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1 Introduction

1.1 Pancreas development

The pancreas is an organ with both exocrine and endocrine function that has a central role in nutrient
metabolism. The exocrine pancreas is composed of acinar and ductal cells responsible for the production
and secretion of enzymes important for digestion into the duodenum. On the other hand, the endocrine
pancreas is responsible for glucose homeostasis regulation and is comprised of five distinct cell types,
found in cell clusters called islets of Langerhans (Shih et al., 2013). During the development, the
pancreas originates from the definitive endoderm (DE) as it forms from the duodenal part of the foregut.
Pancreatogenesis is a fairly complex process coordinated by multiple master regulators and well-
synchronized signaling pathways and is divided into the stages referred to as primary, secondary and
tertiary transition. The primary transition is characterized by the emergence of dorsal and ventral buds
followed by proliferation of multipotent progenitors, while the secondary transition is characterized by
ductal tubulogenesis as well as exocrine and endocrine differentiation. Finally, the tertiary transition is
identified by migration of differentiated cells and formation of compact islets of Langerhans (Gittes,
2009, Pictet et al., 1972). Understanding embryonic development of the pancreas, with an emphasis on
cell fate decisions, is inevitably important for further advancements in designing cell replacement

therapies (Shih et al., 2013).

1.1.1 Primary transition

Pancreas development starts with the emergence of two opposing epithelial buds, ventral and dorsal bud,
elongating on the opposite sides of the foregut endoderm. Bud-forming cells are defined by inhibition
of the sonic hedgehog pathway and the presence of retinoic acid that acts as an essential endodermal
patterning signal (Chen et al., 2004). During gut rotation, the definitive pancreas is formed as a result of
bud fusion. In this phase of development, cells are still undifferentiated and extensive proliferation leads
to a morphology change in a process known as branching morphogenesis. The ventral bud eventually
gives rise primarily to a part of pancreas head, while the dorsal bud gives rise to the rest of the pancreas
(Shih et al., 2013). Among the earliest transcription factors (TFs) involved in determining pancreatic
fate are PDX1, PTF1A, and SOX9 (Ahlgren et al., 1996, Kawaguchi et al., 2002, Seymour et al., 2007).
Furthermore, mesenchymal signals are of high importance in this stage of development, with the FGF
signaling pathway taking the lead. FGF10 acts as a pro-proliferative signal and is a regulator of PTF1A
and SOX9 expression (Seymour et al., 2012). At the end of the primary transition, the dominant cell
population are non-committed multipotent progenitor cells or so-called pancreatic progenitors (PPs)

(Shih et al., 2013).



1.1.2 Secondary transition

The differentiation of PP cells towards acinar, ductal and endocrine lineage, along with proliferation and
further branching of the pancreatic epithelium into organized tubular networks, is called secondary
transition. Firstly, the tip and trunk domains are separated due to the segregated expression of master
regulators and cross-repression of one another. The tip domain is marked by the expression of PTF1A,
while the trunk domain is identified by NKX6.1 and SOX9 expression. The trunk domain eventually
gives rise to endocrine and ductal cells, while the tip domain is restricted towards acinar lineage (Shih
et al., 2013). It has been shown that Notch signaling plays a pivotal role in promoting trunk identity.
However, it is not known how Notch signaling is regulated during this process (Afelik et al., 2012).
Specification to acinar, ductal or endocrine lineage is a multi-step process still not known in
detail. As already discussed, acinar cells arise from precursor cells in the tip domain under PTF1A
regulation through an autoactivation loop with acinar-specific genes enabling induction and
maintenance of acinar phenotype (Kawaguchi et al., 2002). In the trunk domain cells are bipotent and
give rise to either ductal or endocrine cells. The master regulator shifting cells towards the endocrine
fate is TF NGN3. Thus, trunk cells that express NGN3 are destined to be endocrine, while the ones that
do not activate NGN3 eventually acquire ductal fate (Johansson et al., 2007). Ductal cell determination
has not yet been investigated in detail, but it is known that expression of several TFs important for trunk
determination, including SOXO9, later becomes restricted only to ducts (Seymour et al., 2007). Endocrine
differentiation studies mostly focus on the endocrine lineage marker NGN3 and its regulation. It is
thought that Notch signaling plays a key role in NGN3 regulation, with high Notch signaling resulting
in NGN3 repression. Thus, to initiate endocrine differentiation, bipotent progenitors have to escape
Notch signaling. By the end of the secondary transition, the pancreas acquires the organization of a

mature organ and endocrine precursors stop arising from the ductal epithelium (Shih et al., 2013).

1.1.3 Tertiary transition

In the process of tertiary transition, NGN3* endocrine precursors exit the cell cycle and delaminate from
the trunk epithelium. Delamination results in their migration to pancreatic stromal tissue where they
later form clusters (Gouzi et al., 2011). This process is temporally controlled by the duration of exposure
to the Notch signaling pathway. Endocrine progenitors differentiate to 5 different endocrine cell types:
glucagon-producing a-cells, insulin-producing B-cells, somatostatin-producing d-cells, pancreatic
polypeptide—producing PP-cells, and ghrelin producing e-cells (Shih et al., 2013). Specifically, fate
decision between a- and B-cell precursors relies on mutual repression between opposite lineage
determinants, with PDX1, NKX6.1 and PAX4 expression being essential for B-cell development, while
ARX expression specifies a-cell identity (Collombat et al., 2003).



1.1.4 Maturation and maintenance of f-cells

Postnatally, f-cell number, phenotype and function are maintained by establishing novel transcription
networks maintaining -cell specific gene expression. Although regulatory pathways required for -cell
development in utero are known, mechanisms that maintain the differentiated state of adult B-cells are
yet to be unraveled (Szabat et al., 2012). However, some TFs important in development, like PDX1,
play a significant role in adulthood as well (Boj et al., 2001). Besides PDX1, the TFs NEUROD1 and
MAFA are highly important since they serve as induction signals for insulin expression (Nishimura et
al., 2006). It is important to note that prenatal development occurs without MAFA, and thus it is
characterized as a gene that regulates mature cellular functions (Murtaugh, 2007).

The B-cell development, illustrated in Figure 1.1, is remarkably complex with multiple fate
choices and lineage commitments that have to be made. The whole process starts from cells of the
foregut that assume a pancreatic identity giving rise to PPs, to the bipotent trunk cells and the endocrine
fate adoption directed by NGN3 expression, finally leading to B-cell determination controlled by Notch
signaling (Murtaugh, 2007). The existing knowledge enabled the development of in vitro protocols that
direct the differentiation of human embryonic stem cells (hESC) towards B-cell fate. Further research in
the field, with an emphasis on elucidating endocrine specification and maturation processes, would

present a tremendous step forward in further optimization of existing protocols.
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Figure 1.1 Lineage specification during pancreatogenesis. Starting from pancreatic progenitors
maintained by expression of Pdx1, Sox9 and Ptfla cells can adopt tip or trunk identity under Notch
regulation. Tip cells later adopt acinar phenotype, while bipotent trunk cells are destined to shift to either
endocrine or ductal lineage. Endocrine precursors later differentiate and form five distinct cell types,
with a- or B-cell identity being determined by cross-repression of Arx and Pdx1 (Adapted from Shih et
al., 2013).



1.2 Diabetes mellitus

1.2.1 Definition, classification and etiology

Diabetes mellitus (DM) is a group of metabolic disorders characterized by chronic hyperglycemia that
is a result of a defect in insulin action, insulin secretion, or both (American Diabetes Association, 2014).
Continuously elevated blood glucose has a severe impact on different organs and leads to long-term
vascular complications including neuropathy, nephropathy and retinopathy or, in advanced cases, even
stroke and myocardial infarction (Forbes and Cooper, 2013). Apart from vascular complications, DM
has also been associated with an elevated risk for dementia (Gudala et al., 2013) and depression
(Nouwen et al., 2011). According to American Diabetes Association, DM is classified into 3 categories:
type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM) and a third class that includes various
specific subtypes of diabetes such as monogenic diabetes, gestational diabetes and secondary diabetes
(Canivelli and Gomis, 2014).

