that the effect we observed on hESC and in-vitro trophoblast 
cultures was a consequence of the loss of YAP1-TEAD activity. 

TEAD4 function is not essential for human trophoblast formation 

Previous studies in mice have identified TEAD4 as an essential transcription factor for 
trophectoderm establishment. Based on these reports and our previous results, we sought to test 
if loss of function of TEAD4 could be responsible for the phenotypes we observed upon VP 
treatment. To do so, we established clonal TEAD4-knockout hESC lines using CRISPR/Cas9-
mediated gene disruption. Immunostaining and transcriptional analysis by qPCR revealed 
preserved pluripotency marker expression and the absence of TEAD4 protein on TEAD4-KO 
hESC. We then exposed these cells to in-vitro trophoblast differentiation and found them to 
display comparable competence to differentiate as WT hESC, as assessed by morphology and 
phenotypic characterization using flow-cytometry, immunostaining, and qPCR (Figure 16B). 
Therefore, these results suggest that TEAD4 does not serve an indispensable function in 
trophectoderm and trophoblast differentiation.  

YAP1 displays a leading role in trophoblast differentiation 

Intrigued by the lack of effect observed on trophoblast differentiation after disruption of 
TEAD4 expression, we decided to examine the gene function of its coactivator molecules, 
YAP1 and WWTR1. Clonal YAP1-KO and WWTR1-KO hESC lines created following the 
same approach as previously described displayed no alterations of their pluripotent potential. 
However, when these lines were differentiated towards trophoblast, they exhibited a significant 
amount of cell death around the second day of differentiation, which was especially prominent 
on YAP1-KO hESC (Figure 16C). Despite the observed effect on cell survival, the few 
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remaining YAP1-KO and WWTR1-KO cells managed to resume differentiation and by day 
nine, demonstrated expression of typical markers of mature trophoblast, such as KRT7, 
KRT19, hCG, and HLA-G. These findings indicate that YAP1 and WWTR1 may have a 
function in trophectoderm formation, but not in its posterior maintenance and maturation 
towards trophoblast. Furthermore, treatment with LPA, a chemical inhibitor of LATS1/2 
kinases, managed to rescue the phenotype in YAP1-KO, which then increased their survival to 
similar levels as observed in WT cells, indicating that YAP1 and WWTR1 can compensate one 
another. Despite the high editing efficiencies of our CRISPR/Cas9 sgRNA targeting YAP1 and 
WWTR1, all of our attempts to establish double-knockout YAP1/WWTR1-KO hESC clonal 
lines failed. None of the 79 clones generated in three separated events proved to be double-
knockout, highlighting the presumptive role of YAP1/WWTR1 in hESC maintenance that was 
suggested by our VP experiments (Figure 16D). 

YAP1/WWTR1 role in TE differentiation is mediated by the joint activities of TEAD 
proteins 

Given these results, we sought to determine if the function of YAP1/WWTR1 in trophectoderm 
differentiation is mediated through their interaction with TEAD proteins or if their role can be 
explained by their interaction with other transcription factors. Although TEAD family 
members (TEAD1, TEAD2, TEAD3 and TEAD4) have historically been considered to play 
distinct roles during development, the fact that they exhibit a high amino acid identity (~70%) 
lead us to hypothesize that they could have homologous functions, which would explain why 
the loss of TEAD4 alone would not have a phenotypic effect on trophoblast differentiation. To 
test our hypothesis, we established single-knockout hESC lines, for which we ablated TEAD1 
and TEAD2 separately, and a triple-knockout hESC line, for which we simultaneously 
disrupted TEAD1, TEAD2 and TEAD4, because these three TEADs are the only ones 
described to be present during early human embryo development. We found that, while 
TEAD1-KO and TEAD2-KO hESC lines exhibited unaltered pluripotency and trophoblast 
differentiation capacity, TEAD1/2/4-KO hESC exhibited reduced NANOG expression, which 
correlated with their ease of spontaneous differentiation in culture, and a high rate of cell death 
during the first two days of trophoblast differentiation, similar to the observations of YAP1-
KO and WWTR1-KO lines. These findings suggest that the different TEADs can have 
interchangeable functions; therefore, as they can compensate one another, only the combined 
inactivation can cause a negative effect on trophoblast formation. Finally, these results also 
indicate that YAP1/WWTR1 regulate trophoblast differentiation through interaction with 
TEAD proteins and not any other alternative downstream target factors.  

Discussion 

In this study, we utilized hESC as a platform to study the function of the Hippo signaling 
pathway during trophoblast differentiation. Combining pharmacological and genetic targeting, 
we found that YAP1/WWTR1/TEAD downstream effectors of the Hippo pathway play an 
essential role in the establishment of human trophectoderm. Moreover, we observed that the 
function of YAP1/WWTR1 was also necessary for hESC maintenance, as simultaneous 
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disruption of these two coactivators resulted in hESC cell death. Finally, we found that 
members of the TEAD family perform homologous activities and that TEADs can functionally 
compensate for the loss of function of one of the members. This finding contradicts previous 
studies conducted in mice, in which the ablation of TEAD4 alone impeded trophectoderm 
formation. 

