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Preface

The scene took place during Christmas celebrations at my parents' house six years
ago. The atmosphere was filled with holiday spirit along with my infectious
enthusiasm. I had just been accepted to do my master's thesis at Lund Stem Cell
Center. The living room was filled with printed copies of various project proposals.
One caught my attention in a way that stuck in my mind. "Astrocytes. Hmm, I think
I have heard that word before". A quick Google-search later and indeed, I had heard
about this star-shaped cell before. Once.

I could recall that this unique event had occurred during one of the courses I had
taken during my exchange studies in Canada. In fact, I would never have enrolled
to this course unless I was convinced by a newly met friend. My doubts were partly
based on my inability to pronounce, or even worse, spell the name of the course, but
also because it felt far off from my biotechnology engineering programme. But there
it was, in one of the lectures notes from “Physiological Psychology”. Astrocytes - a
supportive cell. That's it.

I know more about astrocytes now. A lot more.

This story illustrates how overlooked astrocytes have been historically. Since then,
there has been a tremendous increase in our understanding of what an astrocyte is,
appreciation of their heterogeneity and their involvement in neurological disease.
These past years, [ came to embrace astrocytes with my entire soul. I did not only
see them in the microscope, | saw them in the form of leaves and water puddles
while walking back and forth to the lab. Now my PhD studies are coming to an end,
and instead I am watching from the outside how astrocytes are conducting their
essential tasks in brain development and function in my 5-month-old son as he
Srows.
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Abstract

Astrocytes are one of the major cell types in the central nervous system and are
indispensable for brain development and function. The human brain and human
astrocytes have unique structures and functions that are not present in other animal
species. Studies of fundamental astrocyte biology in humans and their role in
neurological disease have been hindered by shortage of native human astrocytes for
research purposes and inadequate animal and cell models. With advancements in
stem cell technology, the possibility to generate astrocytes in vitro from human
pluripotent stem cells (hPSCs), ultimately derived from patient cells, emerged.
However, traditional differentiation protocols of hPSCs to functional astrocytes,
based on external cues to mimic development, are complex and time-consuming. In
contrast, ectopic overexpression of cell lineage-specific transcription factors can
fast forward this process.

Here we have developed a rapid and efficient method to generate functional and
mature astrocytes from hPSCs through overexpression of the gliogenic transcription
factors Sox9 and Nfib. We have performed extensive phenotypic and functional
characterization to confirm an astrocytic identity of the obtained cells. This method
reduces the time to generate mature astrocytes from months to weeks. By combining
our method with CRISPR/Cas9 genome editing we demonstrate that our method is
feasible for disease modeling of the leukodystrophies Alexander disease (AxD) and
Megalencephalic leukoencephalopathy with subcortical cysts (MLC).

Furthermore, we have developed an efficient method to directly convert human
fibroblasts to astrocytes. We show that our method can be used with fibroblasts
obtained from the entire human lifespan. We also, for the first time, show a co-
culture system of astrocytes and neurons obtained through direct conversion of the
same starting fibroblast populations. Finally, we provide proof-of-principle that our
direct conversion method can be used for disease modeling by directly converting
AxD patient fibroblasts to astrocytes.

The methods developed in this thesis allow for rapid generation of patient specific
astrocytes which have the potential to uncover the role of astrocytes in neurological
disorders and reveal novel targets for therapeutic interventions.
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Lay summary

The brain is built up by several different cell types, each with important functions.
The teamwork between the different cell types is the foundation for us to have
thoughts, feelings and be able to move our bodies. If any of the cell types in the
brain stop working properly, the cooperation is disturbed, leading to a compromised
function of the brain. This may result in difficulties to control movements,
communicate with others, and lead to that patient becomes dependent on assistance
to cope with everyday life. In the worst cases, diseases affecting the brain are fatal
due to loss of life supporting functions.

Historically, research has been focused on understanding how neurons, the cell type
that sends electrical signals through the brain, function and how their functions can
be restored to normal with drugs to treat diseases affecting the brain. However,
during the last 20 years, research has identified an additional cell type as a key
player, essential for proper function of neurons and thus the brain, namely the
astrocyte. Although astrocytes have proved important for proper brain function,
there is still an incomplete understanding on how the teamwork between astrocytes,
neurons and other cells in the brain is carried out and what consequences occur when
astrocytes stop working properly.