T1DM is characterized by autoimmune destruction of B-cells in the Langerhans islets resulting
in abolished insulin secretion consequently leading to deregulation of rigorous glycemic control
(Devendra et al., 2004). Autoimmunity is mainly T-cell mediated, even though humoral immunity also
plays a significant role in pathogenesis. The presence of autoantibodies to B-cell specific antigens, which
can be detected in serum before disease onset, is a hallmark of TIDM. However, the role of
autoantibodies in pathogenesis is still not clear (Kharroubi and Darwish, 2015). In the past, TIDM has
been referred to as juvenile diabetes, but several studies showed that incidence is comparable among
adults (Mglbak et al., 1994). It has been shown that T1DM shows a strong HLA association, with linkage
to gene variants of DR and DQ alleles resulting in either higher susceptibility or protection against
developing TIDM. Apart from genetic background, several environmental factors including viral
infection and early infant nutrition have been associated with TIDM (Devendra et al., 2004).

On the other hand, T2DM does not have an autoimmune origin but it is characterized by the
unresponsiveness of tissues to insulin, called insulin resistance. Insulin resistance leads to an increased
demand for insulin that cannot be met by B-cells which causes B-cell stress and gradually B-cell
destruction (Kharroubi and Darwish, 2015). The prevalence of T2DM is higher in adults, but it has been
increasing in the younger population mainly due to obesity (Rosenbloom et al., 2009). Even though
more than 130 genetic variants have been associated with T2DM so far, which proves its complex
genetic etiology, the specifics are still unclear. With an exception of obesity that is strongly linked with
T2DM, there are no other environmental factors directly correlating with T2DM defined up to date
(Skyler et al., 2017).

As of 2019, the International Diabetes Federation estimated that 463 million people currently
live with some form of diabetes, with 90% of cases being T2D and less than 10% accounting for TIDM.
Compared to 2009, when 285 million people had diabetes, it is clear that prevalence is rapidly growing.



Furthermore, by 2045, projections are that number will increase by more than 50%. (Saeedi et al., 2019).
Apart from that, in 2017, health expenditure on diabetes was a striking 727 billion dollars, making it a
huge economic burden (Bommer et al., 2018). Looking at diabetes in numbers, it is clear that it has
emerged as a global epidemic that has to be addressed and requires immediate action and development

of strategies to tackle it with new therapy and treatment options.

1.2.2 Existing treatment and therapy options

Due to differences in etiology and pathophysiology of TIDM and T2DM, therapies and treatments are
also different. Since TIDM leads to complete loss of insulin, the current standard of care is life-long
exogenous insulin administration. The discovery of insulin therapeutic potential was first described a
century ago (Banting and Best, 1921), when animal pancreas extracts were used to establish
normoglycemia in diabetic patients. Nowadays, there is a whole pallet of humanized insulin analogs,
both rapid-acting and long-acting, with enhanced pharmaceutical properties available on the market
(Evans et al., 2011). However, despite all advances made in the synthesis and administration of insulin
replacement therapy, it is still limiting and cannot fully replicate the function of endogenous p-cells
(Pathak et al., 2019).

An alternative approach that could ensure insulin independence in insulin-deficient patients is
allogeneic transplantation of the whole pancreas or islets of Langerhans. However, due to the scarcity
of donors, extensive cost and HLA compatibility requirements, for now, transplantation can be an option
only for patients presenting extensive glycemic lability. The biggest risks of this approach are the
possible rejection of the graft and poor vascularization post-transplantation. Another downfall is life-
long immunosuppression which is more intensive compared to other transplants due to strong
immunogenicity (Rickels and Robertson, 2019). Even though it has been shown that
immunosuppression promotes long-term insulin independence, it is also tightly related to the increased
risk of de novo malignancies (Tomimaru et al., 2015).

As mentioned above, T2DM differs from T1DM by the age of manifestation and factors
triggering it. Based on that, useful treatment strategies are different and rely mostly on lifestyle change
and pharmacotherapy in establishing glycemic control mainly using metformin as first-line therapy.
However, after years of hypersecretion of insulin due to insulin resistance and inadequate glycemic
control, B-cell mass can deplete for 65%, leading to demand for exogenous insulin or even
transplantation (Butler et al., 2003). All stated calls for fast interventions in developing new strategies
for reaching normoglycemia and insulin independence and puts a spotlight on cell replacement therapies

using alternative cell sources with an emphasis on human pluripotent stem cells.



1.3 Human pluripotent stem cells (hPSC) and application in B-cell regeneration

Even though exogenous insulin administration and glucose monitoring are the golden standard in the
present-day treatment of insulin-dependent diabetes, this approach represents a constant burden for
patients and eventually leads to comorbidities and lower quality of life. Thus, one of the major
challenges of regenerative medicine is to provide a solution for diabetic patients in the form of -cell
regeneration (Melton, 2020). By lineage tracing, it has been demonstrated that adult -cells are mainly
formed by the self-duplication of existing cells (Dor et al., 2004). Therefore, one of the initial attempts
for B-cell regeneration was to simulate endogenous B-cell proliferation, but this approach was not
efficient. Transdifferentiation of a or ductal cells emerged as an alternative option, but the requirement
of ectopic expression of multiple TFs could not be met in vivo (Zhou et al., 2008). Because of that,
directed differentiation of hPSC in vitro based on developmental principles serves as a promising

approach.

1.3.1 hPSC

Human pluripotent stem cells include 2 cell types: human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs). They hold two main characteristics, being unlimited self-
renewal capability in vitro along with pluripotency preservation. In other words, they retain unlimited
differentiation potential, meaning that they can become cells from any germ layer (Zhu and Huangfu,
2013). hESC are extracted from the inner cell mass of the human blastocyst after in vitro fertilization.
Multiple hESC cell lines, such as the H1 cell line, with normal karyotype, unlimited freezing/thawing
ability, undifferentiated morphology, and a prospect to form all three germ layers are commercially
available for more than 20 years. In the B-cell context, apart from cell-replacement therapies, -cells
derived by directed differentiation could be also very useful in basic developmental research and drug
discovery (Thomson et al., 1998). Taking into consideration all ethical concerns arising from using
hESC, along with rejection after transplantation due to alloimmunity, it may be better to generate
pluripotent cells straight from patients’ somatic cells. That was the idea behind the notable discovery of
1PSCs, for which Yamanaka got the Nobel prize in 2012. In his study, Yamanaka identified and validated
4 distinct TFs Oct4, Sox2, c-Myc and KIf4 important for the maintenance of ES cell identity that were
sufficient to induce pluripotency in adult fibroblasts cultures (Takashi and Yamanaka, 2006). Even
though hiPSC share many properties with hESC, including pluripotency, self-renewal, morphology and
genetic profile, their full characteristics and mechanistic details leading to reprogramming are far from

being complete, making hESCs still a preferred option for regenerative purposes (Puri & Nagy, 2012).



1.3.2 Differentiation of hPSC to p-cells

The idea of using hESCs as a replacement for B-cells was first introduced in the 90s (Keller, 1995). The
first breakthrough in developing directed differentiation protocols in vitro following developmental
principles in vivo, along with the identification of main signaling pathways that drive differentiation,
came 10 years later in the form of a 5-stage protocol resulting in hormone-expressing endocrine cells.
However, these cells were highly polyhormonal and minimally responded to glucose, similarly to
immature fetal f-cells. Also, expression of maturation marker MAFA was not detected. At the end of
the differentiation, only 7% of cells accounted for insulin-positive ones (D’ Amour et al., 2006). Two
years later, the improved D’Amour protocol was tested in vivo by transplantation of endocrine
precursors into rodents to assess the ability for further differentiation and maturation. Within 4 months,
transplanted cells developed into endocrine cells that both morphologically and functionally resembled
pancreatic islets and protected mice from B-cell toxin streptozotocin (Kroon et al., 2008). The success
and reproducibility of this protocol served as a solid ground for further improvements and continuation
of the research in finding the most optimal stepwise differentiation protocol.