Based on these results, we suggest that the function of Hippo signaling function in 
trophectoderm establishment may be conserved between mice and humans. Therefore, we 
propose that the mouse can still serve as a relevant model in the study of human early 
embryogenesis, as it demonstrates to recapitulate some of the key aspects related to the 
establishment of the TE.  Moreover, we demonstrated the feasibility of in-vitro trophoblast 
differentiation models for the study of gene function. However, it is important to take into 
account that these types of models do not represent exact physiological conditions, as they fail 
to recreate important aspects such as intercellular signaling between the different compartments 
of the developing embryo (EPI, PE and TE). In line with previous studies, we demonstrated 
that the use of pharmacological inhibitors, such as verteporfin and LPA, can be very useful in 
the interrogation of the Hippo signaling pathway. Nevertheless, to exclude any potential 
confounding toxic or unspecific effects derived from the use of these inhibitors, it is always 
important to validate the obtained results using alternative approaches, such as the direct gene 
disruption by CRISPR/Cas9 genome editing. CRISPR/Cas9 genome editing also enables the 
examination of individual gene function, which is helpful in identifying the main effectors in a 
signaling pathway. 

Increasing our knowledge around the processes involved in successful trophoblast 
differentiation will improve our understanding of the origin and prevention of common fertility 
and placental disorders, such as recurrent miscarriages or preeclampsia. At the same time, 
gaining insights into the molecular mechanisms that regulate the exiting and maintenance of 
pluripotency will likely translate into improved culture conditions that will yield better and 
more efficient stem cells for use in basic research and regenerative medicine. 

4.2 XENO-FREE AND DEFINED HUMAN EMBRYONIC STEM CELL-DERIVED 
RETINAL PIGMENT EPITHELIAL CELLS FUNCTIONALLY INTEGRATE IN 
A LARGE-EYED PRECLINICAL MODEL (PAPER II) 

Cell replacement using hESC-derived retinal pigment epithelium (hESC-RPE) is regarded as 
one of the most promising strategies in the treatment of retinal degenerative diseases such as 
age-related macular degeneration (AMD) and Stargardt´s disease (SD). Recent advancements 
in hESC derivation and maintenance have enabled the emergence of several strategies for the 
production of hESC-RPE. However, most of these methods still rely on the use of culture 
conditions that involve animal-derived components or the use of medium formulations that are 
either undefined or not xeno-free. In the present study, we describe a novel hESC-RPE 
differentiation protocol that relies on the spontaneous differentiation of the RPE in 3D cultures, 
using xeno-free and defined culture conditions. In addition, we validate the functional 
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integration of these cells upon subretinal transplantation into a large-eyed animal model and 
demonstrate their capacity for rescuing the retina from degeneration. 

 

Figure 17. Xeno-Free and Defined Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells Functionally 
Integrate in a Large-Eyed Preclinical Model. Summary of the main results presented in Paper II. (A) 3D-based differentiation 
protocol scheme followed for the derivation of hESC-RPE. (B) Representative bright field images of an embryoid body 
containing optic vesicles (top) and mature hESC-RPE growing on hrLN-521 at the end of the differentiation protocol (bottom). 
(C) Immunofluorescence images demonstrating the presence of specific markers (ZO-1, CRALBP; Na/K ATPase and BEST1) 
in mature hESC-RPE. (D) H&E and immunofluorescence stained sections of the rabbit retinas after hESC-RPE transplantation. 
Transplanted hESC-RPE integrated in the subretinal space in a monolayered manner and survived up to 8 months, 
demonstrating sustained expression of RPE65 and the human specific antigen NuMA. Scale bars: (B-top) = 500 μm; (B-bottom) 
= 100 μm; (C) = 20 μm; (D) = 10 μm. Image was adapted from ref.147, with permission from Elsevier. 

Study design 

hESC were aggregated into embryoid bodies (EB) and allowed to spontaneously differentiate 
until optic vesicles (OV) were formed. We performed morphological and molecular 
characterization and assessment of the functional performance of the cells to evaluate the most 
suitable substrate for hESC-RPE maintenance after OV dissociation (Figure 17A). hESC-RPE 
in suspension were then injected subretinally into albino rabbits in order to evaluate the 
stability, integration capacity, and in-vivo functionality of these cells upon transplantation. 

3D xeno-free and defined hESC-RPE differentiation 

The removal of bFGF and TGFβ from the stem cell culture medium, as previously described, 
sought to induce spontaneous differentiation towards retinal fate. Aiming to establish an RPE 
differentiation protocol that maintains the xeno-free and defined conditions of our hESC culture 
methodology, we used a modified version of our hESC culture medium (NutriStem hPSC XF) 
that lacks bFGF and TGFβ. We observed that hESC that were aggregated into EBs and cultured 
in suspension using the modified NutriStem medium started to generate optic vesicle-like (OV) 
structures by week three and continued producing them until week 10 of differentiation. At this 
point, the ratio of OV/EB reached 0.8, which was well in line with the efficiencies previously 
reported by other studies (Figure 17B). 