Research on the various cell types in the brain, such as astrocytes, have been
hindered by difficulties in obtaining the actual cells to study. There is extremely
limited access to brain tissue for research purposes, both from healthy individuals
as well as from patients with brain disease. As an alternative, researchers have
studied astrocytes in animals. These studies have proved useful in obtaining general
knowledge about the brain and astrocytes. However, the human brain and the
astrocytes themselves, are substantially more complex in humans than in other
species. Hence, knowledge gained from studying animal models might not hold true
for the human brain. The limitation of animals to replicate the complex human brain,
and its associated diseases, constitute a challenge in developing treatments for
diseases affecting the brain.

A breakthrough came with the establishment of stem cell technology and the
discovery that it was possible to, in a controlled manner, change one cell type into
another cell type in the lab. A stem cell has the potential to develop into any other
cell type present in the body, and methods were developed to guide this process to
produce any desired cell type. Following this discovery, methods to transform cell
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types that are easily accessible from the human body, such as skin cells and blood
cells, to stem cells were developed. These could subsequently be guided to form any
other cell type in the human body. These new technologies enabled production of
cell types otherwise difficult to obtain for research, such as astrocytes, in a
laboratory setting. However, one challenge remained, the methods to produce
astrocytes in the laboratory were time-consuming, taking several months, and it was
not certain that the produced cells really were the desired astrocytes.

By using a new approach, based on activation of parts of the genome that control
development of astrocytes, we have in this study developed methods for rapid and
efficient production of astrocytes from human stem cells as well as directly from
human skin cells. We have examined the resulting cells stringently to be confident
that they have functions that are expected from astrocytes. We have also introduced
disease-causing mutations, identified in a group of disabling and fatal diseases
called leukodystrophies that are thought to be caused by malfunctional astrocytes,
in human stem cells, using the genome editing technology CRISPR/Cas9. Following
the generation of leukodystrophy-mutated human stem cells, we have used our
methods to produce astrocytes in order to generate cell-based astrocyte models of
these diseases. These models allow for studies of biological, and possibly disease-
causing processes, that occur in astrocytes.

The new methods to produce astrocytes in the laboratory, that we have developed
in this thesis, allow for rapid production of human astrocytes of high quality. Our
methods have the potential to reveal new insight into what happens when astrocytes
stop working properly and how this contributes to brain disease. Knowledge gained
from studying the role of astrocytes in disease might lead to the discovery and
development of new efficient treatments for leukodystrophies, that today are
lacking, but also for many other diseases affecting the brain due to the central role
of astrocytes in brain function.
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Popularvetenskaplig sammanfattning

Hjarnan bestar av flera olika celltyper som var och en har viktiga funktioner.
Samspelet mellan de olika celltyperna gor att vi kan tdnka, kdnna och rora oss. Nar
nagon av hjdrnans celler slutar fungera paverkas samspelet och hela hjirnans
funktion. Detta kan leda till svarigheter att kontrollera kroppsrorelser, kommunicera
med andra och att man blir beroende av assistans for att klara vardagen. I vérsta fall
ar sjukdomar som drabbar hjidrnan dodliga da kontroll 6ver livsuppehéllande
funktioner forloras.

Historiskt sett har forskningen fokuserat pé att forsta hur nervceller, den celltyp som
skickar elektriska signaler i hjdrnan, fungerar och hur man pa medicinsk védg kan
paverka deras funktion for att behandla sjukdomar som drabbar hjdrnan. De senaste
20 aren har forskningsstudier identifierat ytterligare en celltyp som nyckelspelare,
de stjarnformade astrocyterna, som visat sig vara oumbdrlig for nervcellernas och
hjédrnans funktion. Men exakt hur samspelet mellan astrocyter, nervceller och resten
av celltyperna i hjdrnan ser ut och vad som hénder da astrocyter slutar fungera har
lange varit oként.

Forskning pa hjdrnans celler, sa som astrocyter, har varit hindrad p& grund av stora
svarigheter att fa tag i just sjdlva cellerna. D4 tillgangen till hjarnvdvnad fran bade
friska ménniskor och personer drabbade av hjarnsjukdom &r extremt begrénsad har
forskare istdllet studerat astrocyter i djur. Trots att man har fétt mycket kunskap om
hjarnan och astrocyter genom dessa studier s dr minniskans hjarna, och dven sjilva
astrocyterna, betydligt mer komplexa i ménniska &n i andra djurarter. Det ar darfor
inte sékert att kunskapen fran djurmodeller dven géller i ménniskans hjdrna. Detta
utgor ett hinder for studier av den komplexa ménskliga hjdrnan och utveckling av
behandlingar mot hjarnans sjukdomar.