However, the biggest challenge proved to be the production of cells that are functional, meaning
that they can respond to multiple glucose challenges by regulated and synchronized insulin secretion
without the need for further differentiation and maturation after transplantation (Melton, 2020). This
achievement was independently demonstrated in 2014 by Melton and Kieffer labs. Melton’s protocol
contained 6 stages with fine-tuning of differentiation signals, with an emphasis on Notch inhibition and
T3 stimulation in the final differentiation stages. The major technical difference compared to the
D’ Amour protocol is that this protocol was a suspension-based culture system. This protocol was able
to reproducibly generate cells similar to adult B-cells both in size and in function without genetic
modifications. Additionally, cell contact with other cell types (e.g., endothelial cells) was not needed
since the signals were successfully replaced in vitro (Pagliuca et al., 2014). On the other hand, Kieffer’s
lab described 7-stage protocol combining planar 2D culture with 3D air-liquid interface culture, namely
the Rezania protocol (Fig. 1.2). This was the first protocol able to generate around 50% of insulin-
positive cells with a stable expression of TFs such as PDX1 and NKX6.1 as well as reduction of the
percentage of polyhormonal cells. Furthermore, it was the first protocol that reported MAFA induction
at levels similar to that of human islets. However, despite their ability to rapidly reverse diabetes 40 days
upon transplantation, derived B-cells were functionally immature relative to human islets (Rezania et

al., 2014).



Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
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Figure 1.2 Rezania 7-stage differentiation protocol. Protocol combines planar culture and air-liquid
interface and is directed by important growth factors and small molecules. Key molecular markers for
each stage are illustrated below (Rezania et al., 2014).

The third most notable approach came from the Hebrok lab. The novelty introduced was
endocrine cell clustering by isolating and reagreggating immature -cells. This proved to be a good
alternative that leads to a higher maturation rate and better similarity to endogenous counterparts. The
protocol has mostly been done in suspension, with a novelty of Aggrewell plates being used for
reaggregation. However, since immature B-cells are recognized using GFP reporter, this approach
cannot be translated to a clinical setting (Nair et al., 2019).

It is important to note that each of the listed differentiation protocols requires strict monitoring
for every respective stage to evaluate the efficiency and determine phenotype. Monitoring is usually
done by immunofluorescent analysis, flow cytometry, and RT-qPCR (Brovkina and Dashin, 2020). All
of the stated studies and differentiation protocols demonstrated the great possibility of using
undifferentiated pluripotent stem cells to produce functional B-cells in vitro. Further improvements and
optimizations have to be made to reduce the cost of the process and increase efficiency of differentiation.
Also, the protocol has to be more reproducible and lead to the generation of more mature and functional
cells (Melton, 2020), as well as removing unwanted undifferentiated cells that may be dangerous and
form teratomas after transplantation (Hentze et al., 2009). Apart from cell-based therapies and possible
clinical translation, hPSC-derived B-cells have a great potential to serve as a basic research tool to further
unravel pathways important for function, maturation and longevity difficult to study in vivo (Melton,
2020).

This future cell-based replacement therapy utilizing hPSC is currently more restricted to TIDM.
Several major challenges that will have to be addressed in the clinic are choosing the site for
transplantation of islets and determining the most optimal cell number. Moreover, the longevity of
transplanted islets will probably be one of the issues that will have to be solved due to both auto- and
alloimmune rejection (Melton, 2020). However, possible solutions for both B-cell preservation and
immune response evasion have already been proposed. Encapsulation using biocompatible membranes

that permits diffusion of oxygen and nutrients while protecting against larger molecules e.g., antibodies



is the most promising approach (Deasi and Shea, 2017), as well as the approach of biological
intervention reflected in modifying patients’ immune system to evade the immune response by genetic
modification of SC-islets prior transplantation (Cai et al., 2020)

To sum up, due to their unlimited differentiation capacity and self-renewal, hPSC are an
attractive tool for the production of B-cells in vitro. Nowadays, the most common approach is using
stepwise differentiation protocols directing cells to the DE stage, followed by foregut development, PPs,
endocrine progenitors and finally, B-cells (Melton, 2020). However, even though these cells express key
B-cell markers comparable to cadaveric B-cells (Rezania et al., 2014) and have the ability to reverse
diabetes in vivo (Kroon et al., 2008, Rezania et al., 2012) there is still work left to do to improve
maturation that would lead to increased functionality and hopefully translation of this approach to the

clinic (Melton, 2020).
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1.4 CRISPR-Cas9 technology and reporter cell lines

The common approach for the generation of reporter lines is based on ‘knocking-in’ of a reporter
construct in the genome. That is done by creating a site-specific double-stranded break coupled with the
introduction of the reporter sequence used for the repair. Strategies created for that purpose include
TALEN, ZFNs and CRISPR-Cas9. Due to its simplicity and lower error rate, CRISPR-Cas9 emerged
as the most popular approach for reporter line generation (Gaj et al., 2013).

Clustered regularly interspaced short palindromic repeat (CRISPR) DNA sequences are repeat
elements naturally present in more than 40% of sequenced bacterial strains. In prokaryotes, CRISPR
elements are crucial for providing acquired immunity as the sequence itself is derived from DNA
fragments of bacteriophages that previously infected bacteria (Adli, 2018). Unlike other typical tandem
repeat sequences in the genome, the CRISPR locus is special for several reasons. Firstly, repeating
sequences can be easily distinguished due to separation with spacer sequences belonging to
bacteriophages and mobile genetic elements (Mojica et al., 2000). Secondly, the CRISPR locus is tightly
connected with well-conserved CRISPR-associated (Cas) enzymes (Jansen et al., 2002), with Cas9
being the one with catalytic activity in S. thermophilus. In particular, Cas proteins are nucleases that
induce double-stranded brakes (DSB) in the DNA (Garneau et al., 2010). Thirdly, Cas enzyme activity
is tightly regulated via guidance by short transcripts of spacer sequences called CRISPR RNAs (Brouns
et al., 2008). Interestingly, this asset can be reprogrammed for targeting a specific DNA sequence using
chimeric single-guide RNAs (sgRNAs) (Jinek et al., 2012). DSBs introduced in a Cas9 mediate fashion
are repaired either by non-homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ
is used for knock-out strategy, whereas HDR is the preferred option for knock-in strategy due to the
lower error rate. Finally, it has been demonstrated that the CRISPR system is transferable between
bacterial strains (Sapranauskas et al., 2011). All these independent discoveries lead the CRISPR system
to evolve into a powerful genome-editing tool allowing us to modify genes in eukaryotic cells in vivo

(Adli, 2018).

1.4.1 Reporter cell lines

The biggest advantages of CRISPR-Cas9 technology are its flexibility, simplicity and precision in a way
that any location in the genome can be specifically targeted by designing complementary sgRNAs. Thus,
this technology is extensively used in research, with the generation of reporter lines being one of its
main applications by enabling targeted insertion of a reporter gene. Reporter genes are genes encoding
proteins that are not naturally present in an organism of interest and therefore can be easily distinguished
from endogenous proteins (Jurgielewicz et al., 2017). Due to their practicality, nontoxicity and relatively
easy handling, many cell lines containing reporter systems have been generated for various purposes.

Reporter lines are closely connected with various imaging technologies enabling visualization of
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molecular processes and lineage tracing both in vivo and in vitro. In other words, reporter integration
can be useful to identify when and in which cells a certain gene of interest is expressed or to understand
the protein functionality (Li et al., 2018).

The usual approach for reporter line generation consists of proper sgRNA and vector design,
transfection and targeting justification, followed by detailed characterization. Briefly, as shown in
Figure 1.3, to generate reporter cell lines by using the CRISPR-Cas9 system, cells are transfected with
the Cas9, sgRNAs and a donor vector carrying the 3’and the 5" homology arms flanking the insertion
cassette with the reporter sequence. sgRNA target site should be as close as to knock-in location to
reduce off-targeting (Zhong et al., 2020). Cas9 nuclease, guided by sgRNAs, induces site-specific DSB
on the target site in the genome. DSB is then repaired by the HDR mechanism, using donor vector as a
repair template, leading to the integration of the reporter gene downstream of the gene of interest. The
integrated reporter can be directly connected and translated with the protein of interest as a fusion protein
or it can be linked by the T2A sequence. The T2A self-cleaving sequence integration allows the
generation of a bi-cistronic reporter cassette. In other words, the reporter is co-transcribed with the gene
of interest since it replaces STOP codon. Later, that asset enables co-translational cleavage of the gene
of interest and the reporter, beneficial because both copies of the endogenous gene stay intact. Also, the
gene of interest and reporter are present in equimolar concentrations (Blochinger et al., 2020). After
HDR, the success of the process is usually verified by sequencing and PCR. Finally, if the reporter is

integrated an appropriate functional characterization of the novel cell line is needed (Zhong et al., 2020).