Na/K ATPase/DAPI

CRALBP/DAPIZO-1/DAPI

BEST1/DAPI

2 months

8 months

1 week

RPE65/NuMA

A

B C D

NutriStem

hESC expansion 
on hrLN-521

EB formation

d0 d1 w3

Pigmentation

w5

OV-like dissociation RPE maturation on substrates 

+ Rock inh 

NutriStem w/o bFGF

Subretinal Transplantation

Sterile PBS 1x

- Rock inh 
w9



 

44 

Once the abundance of OVs in the EB cultures was adequate (around week five), they were 
dissociated into single cells and the resulting cells were plated onto different substrates with 
the intention of identifying the one that yielded the highest degree of expansion and maturation 
of the hESC-RPE. We compared the performance on four different laminin substrates that are 
normally present in human Bruch’s membrane: hrLN-521, hrLN-511, hrLN-332, and hrLN-
111, as well as gelatin, the substrate of choice in the majority of similar previous studies. While 
transcriptional analysis demonstrated that all tested substrates enabled the suppression of 
pluripotency and expression of typical RPE markers, further analysis demonstrated differences 
among the substrates. Flow-cytometry analysis of the percentage of MITF and BEST1 positive 
cells revealed that homogeneous expression of RPE markers was only achieved when hESC-
RPE were cultured on laminins. Furthermore, time-lapse microscopy analysis revealed that cell 
expansion on gelatin was significantly reduced, while hrLN-521 and hrLN-511 enabled the 
best coverage and homogeneity, possible because hESC-RPE cells cultured onto these 
substrates displayed a more migratory phenotype. In addition, reduced levels of PEDF apical 
secretion and low TEER values indicated that cells grown on gelatin and hrLN-333 exhibited 
inferior functional performance. Finally, the molecular characterization of hESC-RPE cells 
growing on hr-LN521 revealed uniform cobblestone morphology; BEST1, CRALBP, and ZO-
1 expression; and polarization of Na/K-ATPase, which is a typical feature of mature RPE 
(Figure 17B-C). Thus, all of the results indicated that hrLN-521 represent the most supportive 
and suitable matrix for the culture and expansion of hESC-RPE. 

hESC-RPE transplantation into a large-eyed animal model 

hESC-RPE cell suspensions were injected into the subretinal space of albino rabbits. These 
animals have an eye size that is approximately 70% the size of the human eye and possess 
unpigmented native RPE cells, allowing for the detection and tracking of the transplanted cells 
through the use of non-invasive techniques such as SD-OCT and IR-cSLO. The transplanted 
hESC-RPE could be detected only one week after injection by SD-OCT and histological 
analysis for detection of human cells in the rabbit retina (identified by their positive expression 
of NuMa). After eight weeks, the transplanted cells exhibited heavy pigmentation and were 
able to remain integrated in a monolayered structure for up to 34 weeks. At this point, the cells 
demonstrated specific RPE features such as basolateral expression of BEST1, detection of 
RPE65, and active phagocytosis of photoreceptor outer segments (POS) (Figure 17D). 

As demonstrated in previous publications from our collaborators at Sankt Eriks Eye Hospital, 
subretinal injection of PBS in the rabbit eye, creates a GA-like phenotype that includes the loss 
of photoreceptors, represented by the thinning of the outer nuclear layer (ONL). In order to test 
whether subretinal injection of hESC-RPE can rescue the GA-like phenotype observed in our 
rabbit model, we compared the effect of injection of PBS only, injection of hESC-RPE, and 
injection of other cell types, such as hESC and fibroblasts. We observed that only those rabbit 
eyes that were injected with hESC-RPE suspensions and that displayed integrated RPE cells 
experienced preserved ONL and rescue of photoreceptors, further affirming the in-vivo 
functionality of these cells. 
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Discussion 

In Paper II, we describe the establishment of an efficient xeno-free and defined hESC-RPE 
differentiation protocol. The protocol relies on the spontaneous differentiation of hESC after 
bFGF and TGFβ removal from the medium, followed by the manual selection and expansion 
of the putative hESC-RPE present in the OVs into hrLN-521, a substrate protein naturally 
present in the Bruch’s membrane. We then validate the in-vitro morphological, molecular, and 
functional authenticity of the obtained hr-LN521-hESC-RPE cells and demonstrate their 
superior performance compared to four different substrates including gelatin, a non-defined 
and animal-derived substrate used in previous studies. 

A xeno-free and defined differentiation protocol facilitates the clinical translation of the 
product cells for their use as potential medical treatments. Firstly, defined and xeno-free 
components can prevent possible immunoreactions and immunorejections initiated by the 
presence of non-human proteins or latent microbial contaminants, including virus or prions that 
have not yet been identified. Moreover, the use of biologically relevant substrates such as 
hrLN-521, which is naturally present in the Bruch’s membrane, allows us to better recreate the 
natural cell niche of these cells, which is translated into more phenotypically stable cell cultures 
and reproducible protocols. However, there is still room for improvement in our protocol. As 
the initial steps depend on spontaneous EB-based differentiation followed by the manual 
dissection and digestion of the differentiated OVs, there is still significant batch-to-batch 
variability. Finding ways to translate our methodology into a fully 2D protocol, avoiding the 
necessity of generating EBs and manually selecting pigmented areas, will likely result in 
increased robustness and reproducibility, which are essential features for the clinical translation 
of any differentiation protocol.   