Ett genombrott kom i och med att stamcellsteknologin etablerades och att forskare
upptéckte att man under kontrollerade former i laboratoriet kan éndra en celltyp till
en annan vald celltyp. En stamcell har potential att bilda alla celltyper i kroppen och
metoder utvecklades for att kunna styra vilken celltyp stamcellen skulle bilda. Efter
detta utvecklades dven tillvigagangssitt for att isolera celler som ér lattillgénglig
frdn ménniskans kropp, t ex hudceller och blodceller, och i laboratoriet omvandla
dessa till stamceller och direfter vidare till vilken celltyp som helst som finns i
minniskans kropp. Dessa metodutvecklingar gjorde det mojligt att tillverka
celltyper som normalt sett &r svéra att isolera, sd som astrocyter. Ett problem
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kvarstod dock, de metoder som anvéndes for att tillverka astrocyter i laboratoriet
var tidsddande och osdkra. Det kunde ta upp till ett halvar och det var d& inte ens
helt sékert att de producerade cellerna verkligen var de 6nskade astrocyterna.

Genom ett nytt tillvigagéngsitt baserat pa att aktivera de delar av arvsmassan
(DNA) som styr bildandet av astrocyter har vi i det hér arbetet utvecklat metoder
for att snabbt och effektivt tillverka astrocyter fran bade ménskliga stamceller och
direkt fran ménskliga hudceller. Vi har undersokt de resulterande cellerna for att
sdkerhetsstilla att de har de funktioner som forvéntas av astrocyter. Med hjélp av
den s& kallade gensaxen CRISPR/Cas9 har vi fort in sjukdomsframkallande
mutationer i arvsmassan i ménskliga stamceller. Dessa mutationer har hittats i
patienter drabbade av leukodystrofi, en grupp funktionsnedsittande och dodliga
sjukdomar som tros bero pé felaktiga astrocyter. Vi har sedan anvént de metoder vi
har utvecklat for att tillverka astrocyter fran muterade stamceller och pa sa sétt
skapat astrocytiska cellmodeller av dessa sjukdomar for att kunna undersdka de
biologiska och eventuellt sjukdomsframkallande mekanismer som sker i astrocyter.

De nya metoderna for att tillverka astrocyter som vi har utvecklat i detta arbete
tilliter en snabb och kvalitetssdker tillverkning av mainskliga astrocyter. Dessa
metoder har potential att 6ka forstaelsen for vad som hénder nér astrocyter slutar
fungera som de ska och hur detta bidrar till sjukdom i hjdrnan. Denna kunskap kan
i forldngningen bidra till att utveckla nya effektiva behandlingar av leukodystrofier,
som idag saknas, men dven manga andra sjukdomar som drabbar hjérnan.
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Introduction

Rationale for this thesis

Neurological disorders are a leading cause of death and disability worldwide and
constitute an increasing economic burden for society as the global population
continues to expand and the lifespan of the population increases (Feigin et al., 2017).
At the same time, drug discovery in the pharmaceutical industry has been facing a
productivity crisis, including development of treatments for central nervous system
(CNS) disorders (Kola and Landis, 2004; Pammolli et al., 2020). The costs per drug
spent in Research and development (R&D) doubled every 9™ year between 1950
and 2010 while failure rates of candidate drugs remained similar, or even increased
(Hay et al., 2014; Scannell et al., 2012). During the years 1991-2000 the success
rate for CNS disorder drugs were only 8% (Kola and Landis, 2004). The main
reasons for failure were due to lack of efficacy in humans and safety concerns (Kola
and Landis, 2004). Interestingly, failure rates seemed to correlate with animal
models having poor predictability of human physiology in certain therapeutic areas,
in particular for oncology and neurological diseases (Kola and Landis, 2004).