Cas9 nuclease
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Figure 1.3 CRISPR-Cas9 mediated genome editing. sgRNA guides Cas9 nuclease to the target site
to induce DSB. Subsequently, DSB is repaired via one of the two illustrated mechanisms. NHEJ repair
leads to Indel mutations, while HDR pathway uses a template for repair and is used for knock-in
strategies and reporter line generation (Liu et al., 2019).
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1.4.2 GFP and mCherry reporter genes

The green fluorescent protein (GFP) and the red fluorescent protein (RFP) are the most widespread and
frequently used fluorescent reporter genes. GFP is a protein composed of 238 amino acids exhibiting
green fluorescence when excited with light in the blue range. It was firstly isolated 60 years ago from
the jellyfish Aequorea victoria (Shimomura et al., 1962) and a few years after the whole range of its
variants, including enhanced green (eGFP), have been successfully developed and applied in research
(Li et al., 2018). Nowadays, GFP and its variants are the best-established gene expression markers used
in the whole range of model organisms and in vitro models. However, GFP variants have very narrow
emission spectra and it is very challenging to differentiate them even with modern imaging systems
when used together (Feng et al., 2000). For this reason, to obtain a double reporter system, it is necessary
to choose a reporter that is spectrally distinct from GFP to enable easier identification while imaging.
Thus, the RFP variants, consisting of several proteins emitting orange, red and far-red fluorescence,
have been established by chromophore transformation (Subach & Verkhusha, 2012). RFPs can be
further divided into groups of multimeric and monomeric proteins. Monomeric cherry (mCherry) is the
most prominent example of monomeric RFPs. The advantages of mCherry over other RFPs are its high

photostability and greater brightness, leading to its frequent usage (Li et al., 2018).
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2 Objectives

The main objective of this study was to determine if the newly generated H1 INS-eGFP/MAFA-mCherry
(INS-MAFA) double reporter line can effectively and reproducibly form functional B-cells in vitro. We
hypothesized that this cell line will follow the same differentiation patterns as observed in the paternal
HI1 line used for its derivation. To test our hypothesis, we performed directed differentiation of hESC
cells to B-cells following a defined 7-stage protocol for both lines. During differentiation, we completed

a detailed characterization of H1 INS-MAFA cells at different stages side by side with H1 cells.

The specific goals of this research were:

o To assess the ability of H1 and H1 INS-MAFA hESC to form PPs using serum-free STEMdiff
Pancreatic Progenitor Kit

o To further differentiate and characterize H1 and H1 INS-MAFA hESC-derived PP cells in
micropatterned wells to generate uniform B-cell clusters

o To evaluate the potential of hESC-derived B-cells to respond to glucose challenges in vitro

o To confirm the functionality of integrated GFP and mCherry reporters both in vitro and in vivo
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3 Materials and methods

3.1 Materials

This research was carried out with the hES H1 INS-MAFA reporter cell line previously generated in the
lab. The targeting was performed by using the CRISPR-Cas9 system homologous recombination that
allows a specific knock-in of the reporters GFP and mCherry downstream of the endogenous genes INS
and MAFA, respectively. The targeting vectors were characterized by the 3’ and the 5’ homologous arms
flanking the T2A-reporter sequence and the selection cassette between the FRT recombination sites.
Briefly, wild-type H1 cells were first nucleofected with the Cas9 protein, the sgRNAs and the linearized
donor vector carrying the GFP sequence to integrate the reporter downstream of the INS gene. The
clones, selected by drug treatment, were validated by junctions PCRs and Sanger sequencing. The clones
with the right INS-GFP targeting underwent the selection cassette removal and were confirmed again
by junctions PCRs and sequencing. Stably targeted H1 INS-GFP cells were then used for the MAFA-

mCherry targeting following the same procedure.

3.2 Methods

3.2.1 hESCs culture

During this research, all the cell culture work was done following the good cell culture practices

guidelines.

3.2.1.1 Matrigel coating

A natural ECM-based hydrogel Matrigel hESC-Qualified Matrix (Corning) was first diluted 1:5 in cold
DMEMY/F-12 (Gibco) and stored at -20 °C as a stock solution. Afterward, the stocked aliquots were
further diluted 1:10 in cold DMEM/F-12 and 1 ml or 500 pl of the final 1:50 diluted Matrigel solution
was added to a 6 well plate well (wpw) or a 12wpw, respectively. After 1 h incubation at room

temperature (RT), the wells were washed once with 2 ml of DMEM/F-12 and kept until use.

3.2.1.2 Thawing of cryopreserved hESCs

The cells were stored in liquid nitrogen and one frozen cryovial was used to plate one 6wpw. Firstly,
the cells were thawed as quickly as possible in a 37 °C water bath. Afterward, the content of the cryovial
was topped with 500 pl of warm DMEM/F-12 and gently transferred in a 15 ml tube containing 5 ml of
DMEM/F-12. Cells were then centrifuged at 300 G for 4 min at RT and cell pellet was gently
resuspended in 1.5 ml of mTeSR medium (Stem Cell Technologies) with 10 uM ROCK inhibitor
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(ROCKi, Miltenyi Biotec). The cell suspension was plated into a single precoated 6wpw and incubated
at 37 °C, 5% CO,. The cells were maintained by a daily wash with 2 ml of DPBS (Gibco) followed by

fresh 1.5 ml mTeSR1 media change along with growth monitoring to determine optimal passaging time.

3.2.1.3 Passaging of hESCs

hES cells were passaged when they reached the optimal density of 70% with differentiated cells regions
below 5%, usually 3-5 days after the seeding. Firstly, cells were washed once with 2 ml of DPBS. 1 ml
of enzyme-free passaging reagent ReLeSR (Stem Cell Technologies) was then added and aspirated
within 1 min so that the cells were left covered with a thin film of it. After 2 min at 37 °C, 5% CO», 1
ml of mTeSR was added to each well and the plate was firmly tapped to detach the colonies. Colonies
were further broken up by pipetting with the p1000 to generate a uniform suspension of aggregates up
to 10 cells each. Cells were split up to 1:10 ratio and seeded in precoated wells with 10 uM ROCK:i for
the first day after splitting. The cells were incubated at 37 °C, 5% CO- and maintained by daily media

change as described in Section 3.2.1.2.

3.2.1.4 Cryopreserving of hESCs

The cells were occasionally frozen in order to maintain the stocks. When cells from one well were 70%
confluent, they were frozen in one cryovial as colonies up to 10 cells each. Cells were detached and
broken up as described in Section 3.2.1.3. The colonies suspension was then transferred in a 15 ml tube
and centrifuged at 300 G for 4 min at RT. Afterward, the cell pellet was gently resuspended in 1 ml of
cold mFreSR (Stem Cell Technologies) with 10 uM ROCKIi and transferred to a labeled cryovial. Vials
were frozen using a standard slow rate-controlled cooling protocol by reducing the temperature at 1
°C/min and storing at -80 °C overnight. The day after, cryovials were transferred and stored in liquid

nitrogen.
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3.2.2 2D differentiation: from hESCs to pancreatic progenitors

Before starting the differentiation, hES cells were passaged at least twice, but not more than 5 times.
The cells were expanded to ensure enough cells for the differentiation. Requirements that had to be met
for starting a successful differentiation were actively growing cells that were not too confluent and did
not show any signs of differentiation in the hES culture. Prior to differentiation, cells had to be properly

seeded as a single cell suspension.