This study also demonstrates the feasibility of our rabbit animal model for use in preclinical 
studies of future retinal therapies. Most of the previous animal studies in this field were 
performed using mice and rats, both of which have a very reduced eye size, forcing the 
researchers to use transplantation methodologies that differ substantially from the ones that 
would be used in future human subjects. The large size of the rabbit eye, almost comparable to 
the human eye, makes it possible to deliver the hESC-RPE cells subretinally through 
transvitreal injections and enables high resolution in-vivo tracking of the transplanted cells and 
monitoring of the rabbit retina using instrumentation identical to that used in a clinical setting. 
However, despite the fact that local immunosuppression was applied during the transplantation 
procedure, only half of the transplantation attempts resulted in successful integration of the 
hESC-RPE, while the other half demonstrated some indications of potential immunorejection. 
Although the eye is considered to be immunoprivileged, there is still an inherent risk in the 
surgical procedure of creating a damage in the basement membrane that separates the choroid 
from the RPE and neuroretina, which would cause the disruption of the blood-retina cell and 
enable the immunorejection of the xenotransplant by the rabbit’s own immune system. 
Nonetheless, this inherent risk is probably lower when hESC-RPE are transplanted in 
suspension through the vitreous compared to transplantation of hESC-RPE sheets, which 
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generally requires more invasive surgical procedures that can increase the risk of rejection. For 
the prospective implementation of this procedure in humans, optimization of the 
immunosuppressive regime together with the use of an immunocompatible cell source 
(autologous or allogenic) will likely overcome this difficulty. 

4.3 IDENTIFICATION OF CELL SURFACE MARKERS AND ESTABLISHMENT 
OF MONOLAYER DIFFERENTIATION TO RETINAL PIGMENT EPITHELIAL 
CELLS (PAPER III) 

Over the past few years, several studies have reported the establishment of clinically compliant 
hPSC-RPE differentiation protocols for use in reparative therapies for common retinal 
disorders such as AMD and SD. Although these protocols employ xeno-free and defined 
components, most still rely on the manual selection and expansion of pigmented areas 
containing the putative hPSC-RPE from the bulk of cells emerging during the differentiation, 
which compromises their large-scale adaptability and substantially increases batch-to-batch 
variability. Furthermore, to date, there has been a lack of useful cell surface markers for the 
RPE lineage that could facilitate in-process monitoring of differentiation efficiency and enable 
automatization of hPSC-RPE cell enrichment and purification. In order to overcome such 
limitations, in the present study, we performed a comprehensive antibody screening that 
resulted in the identification of positive and negative markers for hPSC-RPE. The identified 
markers proved to be helpful not only in RPE cell enrichment, but also in tracking 
differentiation performance. Finally, with the aid of such cell surface markers, we established 
a more robust and scalable 2D-based xeno-free and defined hPSC-RPE differentiation.  

 

Figure 18. Identification of cell surface markers and establishment of monolayer differentiation to retinal pigment 
epithelial cells. Summary of the main results presented in Paper III. (A) Monolayer differentiation protocol scheme followed 
for the derivation of hPSC-RPE. (B) Representative immunofluorescence and bright field images demonstrating the presence 
of CD140b and the absence of CD184 and GD2 in day 60 hPSC-RPE. (C) SEM (top) and TEM (bottom) images of day 60 
hPSC-RPE showing surface microvilli and polarized intracellular structures. (D) Functional assays demonstrating the increase 
in monolayer integrity measured by TEER (top), and in pigment epithelium-derived factor (PEDF) polarized secretion 
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measured by ELISA (bottom) in day 90 hPSC-RPE after sorting for CD140b+/CD184−. Bars represent means ± SEM from at 
least three independent experiments. Scale bars: (B) = 20 μm; (C) = 10 μm. Image was adapted from ref.197, with permission 
from Springer Nature. 

Study design 

Dissociated OVs and mature hPSC-RPE were run against an antibody library recognizing 242 
different CD antigens. Those markers present in both the OV and mature population were 
identified as positive RPE markers, while those present only in the OV were identified as 
negative RPE markers. The positive and negative candidates were then validated through 
immunofluorescence, flow-cytometry analysis, and FACS-sorting.  

For the new 2D differentiation protocol, hESC or hiPSC were seeded onto new plates coated 
with hrLN-521 or hrLN-111 and cultured with NutriStem hPSC XF medium containing ROCK 
inhibitor. From the day after plating until day six of differentiation, medium was replaced with 
modified NutriStem without bFGF and TGFβ. From day six until day 30, differentiation 
towards retinal fate was enhanced by supplementing the media with Activin A. At day 30, 
differentiated cultures were replated or FACS-sorted using the identified markers into hrLN-
521 coated plates, where they were allowed to expand and mature for 30 more days until 
homogeneous and pigmented hPSC-RPE monolayers formed (Figure 18A). The robustness of 
this new differentiation protocol was then assessed in three different hESC and four different 
hiPSC lines by comparing the expression levels of the positive and negative cell surface 
markers at day 30 and day 60 of the differentiation.  