The pharmaceutical companies had to take action to solve this productivity crisis. It
was hypothesized that the commonly used simplified models had insufficient
predicational potential and by instead using models of higher predictive value of
human pathology, better treatments would result (Scannell et al., 2012). One of
several strategies was to change the mindset from quantity to quality by focusing on
understanding the target (Cook et al., 2014). Investments in stem cell technology
and genome editing platforms were done to improve biological translatability
(Morgan et al., 2018). In addition, rare diseases with no existing treatments were
given more attention (Ringel et al., 2020). Indeed, a greater understanding of disease
biology has been hypothesized to, at least partly, be contributing to breaking the
negative trend in R&D productivity for most therapeutic areas (Hurle et al., 2016;
Pammolli et al., 2020; Ringel et al., 2020). However, attrition rates for CNS drug
candidates have not decreased and still constitute one of the highest among all
therapeutic areas (Pammolli et al., 2020). This highlights the challenges in studying
the human CNS due to its exceptional complexity, which is difficult to fully capture
using simplified models (Pammolli et al., 2020). Thus, models with high biological
relevance and predicational value for human CNS pathologies are highly warranted
(Trudler et al., 2021).
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Astrocytes

Astrocytes in CNS development and function

Astrocytes are one of the major cell types in the mammalian central nervous system
(CNS) and are crucial for normal brain development and functionality (Sofroniew
and Vinters, 2010; Verkhratsky and Nedergaard, 2018). Historically, astrocytes
were thought to be passive support cells for neurons but research over the last
decades have changed that view. Today it is widely accepted that astrocytes are a
heterogenous group of cells with active roles that cannot be neglected when
attempting to understand the human brain, its associated diseases and how to treat
them (Valori et al., 2019). Importantly, this new knowledge has highlighted that
without the supportive functions from astrocytes, the human CNS, as we know it,
can simply not exist (Verkhratsky and Nedergaard, 2018).

Astrocytes participate in formation of neuronal networks by promoting
synaptogenesis and synapse stabilization as well as refinement through elimination
of redundant synapses during development (Allen and Eroglu, 2017; Barker and
Ullian, 2010). They also promote proliferation and migration of oligodendrocyte
precursor cells (OPCs) and take part in myelin formation, maintenance, remodeling
and remyelination following lesions to the CNS (Camargo et al., 2017; Hughes,
2021; Traiffort et al., 2020).

Astrocytes are involved in synaptic transmission by taking up and recycling released
neurotransmitters, such as glutamate, from the synaptic cleft (Allen and Eroglu,
2017; Barker and Ullian, 2010; Magistretti et al., 1999). It has also been proposed
that astrocytes directly modulate synaptic activity through release of synaptically
active molecules such as ATP and D-serine (Barker and Ullian, 2010). Furthermore,
astrocytes display regulated intracellular calcium transients which have functional
effects on both astrocyte-astrocyte communication as well as neuronal function
(Sofroniew and Vinters, 2010).

One of the most crucial functions of astrocytes is to maintain pH, ion and water
homeostasis through various cell membrane transporters and channels on their
surfaces (Benfenati and Ferroni, 2010). They also form large syncytia through
astrocyte-astrocyte gap junction coupling allowing them to transport ions and
various molecules (Verkhratsky and Nedergaard, 2018). These features result in a
prominent buffering capacity of potassium ions and regulation of osmotic changes
that arise upon neuronal signaling (Benfenati and Ferroni, 2010; Simard and
Nedergaard, 2004).

Astrocyte endfeet enwrap blood vessels to form a gliovascular unit through which
exchange of nutrients and metabolites with the bloodstream and CNS cells occurs
(Magistretti et al., 1999). It has also been shown that astrocytes secrete factors that
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regulate changes in local blood flow in response to neuronal activity (Nedergaard et
al., 2003). Furthermore, astrocytes participate in forming the selective blood-brain
barrier, hindering pathogens and large molecules to enter the CNS (Sofroniew and
Vinters, 2010).

Astrocytes in disease

Astrocytes respond to all forms of injury, infection or disease that affect the CNS,
through a process called reactive astrogliosis (Sofroniew and Vinters, 2010). This
includes a wide range of transcriptional, morphological, and functional changes
such as release of pro- and anti-inflammatory cytokines, hypertrophy of cell
processes and formation of physical barriers (Escartin et al., 2021). These responses
can lead to both beneficial and detrimental effects on surrounding cells and CNS
function, and is a hallmark for many neurological diseases (Escartin et al., 2021).