3.2.2.1 hESCs seeding for differentiation

To seed cells for differentiation, mTeSR1 medium was firstly changed in the morning. After
approximately 6 h, cells were washed once with 2 ml of DPBS and detached using 1 ml of TrypLE
(Gibco) for 2 min at 37 °C, 5% Co». Colonies were then scraped using p1000 tip and subsequently gently
pipetted a few times to obtain a single cell suspension. After pipetting, 1 ml of 2% bovine albumin (BSA,
LSP)/DMEM/F-12 and 10 uM ROCKIi was added to the well. The procedure was then repeated for up
to 3 wells at the time. Afterward, the cells were pipetted a few more times, passed through a 40 um
strainer (pluriSelect) and centrifuged at 300 G for 4 min at RT. The pellet was then resuspended in 1 ml
of mTeSR with 10uM ROCKi. To count the cells, 25 pl of cell solution was mixed with 25 pl of 0.4%
Trypan Blue Solution (Thermo Fisher). 10 pl of the mix was loaded into the counting chamber of
Countess Cell Counting Chamber Slides (Invitrogen) and the viability and cell number were determined
using the Cell Countess II (Invitrogen). The counting was done in duplicate to ensure the correct number
and the cells were seeded only if the viability was higher than 90%. The final volume of mTeSR1
containing 10 uM ROCKIi was adjusted according to the cell number to a final concentration of 450 000
cells/ml. Subsequently, 900 000 or 250 000 cells were seeded in precoated 6wpw or 24wpw (Corning),
respectively. The plate was then placed in an incubator at 37 °C, 5% CO,. The next day, cells were
washed with 2 ml of DPBS followed by mTeSR change. When the cells reached approximately 60%

confluency (usually after 2 days), the differentiation was started.

3.2.2.2 Differentiation of hESC to PP stage

STEMdiff Pancreatic Progenitor Kit (STEMCELL Technologies) was used for the first four stages of
the differentiation: DE, primitive gut tube (PGT), posterior foregut (PF) and PP stage. During the entire
protocol lasting 13 days, the cells were gently washed with 2 ml of DPBS before media change to remove
dead cells and debris. The medium for each respective stage was prepared following the instructions of
the manufacturer (Fig. 3.1). Briefly, for Stage 1 of differentiation, Endoderm Basal Medium was used,
while for Stage 2,3, and 4, Stage 2 — 4 Basal Medium was used. For each stage, specific supplements in
100x concentration were added to the relevant basal medium. The morphology of the cells was visually

monitored throughout the differentiation and documented by photographs at the end of each stage.

17



Human

199 | ES/PS Cells Stage 1 Stage 2 Stage 3 Stage 4

1 1 1 1
I T T T

Day: 0 1 2 3 A 6 9 14
Seed Human Initiate Definitive Primitive Posterior Pancreatic
ES/PS Cells  Differentiation Endoderm Gut Tube Foregut Progenitor

: ' : ' : : : '
pplem MR +CJ CcJ 2A+ 2B 2B 3 B
Stage 2- 4
Basal Endoderm
Basal Medium Basal Medum
mTeSR™ + ; -
Medium 1A Medium 1B Medium 2A Medium 28 Medium 3 Medium 4

Y-27632

Figure 3.1 Differentiation protocol for the generation of pancreatic progenitors with STEMdiff
Pancreatic Progenitor Kit. Protocol is defined by 4 stages and lasts 14 days (Product Information Sheet
2, STEMCELL Technologies).

3.2.2.3 Dissociation of PP cells

At the end of the 2D differentiation, PP cells were detached and clustered for further differentiation and
maturation towards B-cells or collected for RT-qPCR and flow cytometry analysis. Maximum 3 wells
at the time were first washed with 2 ml DPBS and then treated with 1 ml/well of Accumax (Sigma) for
4 min at 37 °C or until the cells were round. The cells were then pipetted using p1000 to generate single
cell suspension and the dissociation was stopped by adding 1 ml of 2% BSA/DMEM/F-12 and 10 pM
ROCK:i. In addition, the cells were passed through a 40 pl strainer to ensure single-cell suspension. The
suspension was thoroughly mixed and cells were counted as described in Section 3.2.2.1. The cells were

then divided in appropriate numbers into separate 15 ml conical tubes for different purposes.

3.2.3 3D differentiation: from PPs to p-cells

Differentiation to pB-cells lasts 25 days and it is characterized by 3 stages: Stage 5, Stage 6 and Stage 7
lasting 3,7 and 14 days, respectively. For these stages, AggreWell™800 24-well plates (STEMCELL
Technologies) were used. These plates contain an array of microwells 800 pm in size per each well
allowing the formation of uniform cell aggregates such as human islet-like clusters by enabling the
seeding of a precise number of cells per microwell. The plates were prepared following the instructions
of the manufacturer to ensure optimal performance during clustering. Firstly, the wells were pre-treated
with 500 pl of Anti-Adherence Rinsing Solution (STEMCELL Technologies) and the plate was
centrifuged in a swinging bucket rotor at 1300 G for 5 min at RT. After ensuring that there are no bubbles
in the microwells the wells were rinsed with 2 ml of DMEM/F-12 and incubated with 1 ml of complete
Stage 5 medium at 37 °C, 5% CO». Dissociated PP cells (Section 3.2.2.3) were counted as described in
Section 3.2.2.1 and resuspended in Stage 5 medium at the concentration of 1.5 million cells/ml. This
seeding number allowed to obtain 300 clusters consisted of 5000 cells each per microwell. Subsequently,
1 ml of the single cell suspension was added to one well of the AggreWell™800 plate and centrifuged
at 100 G for 3 min at RT to capture the cells in the microwells. The plate was inspected to verify equal

cell distribution among microwells. Finally, the plate was incubated at 37 °C, 5% CO- for 24 h to allow
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clusters formation. After 24 h, half of the differentiation medium, composed of basal PEP-S7 medium
with the addition of stage-specific factors and small molecules, was changed. The composition of the
basal PEP-S7 medium and the supplementary factors for each stage are listed in Supplementary tables
8.1 and 8.2. During Stage 6 and 7, the plate was also placed on an orbital shaker at 100 rpm to ensure
proper mixing of the media. The clusters morphology and size were checked daily throughout
differentiation and photographs were taken at the end of each respective stage. Also, to follow the
progress and direction of the differentiation, at the end of each stage, half well of clusters (~150 clusters)
was collected for RT-qPCR analysis. In the end, the efficiency of the differentiation was evaluated by

analyzing the derived B-cells using GSIS, flow cytometry and RT-qPCR.

3.2.4 Immunostaining of cell monolayers on coverslips

For immunostaining, hES, DE and PP cells were cultured on 12 mm diameter coverslips (Carl Roth).
After a wash with DPBS, the cells were fixed with 400 pl of 4% paraformaldehyde in DPBS (PFA) for
20 min at RT and stored at 4 °C in 2 ml of DPBS if necessary. Furthermore, cells were washed three
times with 1 ml of 0.3% triton/DPBS (DPBST) and blocked with 250 pl of 5% serum/DPBST for 1 h at
RT. The serum used was from the same species as the species used for raising secondary antibodies.
After blocking, cells were incubated with 250 pl of unconjugated primary antibodies diluted in 2.5%
serum/DPBST under gentle rotation overnight at 4 °C. The list of primary antibodies can be found in
Supplementary table 8.3. The next day, primary antibodies were washed three times fast and three times
for 5 min with DPBST. Afterward, the cells were incubated with 250 pl of the secondary antibodies
diluted in 2.5% serum/DPBST under gentle rotation for 1 h at RT in the dark. The list of secondary
antibodies can be found in Supplementary table 8.3. The secondary antibodies were washed three times
fast and three times for 5 min with DPBST. Subsequently, the nuclei were stained with 250 pl of Hoechst
33342 (Life Technologies) diluted 1:1500 in DPBST for 10 min in the dark. After several extensive
washes with DPBS, coverslips were transferred from the wells to the slides and mounted using
ProLongGold Antifade Mountant (without DAPI) (Life Technologies). Imaging was conducted using
ApoTome.2 (ZEISS), while images were analyzed using ZEN 2.6. software (ZEISS) and Adobe
Photoshop CS6.
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3.2.5 Flow cytometry immunostaining

Firstly, DE and PP cells were dissociated as described in Section 3.2.3, washed with 3 ml of DPBS and
fixed with 1 ml of 4% PFA for 10 min at 4 °C. Afterward, cells were centrifuged at 300 G for 4 min at
RT, washed with 2 ml of DPBS and stored in 1 ml of DPBS for up to 10 days if necessary. For the
staining, fixed cells were divided into 15 ml tubes (1-2 million cells per tube) for the staining and
negative control (stained only with secondary antibodies). Immunofluorescence staining was done using
the eBioscience Foxp3 / Transcription Factor Staining Buffer Set (Invitrogen). Firstly, cells were fixed
and permeabilized with Fixation/Permeabilization solution for 1 h at 4 °C in the dark. After two washes
with 2 ml of Permeabilization Buffer 1X (PB), cells were blocked with 100 pl of 5% serum/PB. After
15 min of incubation at RT, primary antibodies were directly added to the blocking solution according
to the appropriate dilutions and incubated overnight at 4 °C at 1200 rpm. All the primary antibodies,
along with the additional information, are listed in Supplementary table 8.4. The next day, primary
antibodies were washed twice with 2 ml of PB. The cells were then incubated with the appropriate
secondary antibodies in 5% serum/PB for 1 h at RT in the dark at 1200 rpm. The list of secondary
antibodies can be found in Supplementary table 8.4. After the incubation, cells were washed twice with
3 ml of PB and resuspended in 300 pl of 5% serum/PB with the addition of 10 mM EDTA (Sigma). In
the end, to ensure single cell suspension, cells were passed through a 40 um strainer and then analyzed

by BD FACSCanto II (BD Biosciences).