Identification of CD140b+, GD2-, and CD184- as surface markers of hPSC-RPE 

In order to find novel extracellular markers for the RPE, dissociated optic vesicles and mature 
and expanded hPSC-RPE cultures were screened by flow cytometry using an antibody panel 
recognizing 242 different CD antigens. We found CD140b (PDGFRb) to be expressed in both 
the optic vesicles and mature hPSC-RPE, suggesting that it could be a good positive selection 
marker, as it was able to discriminate the RPE even during earlier phases of the differentiation. 
In addition, two additional markers, GD2 (disialoganglioside) and CD184 (CXCR4), that were 
detected in the OVs but were absent in mature hPSC-RPE were selected as potential negative 
selection markers under the assumption that they were probably detecting alternative lineages 
that emerged during RPE differentiation, but that were not present in the latest stages of the 
protocol. These three candidate surface markers were then validated by flow-cytometry of 
dissociated EB (at week five of differentiation) and by immunofluorescence staining of mature 
hPSC-RPE. We found that CD140b expression was restricted to the OV and homogeneously 
distributed in mature cultures, while GD2+ and CD184+ cells were primarily located in non-
pigmented areas of the EBs and completely absent in mature hPSC-RPE (Figure 18B). 
Moreover, FACS-sorting for CD140b expression and posterior immunofluorescence of 
cytospinned positive and negative populations demonstrated that only CD140b+ cells were 
pigmented, co-stained positive for BEST1, and expressed high expression levels of RPE-
specific markers. Finally, histological analysis confirmed the presence of CD140b in RPE of 
adult human retinas, as wells as in hPSC-RPE after subretinal transplantation into rabbit eyes. 



 

48 

 

Establishment of a novel 2D-based hPSC-RPE protocol 

Seeking to develop a new protocol that does not rely on embryoid body formation, we used our 
recently validated surface markers to identify the best culture conditions for enabling 2D 
differentiation of hPSC into hPSC-RPE. We tested the performance of two different laminins 
present in Bruch’s membrane (hrLN-111 and hrLN-521) as substrates, as well as the addition 
or exclusion of Activin A in the culture medium, which was previously reported to be a potent 
inducer of the retinal lineage on neuroectoderm cultures. The percentage of CD140b, GD2, and 
CD184 positive cells exhibited no difference in performance efficiency between the two tested 
laminins. However, we observed that the addition of Activin A from day six of differentiation 
resulted in a two-fold increase in differentiation efficiency, as denoted by the percentage of 
CD140b+ cells and the increase in RPE marker expression. We then compared the performance 
of this 2D hPSC-RPE induction with our previous EB-based protocol and found that our new 
approach yielded 10 times more CD140b+ cells over the time course of seven weeks of 
differentiation; a finding that was correlated with a comparable increase in RPE marker 
expression.  

In order to refine our differentiation protocol further, we tested whether introducing a replating 
step after the initial 30 days of differentiation could remove potential CD140b- contaminant 
cells. hPSC-RPE cultures were replated at different densities and cultured for another 30 days 
before we analyzed their purity by flow-cytometry and qPCR and their functional performance 
in terms of PEDF secretion, phagocytosis, and TEER. We observed that all tested densities 
achieved a similar increase in the number of CD140b+ cells, which accounted for almost 100% 
of the total. However, the transcriptional analysis revealed a considerably higher expression of 
RPE markers on cultures that were replated at a 1:20 ratio, possibly indicating the presence of 
a more homogeneous and mature end product. This finding was supported by the fact that 1:20 
replated hPSC-RPE functionally outperformed the other tested conditions, as demonstrated by 
TEER, PEDF ELISA, and phagocytosis assay. Moreover, hPSC-RPE that were replated 1:20 
also displayed typical morphological features of mature RPE, such as the presence of surface 
microvilli and the polarized localization of subcellular organelles observed by SEM and TEM, 
respectively (Figure 18C). Finally, we also demonstrated that these replated hPSC-RPE were 
able to integrate and form a polarized monolayer upon subretinal transplantation in our rabbit 
model.  

CD140b, GD2, and CD184 enable hPSC-RPE cell enrichment and evaluation of 
differentiation kinetics 

We examined the robustness and reproducibility of our novel hPSC-RPE differentiation 
protocol by testing it with three different hESC lines and four other hiPSC lines. Differentiation 
efficiency was then assessed at day 30 and day 60 by flow-cytometry for our markers and qPCR 
for RPE-specific gene expression. Six out of the seven hPSC lines managed to differentiate 
efficiently, demonstrating robust expression of RPE markers at the transcriptional level and 
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fairly homogeneous pigmentation. These lines exhibited more than 60% of CD140b+ cells by 
day 30, which increased to nearly 100% by day 60, and reduced levels of GD2 and CD184, 
especially at the latter time point. In contrast, differentiation in the only non-responsive hPSC 
line, which exhibited no pigmentation and almost no expression of RPE markers, was 
characterized by CD140b+ levels below 20% by day 30 and high levels of GD2 and CD184 
even at day 60. 