In addition, due to the essential functions performed by astrocytes and their close
interplay with neurons, oligodendrocytes, and other CNS cells it is easy to
understand that astrocytes modulate and, in some cases, can even be a causative
factor for neurological diseases. Indeed, astrocytes have emerged as key players in
a wide range of neurodevelopmental, neuropsychiatric, and neurodegenerative
diseases such as autism, schizophrenia, epilepsy, depression, multiple sclerosis
(MS), and Alzheimer’s disease (Lee et al., 2022; Pekny et al., 2016; Seifert et al.,
2010; Sloan and Barres, 2014). Currently, there is insufficient understanding of the
defined roles of astrocytes and the molecular mechanism causing pathology.
However, the contribution of astrocytes to some diseases have started to be
uncovered (Almad and Maragakis, 2018; Lee et al., 2022). For instance, there is
emerging evidence indicating that astrocytes have a causative role in the motor
neuron degeneration seen in amyotrophic lateral sclerosis (ALS) patients (Bruijn et
al., 1997; Di Giorgio et al., 2007; Nagai et al., 2007; Qian et al., 2017; Serio et al.,
2013). However, today there are only a few physically and mentally debilitating
white matter disorders, called leukodystrophies, in which astrocytes have been
suggested to be the primary origin of disease and due to mutations in genes with
enriched expression in astrocytes (Lanciotti et al., 2013).

Traditional models for studies of astrocytes

Studies of astrocyte biology have been hampered by the limited availability of
neural cells isolated from living healthy individuals and patients with neurological
disease. Traditionally, astrocytes have been studied using brain tissue samples,
animal models, primary rodent astrocytes, and human astrocytoma cell lines (Ren
and Dunaevsky, 2021; Trudler et al., 2021). However, each of these has major
limitations for modeling of human CNS disorders.
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Autopsy and biopsy materials are of extremely limited availability and are restricted
in the external manipulation that can be done in attempting to understand disease
mechanisms. In addition, postmortem tissue only represents the end stage of disease
and does not give information on how the disease was initiated or progressed.

Animal models such as rodents, zebrafish and drosophila have been widely used to
study astrocytes and provided many important insights (Guttenplan and Liddelow,
2019). Although some biological aspects are preserved through evolution, the
human brain has a unique structure and higher complexity compared to other
species. Furthermore, human astrocytes have a diameter at least twice as large and
with 10-fold more processes as compared to mouse counterparts (Oberheim et al.,
2009). The increased size and complexity enable human astrocytes to contact and
regulate 270,000-2,000,000 synapses compared to 20,000-120,000 synapses in
rodents (Oberheim et al., 2009). Differences in gene expression and importantly,
functional differences, in for instance calcium signaling response and inflammatory
response, have been described between rodent and human astrocytes (Li et al., 2021;
Oberheim et al., 2009; Zhang et al., 2016). Moreover, in addition to grey matter
protoplasmic and white matter fibrous astrocytes, there are subtypes of astrocytes
present in the human CNS that are not found in rodents, namely interlaminar
astrocytes and varicose projection astrocytes (Colombo and Reisin, 2004; Oberheim
et al., 2009; Oberheim et al., 2006). Thus, findings obtained using animal models
might not be a proper biological representation of what is truly occurring in the
human CNS.

Studies based on cell cultures have traditionally been done through ectopic
overexpression of the gene of interest in primary rat astrocytes, astrocytes derived
from transgenic animals and human astrocytoma cell lines (Guttenplan and
Liddelow, 2019; Lanciotti et al., 2022). However, these models exhibit abnormally
high levels of the gene/protein in either a non-human or tumoral background. Thus,
one cannot exclude that findings made in these systems do not fully reflect
biological processes occurring in the brain of a living human being, leading to
confounding results.

The neuroscience field has recognized that these traditional models are not sufficient
to fully elucidate definite roles of astrocytes and their contributions to neurological
disease (Valori et al., 2019). As new technologies such as stem cell reprogramming
and genome engineering have been developed, researchers have been provided with
tools that can generate accessible models with high predictive value for human
biology and pathology, and thus facilitate the development of novel therapies
targeting astrocytes (Soldner and Jaenisch, 2018; Trudler et al., 2021; Whiteley et
al., 2022).
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Generation of human astrocytes using stem cell
technologies

Historically, cell differentiation, the process through which a cell acquires its
specialized functions in a certain tissue, was thought to be an irreversible process.
However, this idea was challenged and proven wrong with somatic nuclear transfer
experiments, performed in the middle of the 20™ century, showing that cellular fates
are not permanent and can be changed with environmental factors present in oocytes
(Briggs and King, 1952; Gurdon, 1962; Gurdon et al., 1958). Later it was shown
that fully differentiated fibroblast could be induced to pluripotent cells by
overexpressing embryonic stem cell enriched-transcription factors (Takahashi et al.,
2007; Takahashi and Yamanaka, 2006). With these findings, new possibilities to
generate cells otherwise difficult to obtain from living humans arose (Fig. 1).

iPSC Pluripotent stem cells

reprogramming \
TF

programming

\
I

Neural organoid

Fibroblasts

Astrocyte

Direct conversion Differentiation

Fig. 1. Overview of different methods to generate human astrocytes in vitro.