3.2.6 RNA extraction, cDNA synthesis and RT-qPCR

3.2.6.1 RNA extraction

For the RNA extraction, PP, PEP, S6 and S7 cells were collected in a 15 ml tube and pelleted at 300 G
for 4 min. Cells were then lysed in 350 ul of RLT buffer and 100x B-mercaptoethanol (Sigma). Samples
were stored at -20 °C until further processing. Extraction was performed using the Rneasy Micro Kit
(Qiagen) with on-column digestion of genomic DNA following the instructions of the manufacturer. In
the last step, RNA was eluted in 15 pl of Rnase-free water by centrifugation at full speed for 1 min.
Elution step was repeated twice in order to increase RNA yield. Finally, the concentration and purity of

1solated RNA were determined by NanoDrop (Thermo Fisher) and samples were stored at -20 °C.

3.2.6.2 cDNA synthesis

After RNA extraction, the first strand cDNA was synthesized using the PrimeScript RT Master 5X Mix
(Takara). A maximum of 2 ug of RNA was used for 40 pl of reaction. For S7 samples, the final volume
of the reverse transcription reaction was 60 pl. The cDNA synthesis was performed using the

Mastercycler nexus gradient thermocycler (Eppendorf) and the program consisted of the first step at 37
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°C for 15 min for the reverse transcription followed by the second step at 85 °C for 5 seconds for the

reverse transcriptase inactivation. After the synthesis, cDNA was stored at -20 °C.

3.2.6.3 Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Relative gene expression for the genes of interest was determined by RT-qPCR using the Roche
platform. Primers used for RT-qPCR were previously designed using the Primer3 software (SimGene).
The parameters that were considered were: product size (90-120bp), primer size (18-22bp), primer Tm
(58-62 °C) and GC content (40-60%). The primer pairs for each stage of the differentiation analyzed are
reported in Supplementary table 8.5. For every stage of differentiation, biological triplicates were
analyzed. Each amplification reaction consisted of 5 pl 2X FastStart Essential DNA Green Master
(Roche), 1 pl of cDNA (10-50ng), 1 pl of each 10 uM primer and water up to the final volume of 10 pl.
All the amplification reactions were carried out in technical triplicates using the LightCycler 480 II
instrument (Roche) for 40 cycles. After amplification, the threshold cycle values (Ct) were used for the
relative expression quantification. Briefly, Ct values were normalized with the Ct values of the
housekeeping TBP gene giving the ACt, whereas the fold change was calculated from the AACt values
obtained over the undifferentiated H1 hESC cells ACt.

3.2.7 Functionality assays for B-cells

3.2.7.1 Glucose-stimulated insulin secretion (GSIS)

At the end of the differentiation (Day 14 of S7), the B-cell functionality was tested by GSIS. Clusters
were incubated overnight in 2 ml of S7 medium with reduced glucose concentration (5.5 mM). The day
after, clusters were collected from a full well and transferred to a 20 um strainer (pluriSelect). The
strainer with clusters was placed into a 12wpw and washed three times by transferring the strainer to a
new well containing 2 ml of prewarmed KRBH buffer (129 mM NaCl, 4.8 mM KCI, 2.5 mM CaCl,,
1.2mM MgSOs4, 1 mM Na,HPO,, 1.2 mM KH>PO4, 5mM NaHCO;, 10 mM HEPES, 0.1% BSA in
deionized water, filter sterilized, pH 7.4). Cells were equilibrated in the last wash in the hybridization
oven for 1 h at 37 °C. Afterward, cells were washed with 2 ml of low glucose solution (KRBH spiked
with 2.8 mM glucose), transferred to a new well and 750 pl of low glucose solution was added on the
top of the clusters. After 1 h incubation in the hybridization oven at 37 °C, the supernatant was collected
as a low glucose sample. Subsequently, strainer with clusters was transferred to the new well and 750
ul of high glucose solution (KRBH spiked with 16.7 mM glucose) was added on the top of the clusters.
After 1 h incubation in the hybridization oven at 37 °C, the supernatant was collected as a high glucose
sample. Lastly, the strainer was transferred to the new well and 750 pl of high glucose/KCl solution
(KRBH spiked with 16.7 mM glucose and 60 mM KCI) was added on the top of the clusters. After 1 h

incubation in the hybridization oven at 37 °C, the supernatant was collected as a KCI sample. Finally,
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the stimulation samples were stored at -20 °C, whereas the clusters on the strainer were collected for

DNA extraction.

3.2.7.2 DNA extraction

DNA extraction was performed using Dneasy Blood & Tissue Kit (Qiagen) to normalize the GSIS
results. After GSIS, the clusters were collected from the strainer in 500 pl DPBS and centrifuged at 300
G for 4 min. Cells were then resuspended in 200 pl of DPBS with the addition of 20 pl of proteinase K.
The DNA extraction was done following the instructions of the manufacturer. In the last step, DNA was
eluted in 20 pl of prewarmed Buffer AE. The elution step was repeated twice in order to increase DNA
yield. Finally, the concentration and purity of isolated DNA was determined by NanoDrop and samples

were stored at -20 °C.

3.2.7.3 Ultrasensitive C-peptide enzyme-linked immunosorbent assay (ELISA)

ELISA for human C-peptide was performed using Ultrasensitive C-peptide ELISA kit (Mercodia)
following the manufacturer’s protocol. Briefly, 50 pl of calibrators and GSIS samples were pipetted in
duplicates in the appropriate wells and then 50 pl of Assay Buffer was added to each well. The plate
was incubated for 1 h at RT at 700 rpm. Wells were then washed 6 times using 400 pl of wash buffer 1x
solution. Subsequently, 200 pl of enzyme conjugate 1x solution was added to the wells followed by
incubation for 1 h at RT at 700 rpm. After incubation, wells were washed as described above and 200
pl of the substrate TMB was added. After 30 min incubation at RT, 50 pl of Stop Solution was added to
each well. Optical density (OD) was measured within 30 min at 450 nm using the Infinite 200 PRO plate
reader (Tecan). To generate a calibration curve, the Curve expert software was used. In short, the mean
of measured OD values for each calibrator with their known concentrations allowed the design of the
standard curve. Generated rational curve was then used to extrapolate released C-peptide concentrations
from the mean of the samples OD values. Finally, the respective concentrations were normalized to the

DNA content allowing calculation of the stimulation index.

3.2.7.4 Live cell flow cytometry

Prior to flow cytometry analyses, S7 clusters had to be dissociated to single cells in order to properly
quantify reporters’ expression. For that, half well of clusters was collected from the microwells in a 15
ml tube. Cells were then centrifuged at 300 G for 2 min at RT and washed with 10 ml of DPBS. After
spinning down, clusters were resuspended in 1 ml of dissociation solution containing 1x non-enzymatic
cell dissociation solution (Sigma) with Dnase I (40 pg/ml) and 0.01% Trypsin-EDTA. Dissociation was
performed for approximately 6 min in a 37 °C water bath. When all the clusters were dissociated into

single cells, the process was stopped by adding 3 ml of 2% BSA/DMEM/F-12. Cells were then
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centrifuged at 300 G for 4 min at RT and resuspended in 350 pl of DPBS containing 0.05% FCS and
0.02% EDTA. DRAQ7 (Miltenyi Biotec) was also added to the mixture to label dead cells. Before flow
cytometry, cells were also counted as described in Section 3.2.2.1 to determine the total number of live
cells. To ensure single-cell suspension, cells were passed through a 40 um strainer and then analyzed by
BD FACSCanto II (BD Biosciences). Cells were screened for the reporters GFP and mCherry
fluorescent signals, green and red respectively. Dead cells labeled with DRAQ7 in far-red were excluded

from the analysis.