To assess the potential of our surface markers for hPSC-RPE cell enrichment, we compared 
cultures that where either replated as described above or enriched with a combination of 
CD140b positive selection and negative selection using GD2 or CD184 at day 30. Replated 
and sorted populations were analyzed following an additional 30 days in culture on hrLN-521 
using single-cell RNA sequencing. tSNE plotting of the scRNA-seq results indicated that the 
cells analyzed were distributed into three clusters with distinct gene signatures: an RPE cluster 
containing the majority of cells from all three samples, and eye field progenitor cluster, and a 
mesoderm cluster. We found that while replated cells harbored 11.3% of eye field progenitors 
and 1.2% mesoderm contaminant, these proportions were diminished to 3% and 0% when 
cultures were enriched for CD140b+/GD2- or CD140b+/CD184-, highlighting the potential of 
these surface markers for increasing the purity of the final RPE product. Furthermore, thorough 
characterization of FACS-sorted hPSC-RPE cultures demonstrated that cell enrichment for 
CD140b+/CD184- can improve pigmentation and maturation of hPSC-RPE, as well as their 
functional performance, especially during suboptimal hPSC-RPE differentiations (Figure 
18D).  

Discussion 

In Paper III, we present the identification and validation of several cell surface markers, 
including CD140b, GD2, and CD184, which proved to be very helpful in the context of hPSC-
RPE derivation for monitoring the efficiency of the differentiation process, as well as for 
generating a purer RPE cell product via positive and negative cell enrichment. The identified 
markers served to establish a more efficient and robust xeno-free and defined 2D-based 
differentiation protocol that circumvents the need for EB production and manual selection of 
the pigmented OVs. 

From a safety perspective, in any cell manufacturing that is intended for its use in replacement 
therapies, it is critical to ensure a pure final cell product before transplantation. One must not 
only ensure that there are no undifferentiated remainders that could potentially give rise to 
tumors, but also eliminate contaminant cells from other lineages that could interfere later with 
the transplant normal function. For that reason, the establishment of efficient and reproducible 
protocols and the identification of extracellular markers that can discriminate the cell type of 
interest from alternative cell types becomes crucial.  

We identified that CD140b and other markers that appeared later during differentiation (e.g., 
CD104), are expressed specifically by the RPE, as they emerged during hPSC-RPE in-vitro 
differentiation. Similar to most other CD antigens, CD140b is not solely expressed by RPE 
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cells; as it is also known to be expressed by other cell types including vascular cells, decidual 
cells, and fibroblasts. However, we found its expression to be specific to RPE in the context of 
hPSC-RPE differentiations. In addition, we demonstrated that this marker is also expressed by 
the endogenous RPE in the human retina, clearly suggesting that it plays a role in the natural 
retinal context. CD140b expression is related to diverse processes such as embryonic 
development, angiogenesis, cell proliferation and differentiation, yet its role in RPE and retinal 
function has not been previously described.  

In addition to the identification of novel extracellular markers, we also established a more 
efficient and robust xeno-free and defined differentiation strategy for the production of 
clinically compliant hPSC-RPE. The primary advantage of this novel methodology is that it 
does not depend on free-floating EB-based differentiation and instead enables the entire 
differentiation process to occur in a 2D adherent culture, which makes the process more robust 
and reproducible, as demonstrated in our study. Furthermore, the elimination of EB 
differentiation, enables the selection and expansion of a purer hPSC-RPE by performing one 
bulk passage, eliminating the need to manually select and dissociate pigmented areas or OVs 
and making the protocol significantly more scalable and amenable to automatization. Finally, 
we leveraged the role of Activin A in boosting retinal differentiation to make our 2D protocol 
shorter and more efficient. These qualities are highly valued in protocols that are intended for 
the clinical production of cells, as they diminish the economic costs and the risk of introducing 
spontaneous genetic aberrations derived from the cell culture. Altogether, our adherent xeno-
free and defined differentiation strategy, which combines the use of Activin A with the 
selection and expansion of hPSC-RPE by bulk passaging, renders a cell production yield that 
is ten-times superior to our previous suspension protocol, and allows the generation of up to 
13,000 doses for their use in cell replacement therapies from a starting culture of only one 
million hPSC (assuming each patient is transplanted with 100,000-200,000 hPSC-RPE cells). 
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5 CONCLUSIONS 
In this thesis, we evaluated the potential of hESC-derived trophoblast cells as an in-vitro model 
for the study of the molecular pathways involved in trophectoderm establishment and placental 
formation. We also established xeno-free and defined differentiation methodologies for the 
clinically compliant production of hPSC-RPE cells. Finally, we validated the morphological 
and molecular identity of these cells in-vitro and assessed their in-vivo functionality upon 
transplantation into a relevant large-eyed animal model. 