Human pluripotent stem cells (hPSCs), either embryonic stem cells (RESCs) or induced pluripotent
stem cells (hiPSCs), derived from fibroblasts, can be differentiated to astrocytes in monolayer cultures
or as neural organoids (right side). In this work, we have developed methods to induce astrocytes
through transcription factor (TF) programming of hPSCs and through direct conversion of human
fibroblasts (in boxes). Created with BioRender.com.

Over the last decade, the field of stem cell technology has accelerated rapidly as
more robust methods to differentiate human embryonic stem cells (hESCs) and
patient-derived induced pluripotent stem cells (hiPSCs) have been developed, and
today are common tools to generate cells for studies of human biology. Importantly,
these new experimental approaches have shown their potential in CNS disease
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modeling (Rowe and Daley, 2019; Trudler et al., 2021) and drug discovery (Silva
and Haggarty, 2020), and constitute a promising avenue for regenerative medicine
(Hastings et al., 2022; Tomishima and Kirkeby, 2021) and personalized medicine
(Soldner and Jaenisch, 2018).

However, astrocyte differentiation protocols, either in monolayer (Krencik et al.,
2011; Leventoux et al., 2020; Shaltouki et al., 2013; Tcw et al., 2017) or 3D culture
(Sloan et al., 2017), which use instructive factors and molecules to mimic neural
development are time-consuming, labor intensive and at the time this thesis was
initiated, the resulting astrocytes were rarely well-characterized (Chandrasekaran et
al., 2016). An alternative to traditional differentiation is to ectopically overexpress
cell lineage-specific key transcription factors (TFs) in human pluripotent stem cells
(hPSCs) (Canals et al., 2021). This process is referred to as transcription factor (TF)
programming, or forward programming, and has been demonstrated to efficiently
and rapidly generate induced neurons (iNs) (Yang et al., 2017; Zhang et al., 2013),
oligodendrocyte precursor cells (iOPCs) (Garcia-Leon et al., 2018) and microglia
(Chen et al., 2021) from hPSCs (reviewed in Canals et al., 2021). However, the
possibility to generate induced astrocytes (iAs) from hPSCs through TF
programming had, at the time this thesis work was initiated, not been explored.

An alternative approach to differentiation or TF programming of hPSCs is to
directly convert already fully differentiated somatic cells, such as fibroblasts, to
other cell fates without passing through a progenitor or pluripotent state (Ahlenius,
2022). This approach is called direct conversion, or direct cellular reprogramming,
and can be accomplished through overexpression of TFs, short hairpin RNAs,
application of instructive molecules, or a combination of these (Drouin-Ouellet et
al., 2017; Traxler et al., 2019). Several methods have been developed to directly
convert mouse and human fibroblasts to induced neurons (iNs) (Pang et al., 2011),
oligodendrocyte precursor cells (IOPCs) (Yang et al., 2013) and myelinating
oligodendrocytes (10LS) (Chanoumidou et al., 2021). Interestingly, studies on iNs
and iOLs obtained through direct conversion have shown that they retain age-related
and possibly disease-associated features such as epigenetic marks, gene expression,
and mitochondrial defects, whereas hPSC-derived cells represents a rejuvenated
state (Chanoumidou et al., 2021; Kim et al., 2018; Mertens et al., 2015; Miller et al.,
2013; Tang et al., 2017). In addition, hiPSC generation from patient fibroblasts is
based on clonal expansion. Thus, only one fibroblast is represented in the final
hiPSC clone and the subsequent progeny. This might be a concern since several cell
types, including fibroblasts, neurons and astrocytes, have somatic copy number
variations, suggesting an extensive genetic mosaicism which must be considered
when using iPSC-derived cells (Abyzov et al., 2012; Cuevas-Diaz Duran et al.,
2019; McConnell et al., 2013). In contrast, by using direct conversion, all or the
majority of fibroblasts are represented in the final population, thus better preserving
the genetic mosaicism (Mertens et al., 2016). For these reasons, using direct
conversion to obtain cellular disease models, in particular for age-related and/or
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sporadic diseases, might yield more meaningful data as it better reflects the age and
variation within the donor fibroblast population (Mertens et al., 2016). Directly
converted iNs have shown their potential in disease modeling of, for example,
Huntington’s disease and ALS (Pircs et al., 2022; Tang et al., 2017). Furthermore,
it was recently shown that pathological hallmarks of Parkinson’s disease were
present in iNs obtained through direct conversion of patient fibroblasts but absent
in hiPSC-derived neurons generated from the same fibroblasts, highlighting the
importance of direct conversion as a methodology in disease modeling (Drouin-
Ouellet et al., 2022).