3.2.8 Statistical analysis

In this study, flow cytometry data was analyzed using the FlowJo software (FLOWJO, LLC). For RT-
qPCR, statistical analysis was performed using Graphpad Prism 8 software. Statistical significance was
determined using the unpaired parametric Student’s #-test for two-tailed distributions with Welch’s
correction for sets of data containing two groups. When comparing more than two independent groups,
ordinary one-way ANOVA with Tukey’s post hoc comparison was applied. The level of significance

was set at p<0.05 and displayed visually as mean+standard deviation (SD), where applicable.
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4 Results

As already mentioned, the main objective of this research was detailed characterization and assessment
of differentiation potential of H1 INS-MAFA reporter cell line. After validation of a proper integration
after CRISPR-Cas9 targeting (data not shown), line with modified /NS and MAFA loci was used for

further analysis and characterization (Fig. 4.1).

INS 6P -‘ intron 2

exon 2

= 3' genamic region (3447 bp)

exon 3 CDS  T2A STOP FRT exon 3 3' UTR

MAFA moressy [ B oy d (3457 bp)
exon 15' UTR T2A sTop  FRT
i —p

3X SV40 NLS B-globin poly(A)

Figure 4.1 Reporter integration in target loci. eGFP and mCherry reporters are integrated downstream
of the target gene and are transcribed under respective promoter regulation joint with target gene
transcript by T2A sequence.

Further analysis was conducted by directed differentiation of HI1 and H1 INS-MAFA hESC using
differentiation protocol illustrated in Figure 4.2. The stepwise protocol directed hESC towards definitive
endoderm (DE), primitive gut tube (PGT), posterior foregut (PF), pancreatic progenitors (PP), pancreatic
endocrine precursors (PEP), immature -cells and finally, maturing -cells. Protocol design was based

on developmental principles by modulation of signaling pathways important for lineage commitment.

planar culture (2D) cluster culture (3D)
Stage §
Stage 1 Stage 2 Stage 3 Stage 4 Pancreatic Stage 6 Stage 7
Definitive Primitive gut  Posterior Pancreatic endocrine Immature Maturing
endoderm tube foregut progenitors precursors B-cells B-cells
2d 3d 3d 5d 3d 7d 14d
hESC DE PGT PF PP PEP Imm. B-cells B-cells
CHIR - Wnt SANT1 -1 Shh  SANT1 -l Shh LDN -I BMP ALKSi I TGFB
GDF8 - ActA TPB > PKC LDN -I BMP  ALKS5i -I TGFB R428 -I Axl
LDN -I BMP  ALKS5i -I TGFB  XXi I Notch T3, Zn, Trolox, NAC
FGF7, RA, Vit C T3,Zn, RA T3, Zn
OCT4 FOXA2 PDX1 PDX1 PDX1
SOX2 SOX17 NKX6.1 NKX6.1 NKX6.1
SOX9 NGN3 INS
NEUROD1 GCG INS
SST GCG

SST
Figure 4.2 7-stage differentiation protocol. Respective differentiation stages, along with the duration

in days, are depicted above. Modulated signaling pathways for a proper lineage commitment are shown
below, along with main molecular markers followed for certain differentiation stages.
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4.1 H1 INS-MAFA hESCs differentiate to pancreatic progenitors similarly to the parental
H1 cells

In order to use the H1 INS-MAFA reporter line for improving the current differentiation protocol to
obtain fully functional and mature hESC derived B-cells, the line had to be properly characterized to
ensure that it retains a specific identity during differentiation to the PP stage. Characterization was
performed by carrying out several analyses, namely immunofluorescence on coverslips, flow cytometry,
and RT-qPCR at the hESC, DE and PP stage. Unmodified wild type H1 cell line was differentiated in
the same manner and used as a reference for comparison.

The first step in the molecular characterization of H1 INS-MAFA cells was to verify the hESC
identity by immunofluorescence on coverslips. The molecular machinery behind hESC heavily relies
on the expression of SOX2 and OCT4. They regulate a large gene network supporting pluripotency and
self-renewal as two main characteristics of hESC (Rizzino & Wuebben, 2016). Thus, the expression of
these genes has to be maintained within narrow limits to enable proper differentiation as a response to
developmental signals. Immunofluorescence stainings in Figure 4.3 show that H1 INS-MAFA hESCs
retained the expression of these two pluripotency markers after the genomic modification similarly to
H1 hESC. Confirming the hESC identity was an important requirement for further differentiation to PPs

and later B-cells.

Hoechst OCT4 SOX2

T

H1 INS/MAFA

--
--

Figure 4.3 hESC. Immunofluorescence staining of H1 and H1 INS-MAFA cells for pluripotency
markers OCT4 (red) and SOX2 (green). Nuclei are labeled with Hoechst 33342 in blue. Scale bar: 50

pm.

To efficiently reprogramme hESC towards DE fate, it is important to mimic developmental principles

in vivo. Thus, two main contents of differentiation media for this stage include activator of Wnt signaling
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and GSKS8 as a regulator of Nodal signaling (Mahaddalkar et al., 2020; Shih et al., 2013). At the end of
Stage 1 of planar differentiation, H1 and H1 INS-MAFA cells were analyzed for the expression of
specific proteins by immunofluorescence on coverslips and flow cytometry to confirm the DE identity.
The DE stage is characterized by co-expression of SOX17 and the anterior DE marker FOXA2
(D’ Amour et al., 2006). As shown in Figure 4.4A, almost all of the H1 INS-MAFA cells stained positive
for the two markers, likewise H1 cells. In addition, flow cytometry quantification confirmed the latter
by demonstrating that 96.6% of the analyzed cells were SOX17*FOXA2* double positive, comparable
to the 95.7% of H1-derived DE cells (Fig. 4.4B). Thus, this confirmed the potential of the H1 INS-MAFA

line to acquire DE fate with high efficiency like the original H1 line.
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Figure 4.4 Definitive endoderm stage (Stage 1). (A) Immunofluorescence staining of H1 and H1 INS-
MAFA cells for SOX17 (red) and FOXA2 (green). Nuclei are labeled with Hoechst 33342 in blue. Scale
bar: 50 um. (B) Flow cytometry plots of the H1 and H1 INS-MAFA cells showing the percentage of cells
double-positive for SOX17 and FOXA?2.
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Due to the high reprogramming efficiency observed for the first differentiation stage, PGT and PF
identity were not directly assessed and the analysis was continued at the PP stage. To direct cells towards
PP fate, several signaling pathways had to be properly modulated. In particular, Shh and BMP signaling
had to be inhibited for proper patterning, whereas PKC had to be activated as it induces PDX1
expression. Other molecules important for differentiation at this stage included FGF7, retinoic acid (RA)
important for patterning of gut endoderm and vitamin C that promotes extracellular matrix production
(Shih et al., 2013). At the end of the planar differentiation, the gene expression profile of the PP cells
derived from both cell lines was first analyzed by RT-qPCR followed by immunofluorescence on
coverslips and flow cytometry to confirm the results on protein level. Genes analyzed by RT-qPCR can
be divided into 2 groups. The first one includes ,,desirable genes* (Fig. 4.5A), namely the TFs PDX1,
NKX6.1, SOX9, FOXA2, and PTFIA that mark PP identity. Orchestrated expression of these TFs leads
pancreas development and lineage commitment (Aigha & Abdelalim, 2020). More specifically, PDX]
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is considered to be a master regulator of pancreatogenesis required for subsequent differentiation and
specification of all pancreatic lineages and later maintenance of B-cell function (Zhu et al., 2017),
whereas NKX6.1 has a crucial role in guiding proper development towards functional B-cells (Aigha &
Abdelalim, 2020). Thus, the expression of PDX/ and NKX6.1 is detrimental for proper reprogramming
towards B-cells and was followed at every subsequent differentiation stage. On the other hand, SOX9
expression is very important for the maintenance of progenitor phenotype, but later its expression
becomes restricted exclusively to ductal cells (Seymour et al., 2007). Moreover, the expression of
FOXA?2 and PTFIA was investigated since these genes are equally important for acquiring pancreatic
fate (Kawaguchi et al., 2002). As expected, no significant difference in gene expression was observed
for the main progenitor markers between H1 and H1 INS-MAFA lines. The only exception was PTFI
that demonstrated significantly lower expression in H1 INS-MAFA cells.