The main findings of this thesis are as follows: 

• Inhibition of YAP1/WWTR1-TEAD interaction through the use of verteporfin induced 
extensive cell death of hESC-derived trophoblasts and hESC, suggesting a role of the 
Hippo downstream effector complex integrated by YAP1/WWTR1/TEAD in 
trophoblast formation and hESC maintenance. 
 

• CRISPR-Cas9-mediated disruption of YAP1 or WWTR1 gene function caused 
substantial cell death during the early stages of in-vitro trophoblast differentiation, 
indicating an important function of these two homologous coactivator molecules in 
trophectoderm establishment. Although YAP1 appeared to have a leading role, defined 
by the more severe phenotype observed in lines lacking this protein, the observation 
that LPA treatment was able to restore the normal function of the cells, indicated that 
YAP1 and WWTR1 can compensate for each other in this context. Moreover, the 
impossibility of deriving YAP1/WWTR1 double-knockout hESC clones indicated that 
their expression is also essential for hESC maintenance. 

 
• Ablation of TEAD4 gene function did not have an effect on trophoblast differentiation, 

implying that, in contrast to what was described in the mouse, this transcription factor 
does not have an essential role in this process. Only simultaneous knockout of the three 
TEADs present during during early development (TEAD1, TEAD2, and TEAD4) was 
able to recapitulate the phenotype observed after disruption of YAP1 or WWTR1, also 
suggesting a redundant function of these paralogous factors. 

 
• Efficient xeno-free and defined hPSC-RPE differentiation methodologies were 

established. Our intitial EB-based differentiation protocol proved to be effective in 
generating homogeneous and functional hESC-RPE cultures. Our novel 2D 
differentiation protocol demonstrated an increased reproducibility and efficiency by 
inducing differentiation directly in adherent cultures and using Activin A to enhance 
retinal differentiation. Finally, hrLN521 and hrLN111 were found to be very supportive 
culture substrates for the induction, expansion, and maturation of hPSC-RPE cells, 
outperforming other frequently used substrates such as gelatin. 
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• The identification of a set of cell surface markers – including CD140b, GD2, and 
CD184 – proved to be very helpful for monitoring differentiation efficiency as well as 
for hPSC-RPE cell enrichment in order to obtain a purer and more homogeneously 
mature cell product. 

 
• hPSC-RPE subretinally that were injected into a large-eyed animal model integrated 

correctly in a monolayeric manner, exhibited preserved integrity and functionality, and 
succesfully decelerated retinal damage progression by rescuing photoreceptors from 
degeneration. 
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6 FUTURE PERSPECTIVES 
A tremendous amount of knowledge has been generated since the discovery in 1998, of the 
methodologies necessary for the derivation and culture of human embryonic stem cells79. Only 
22 years since those initial reports, hESC are used today for a myriad of different purposes, 
including their use in fundamental research for understanding complex events in human 
development, in drug testing and disease modeling, and as a source for many cell-based 
therapies. The work described in this thesis demonstrates that hESC can be very useful both in 
the establishment of in-vitro model systems for the study of early events in development, such 
as trophectoderm segregation and trophoblast differentiation, and as a renewable source for the 
clinical production of retinal cells to be employed in replacement therapies for diseases such 
as macular degeneration.  

The use of hESC-derived trophoblast cells allowed us to examine some of the molecular 
mechanisms governing trophoblast differentiation. However, the questionable correlation of 
this model system with actual in-vivo development and its flaws in recapitulating the 
implications of intercellular signaling and embryonic architecture, requires the validation of 
these results through complementary approaches. Derivation of hTSC, or modification of in-
vitro culture conditions to permit trophoblast differentiation of cells with expanded potential 
(e.g., naive stem cells) could likely help in the establishment of bona fide in-vitro models to 
better simulate the earliest events taking place during placental formation. Furthermore, the 
inclusion of these cell types in three-dimensional cultures, such as hTSC organoids or 
embryoids made by arranging different human stem cells and hTSCs would provide a much 
better idea of the biochemistry behind how this process occurs in the developing human body.  

Apart from the improvement of the in-vitro models, the use of novel CRISPR-derived 
approaches, such as CRISPRi and CRISPRa, will facilitate precise dissection of dynamic and 
complex developmental processes by enabling interrogation of genes that are essential for 
hESC maintenance and embryo development with a temporal control94. Though in-vitro studies 
using hESC- or hTSC-derived systems will continue to be transformative to our comprehension 
of lineage segregation processes occurring during early mammalian development, certain 
developmental aspects can only be ascertained by performing functional studies directly in 
human embryos. The joint application of genome editing techniques to in-vitro models and 
human embryos will enable the study of gene function in developmental contexts that were 
previously inaccessible. The knowledge acquired in this field can be used in the establishment 
of better stem cell culture and derivation techniques, as well as to provide valuable insights for 
understanding common causes of infertility.   