When this thesis work was initiated, it had recently been shown that iAs could be
generated through direct conversion of mouse fibroblasts by overexpressing the
gliogenic TFs Sox9, Nfia and Nfib (Caiazzo et al., 2015), and subsequently, by using
a cocktail of small molecules (Tian et al., 2016). However, generation of iAs directly
from human fibroblasts was inefficient and proof that TF-mediated directly
converted human iAs were functional as well as their use for disease modeling were
still missing.

CRISPR/Cas9 genome engineering technology

Advancements in stem cell technology have been accompanied by a revolution in
genome engineering technology using Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and CRISPR associated protein 9 (Cas9) systems.
These have opened new possibilities to generate biologically relevant human cell-
based disease models (Li et al., 2020).

The CRISPR system was originally discovered in bacteria and archaea, where it
constitutes an adaptive defense system to protect from invading viruses (Bhaya et
al., 2011). Later, it was harnessed to be used as a genome engineering tool and
adapted to be used in mammalian cells (Cong et al., 2013). CRISPR/Cas9 genome
engineering is based on a Cas9 nuclease that is guided by a short RNA molecule
(sgRNA), complementary to a target DNA sequence (Jinek et al., 2012). If there is
a protospacer adjacent motif (PAM) located downstream of the sgRNA targeting
sequence, Cas9 introduces a double-strand break (DSB) in the DNA (Jinek et al.,
2012). Cas9 nucleases from different bacterial strains that recognize different PAMs
have been isolated and the most commonly used Cas9, isolated from Streptococcus
pyvogenes (SpCas9), recognize the PAM sequence 5’-NGG-3 and cut the DNA
three nucleotides upstream of this PAM (Adli, 2018; Jinek et al., 2012). Once a DSB
is introduced in the DNA, the cell repairs the break by using endogenous DNA
repair pathways. The repair is accomplished either through non-homologous end
joining (NHEJ), which typically results in random insertions or deletions, or with
homology directed repair (HDR) using a DNA repair template, normally consisting
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of the other allele in mammalian cells during replication (Sander and Joung, 2014).
By providing a synthetically produced DNA repair template with a certain degree
of homology to the target region, changes in the DNA sequence, such as point
mutations or molecular tags, can be introduced (Fig. 2) (Cong et al., 2013).

Cas9 sgRNA
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Fig. 2. Schematic illustration of genome editing with CRISPR/Cas?9.

Cas9 is guided by a single guide RNA molecule (sgRNA), designed to be complementary to a target
region in the genome. If there is a protospacer adjacent motif (PAM) located downstream of the sgRNA
targeting sequence, Cas9 introduce a double-stranded break in the DNA. The double-stranded break is
repaired by either non-homologous end joining, resulting in random insertions or deletions of
nucleotides, or homology-directed repair, resulting in high fidelity repair of the DNA. By providing a
synthetically designed DNA repair template, specific mutations can be inserted in the genome with high
precision through HDR mechanisms. Created with BioRender.com.

The specificity for Cas9 binding is highly dependent on the uniqueness of the
sgRNA sequence followed by a PAM in the genome. However, Cas9 binding
tolerates some mismatches, which can result in off-target binding and cleavage (Fu
et al., 2013). To increase the specificity of genome editing, mutated versions of
Cas9, in which one of the catalytic domains has been inactivated, have been
developed to transform the Cas9 nuclease to a DNA nickase (Cas9n) that only cuts
one strand (Cong et al., 2013; Jinek et al., 2012). Therefore, genome engineering
using this approach requires two Cas9n, guided by a pair of sgRNA complementary
to regions in close proximity on opposite DNA strands, to generate a DSB (Ran et
al., 2013). By being dependent on two sgRNAs to generate a DSB, the total number
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of bases needed to be matched are increased, thereby yielding a higher precision and
reducing off-target cutting (Ran et al., 2013).