The second group of genes (Fig. 4.5B) represents ,,undesirable genes* whose expression in vivo
marks either hepatic or intestinal linage. The main unwanted markers followed in this study include the
hepatic markers AFP and HHEX (Jin et al., 2009; Watanabe et al., 2014) along with the intestinal marker
CDX2 (Silberg et al., 2000). Even though the expression of these markers is not expected throughout
the differentiation, the hepatic marker AFP was highly expressed in both cell lines, especially in the H1
INS-MAFA line, whereas HHEX and CDX2 were similarly expressed in both cell lines. To sum up, RT-
gqPCR showed a similar pattern of gene expression between cell lines, except for PTFIA and AFP. The
significant difference in the expression observed for these two genes could be explained by an inter- and
intra- differentiation variability that strongly depends on several factors such as the identification of the
perfect time point for starting the differentiation.

Additionally, RT-qPCR results have been confirmed on protein level by immunofluorescence
on coverslips and flow cytometry. Immunofluorescence staining (Fig. 4.5C) suggests that the vast
majority of cells co-expressed the main PP markers PDX1, NKX6.1 and SOX9 similarly to H1 cells.
Again, immunofluorescence was quantitatively confirmed by flow cytometry, showing that almost
100% of analyzed H1 and H1 INS-MAFA cells were double-positive for PDX1 and SOX9 (Fig. 4.5D).
In addition, more than half of the double positive cells were also positive for NKX6.1 (Fig. 4.5E), 75%
and 55% for H1 and H1 INS-MAFA cells, respectively.

All things considered, it has been shown that after the genome modification, H1 INS-MAFA
cells retain their pluripotent identity and can successfully and reproducibly differentiate to the PP stage

similarly to the H1 cells.
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Figure 4.5 Pancreatic progenitor stage (Stage 4). (A, B) RT-qPCR gene expression analyses of the:
(A) pancreatic progenitor markers PDX1, NKX6.1, SOX9, PTFIA and FOXA2; (B) hepatic markers AFP
and HHEX and intestinal marker CDX2. Values are normalized to the expression of housekeeping h7BP
and the fold change is relative to the hESC stage. The data shown are biological replicates (n = 5 for
PDX1, NKX6.1,SOX9, AFP, CDX2 and n = 3 for PTFIA, FOXA2, HHEX). Means were compared with
parametric unpaired two-tailed t-test with Welch’s correction. Significance is corresponding to
p<0.0332 (*), 0.0021 (**), 0.0002 (*¥**), <0.0001 (****). (C) Immunofluorescence staining of H1 and
H1 INS-MAFA cells for PDX1 (gray), NKX6.1 (red) and SOX9 (green). Nuclei are labeled with Hoechst
33342 in blue. Scale bar = 50 um. (D, E) Flow cytometry plots of the Hl and H1 INS-MAFA cells
showing the percentage of the cells double positive for PDX1 and SOX9 (D) and the PDX1*/SOX9*
cells triple positive for NKX6.1 (E).
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4.2 H1 and H1 INS-MAFA derived PP cells reproducibly differentiate to insulin-

producing B-cells

At the end of planar differentiation, H1 and H1 INS-MAFA derived PPs were dissociated and clustered
in micropatterned wells to acquire B-cell identity. In 3D culture, PP cells were firstly directed towards
endocrine lineage until pancreatic endocrine progenitors (PEP, S5) guided by continuous Shh and BMP
inhibition, as well as RA patterning. In this stage, triitodothyronine (T3) important for maturation and
TGFp inhibitor AlkSii important for endocrine induction were introduced and used further in the
protocol (Rezania et al., 2014). PEP specification was followed by differentiation towards immature [3-
cell cells (S6), where inhibition of Notch signaling pathway, important for maintenance of progenitor
identity, proved to be essential (Afelik et al., 2012). To finally acquire a mature 3-cell phenotype (S7),
an Axl inbitor R428 and antioxidant N-acetyl cysteine were added to the media to induce the expression
of maturation TF MAFA (Rezania et al., 2014). To evaluate differentiation efficiency, clusters were
analyzed by RT-qPCR at the end of the S5, S6 and S7 to investigate the expression of the main molecular
markers.

As shown in Figure 4.6A, key pancreatic markers PDX1, NKX6.1 and SOX9 expression was
assessed for both PEP and S6 cells. Importantly, PDX/ stayed stably expressed, whereas expression of
NKX6.1 was significantly upregulated in S6 cells for both cell lines. On the other hand, SOX9 was
significantly downregulated as its expression is restricted to the ductal lineage with further
differentiation. Interestingly, the expression of the hepatic marker AFP was significantly downregulated
in S6 cells, while intestinal marker CDX2 stayed stably expressed (Fig. 4.6B). In addition, PEP cells
were also analyzed for the expression of the endocrine markers NGN3 and NEUROD]. In particular,
NGN3 is a proendocrine gene that is transiently expressed in endocrine precursors, while NEUROD] is
its downstream effector that drives insulin expression (Zhu et al., 2017). H1 and HI INS-MAFA derived
PEP cells showed a high expression of NGN3, while NEUROD expression was significantly lower in
H1 INS-MAFA cells (Fig. 4.6C). Since NEUROD] expression is regulated by NGN3, significance can
be explained by the fact that NGN3 also showed a lower expression trend in H1 INS-MAFA cells, even
though that difference was not significant. Nevertheless, high expression of both genes shows that cells

successfully shifted towards endocrine lineage.
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Figure 4.6 Pancreatic endocrine precursor (Stage 5) and immature f-cell stage (Stage 6). RT-qPCR
gene expression analyses of the: (A) main pancreatic progenitor markers PDX1, NKX6.1 and SOX9; (B)
hepatic and liver markers AFP and CDX2; (C) endocrine lineage markers NGN3 and NEUROD] at the
end of Stage 5. Values are normalized to the expression of the housekeeping hTBP and the fold change
is relative to the hESC stage. The data shown are biological replicates (n = 3). Means were compared
with one-way ANOVA with Tukey test for multiple comparisons (A, B) or parametric unpaired two-
tailed t-test with Welch’s correction (C). Significance is corresponding to p<0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****).

At the end of the differentiation, derived B-cells stably expressed PDX/ and NKX6.1 (Fig. 4.7A) and
they also showed a downregulation trend for AFP expression, whereas CDX?2 expression remained stable
(Fig. 4.7B). Importantly, both H1 and H1 INS-MAFA cells demonstrated high expression of INS already
at the end of the S6, with an increasing trend during S7. Moreover, the cells also expressed the a-cell
hormone GCG and d-cell hormone SST. Surprisingly, both GCG and SST expression were significantly
higher in H1 INS-MAFA cells compared to H1 cells. Additionally, GCG exhibited a strong upregulation
trend between S6 and S7 H1 INS-MAFA cells, which was not the case for H1 cells (Fig. 4.7C).

In conclusion, even though some differences were observed for the expression of the endocrine
markers NGN3 and NEURODI in S5, the cells of the two lines properly differentiated towards -cells.
In both cases, expression of the main pancreatic markers was preserved, whereas hepatic fate was
suppressed. Consequently, derived B-cells were characterized by a high hormonal content, with an

emphasis on INS.
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Figure 4.7 hESC derived B-cells (Stage 7). RT-qPCR gene expression analyses of the: (A) for the main
pancreatic markers PDXI and NKX6.1; (B) hepatic and liver markers AFP and CDX2; (C) hormones
INS, GCG and SST. Values are normalized to the expression of housekeeping hTBP and the fold change
is relative to the hESC stage. The data shown are biological replicates (n = 3 and n = 5 only for H1
INS/MAFA S7). Means were compared with one-way ANOVA with Tukey test for multiple
comparisons. Significance is corresponding to p<0.0332 (*), 0.0021 (**), 0.0002 (**%*), <0.0001 (****).

4.3 H1 and H1 INS-MAFA derived B-cells express main functionality related genes and
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