We described the establishment of xeno-free, defined, and clinically compliant methodologies 
to derive hPSC-RPE using hESC and hiPSC as a source. Both approaches described in this 
thesis were able to render a final cell product that is less prone to onset future complications 
when used clinically, as they are exempt from non-human proteins or other potential 
contaminants present in animal serum. However, clinical application of any cell product 
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requires further steps to ensure their safety and efficacy for future replacement therapies. First, 
the described methodologies would need to be adapted to comply with the evolving standards 
of Quality Assurance (QA) and Good Manufacturing Practice (GMP) imposed by the regional 
medical agency or administration198. Only then, and after fulfilling stringent in-process and 
batch release criteria, the resulting hPSC-RPE cell product could be authorized as an Advanced 
Therapy Medicinal Product (ATMP) for human application. Each batch of hPSC-RPE cells 
would then need to undergo extensive safety validations, including testing for potential culture-
acquired mutations, biodistribution, and tumorigenicity assays to exclude the possibility of 
long-term or short-term complications in potential future patients. 

In addition to ensuring the quality of the final cell product, future efforts should also focus on 
refining the transplantation techniques and improving the engraftment, survival, and 
functionality of the transplanted cells. Although our preliminary transplantation studies into a 
large-eyed animal model demonstrated the integration and long-term survival of our hPSC-
RPE cells, successful engraftment was only achieved in half of the transplantation attempts, 
despite the use of local immunosuppression. Furthermore, previous publications from our 
collaborators have demonstrated that severe disturbance of the retinal microenvironment after 
sodium iodate-induced retinal degeneration impaired hPSC-RPE engraftment and 
photoreceptor rescue, suggesting that suspension transplantation will not be suitable when the 
underlying basement membrane is damaged161. Therefore, finding ways to enhance engrafting 
and transplant survival becomes crucial if we aim to treat patients with advanced stages of the 
disease. Potential solutions include the blending of hPSC-RPE with biomaterials such as 
hydrogels or biodegradable sheets, the delivery of biomolecules that favor cell survival, or 
combination with gene therapies that could potentiate the survival, integration and functionality 
of the graft173,174,199,200. In addition, as advanced stages of retinal degeneration are typically 
characterized by the irreversible loss of photoreceptors, future therapeutic strategies should 
consider the co-transplantation of hPSC-RPE with hPSC-derived photoreceptors and other 
supporting cell types169. Finally, as the degenerative microenvironment present in advanced 
stages of AMD and SD can compromise the blood-retina barrier, minimizing the 
immunoreactivity of the transplanted cells could also help in facilitating their long-term 
survival. Future strategies for minimizing the risk of immunorejection in hPSC-derived cell 
therapies would likely require the use of hypoimmunogenic hPSC, created through CRISPR-
based human leukocyte antigen engineering or immunocompatible cell sources after the 
establishment of hPSC collections with HLA haplotypes that could match the vast majority of 
the population187–190. 

 



 

 55 

7 ETHICAL REFLECTION 
The three studies included in the present thesis involved the culture and differentiation of 
human embryonic stem cells derived from surplus preimplantation embryos that were 
generously donated for research. While the regulations in Sweden are relatively permissive 
concerning research on human embryos, this type of research is regarded as controversial or 
non-ethical in many other countries. The regulations in place in Sweden ensure the responsible 
usage of these embryos, forbidding the use of research embryos for conception of human 
beings. These regulations also restrict the in-vitro culture of embryos to the first 14 days of 
development or until the appearance of the primitive streak, whichever comes first. The 14-day 
time limit, now broadly accepted, was first introduced in the UK in 1984 as part of the 
“Warnock Report” elaborated by the Committee on Human Fertilisation and Embryology 
known, which followed the world’s first IVF birth in 1978. Those 14 days mark the last 
developmental time point when the embryo can split to give rise to twins, delimiting the 
moment an embryo becomes an “individual”, as well as the time when gastrulation begins, 
which corresponds to the first tissue specifications. 

There are two different categories of viable human embryos that can be used in research: 
surplus embryos donated with consent following in-vitro fertilization, and embryos created 
specifically for research. While most countries do not allow the creation of embryos 
specifically for research, many still allow the use of surplus viable embryos that can come from 
two main sources: embryos that have been cryopreserved over the legal limit, and embryos that 
have been discarded after preimplantation genetic diagnosis (PGD) because they are carriers 
of a disease-related mutation. Regardless of the source, the number of human embryos 
available is limited; therefore, it is crucial to promote an open access to any data derived from 
their use in order to avoid their misuse in repetitive experiments. 

In addition to the use of human preimplantation embryos, our research also comprises the 
application of genome editing techniques, which is another ethically controversial subject, 
especially when it is used for gene edition of the human germline (embryos and germ cells). 
The potential clinical applications of CRISPR/Cas9 germline genome editing have been the 
central subject of many ethical and regulatory debates in the last four years, due to the highly 
controversial implications that germline genetic modification could have in society, including 
the potential for exploitation in nontherapeutic uses, and the existence of preimplantation 
genetic diagnosis (PGD) as a viable alternative. While CRISPR/Cas9 has not yet proved to be 
sufficiently safe and efficient to be employed therapeutically in the germ line, it still offers 
significant potential as a tool in basic research, which can help in examining early stages of 
human embryo development that were previously inaccessible. 
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