The CRISPR/Cas9 genome engineering toolbox is continuously expanding with
new versions of Cas9, which allows for base editing, prime editing, activation or
repression of gene expression and epigenetic modifications (Anzalone et al., 2020;
Hilton et al., 2015; La Russa and Qi, 2015). Importantly, genome editing using
CRISPR/Cas9 has become a highly valuable tool to study human biology and has
been used to generate new knowledge for many diseases such as Alzheimer’s
disease (Lin et al., 2018), Parkinson’s disease (Soldner et al., 2016), and a wide
range of heritable diseases (Li et al., 2020).

Leukodystrophies

Overview

Leukodystrophies are a group of rare genetically determined neurological disorders
primarily affecting CNS white matter (Kevelam et al., 2016). These disorders
mainly affect children but can present at any age (Kohlschiitter and Eichler, 2011;
Lanciotti et al., 2022; van der Knaap et al., 2019). Leukodystrophies are rare
diseases but as a group they have an incidence rate of 10-200 out of 1 million
children depending on region and classification criteria (Bonkowsky et al., 2010;
Heim et al., 1997; Vanderver et al., 2012). Leukodystrophies are heterogeneous in
their pathology but commonly lead to cognitive and motor disability (Lanciotti et
al., 2013). Some leukodystrophies are progressive and fatal diseases, whereas
others, typically those with onset in adulthood, have more benign clinical
manifestations (van der Knaap et al., 2019). Current treatments consist of relief of
symptoms with, for example, antiepileptic drugs or supportive care such as
wheelchairs, speech therapy and nutritional support (van der Knaap et al., 2019).

Brain white matter constitutes half of the human brain and is comprised of mainly
myelinated axons, and is a crucial component of functional neuronal networks
governing cognitive and motor functions (Filley and Fields, 2016). The term
leukodystrophy include conditions that show deficits in formation of myelin,
degeneration of myelin, presence of structural or biochemical abnormal myelin, or
vacuolization of myelin (van der Knaap and Bugiani, 2017). Myelin is an extension
of oligodendrocyte plasma membranes that wraps around axons to form an insulated
layer allowing for rapid transmission of neuronal electrical signals (Nave and
Werner, 2014). Historically, leukodystrophies have been diagnosed using magnetic
resonance imaging (MRI). Due to the white matter changes and myelination defects
seen in patients, leukodystrophies were thought to be disorders originating from
oligodendrocytes. However, as DNA sequencing technologies have become faster,
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cheaper, and more available, mutations in genes normally not expressed in
oligodendrocytes have been identified as disease-causative in some leukodystrophy
patients (Brenner et al., 2001; Leegwater et al., 2001; Rademakers et al., 2011).
These genes are instead expressed in astrocytes, microglia, neuronal axons, or blood
vessel cells, and changed the view that all leukodystrophies are due to malfunctional
oligodendrocytes or myelination. Based on the findings made using DNA
sequencing, a new classification system was proposed based on in which cell type
the mutated gene is expressed in, or playing a central part in pathology, namely
myelin disorders, astrocytopathies, microgliopathies, leuko-axonopathies and
leuko-vasculopathies (van der Knaap and Bugiani, 2017). To date seven
leukodystrophies have been suggested to be due to malfunctional astrocytes, namely
Alexander disease (AxD), Megalencephalic leukoencephalopathy with subcortical
cysts (MLC), Vanishing white matter, CIC-2-related disease, Aicardi-Goutiéres
syndrome, Oculodentodigital dysplasia and Giant axonal neuropathy (van der
Knaap and Bugiani, 2017). Today, dysfunction of astrocytes in AxD and MLC have
the clearest genetic link (van der Knaap and Bugiani, 2017). However, how
astrocyte dysfunction results in disturbance of myelin and white matter alterations
remain largely unknown (Lanciotti et al., 2022).

Alexander disease

AxD is a neurodegenerative, progressive and fatal disease (Messing, 2018). It is
extremely rare, with an estimated prevalence of 1 out of 2.7 million people during
a 5-year period (Yoshida et al., 2011). AxD can arise throughout life and has been
classified into two forms based on clinical manifestations (Prust et al., 2011). Type
I AxD patients have infantile disease onset and normally present macrocephaly,
seizures, delayed development of motor and cognitive functions, and have a median
survival of 14 years from onset (Prust et al., 2011; Yoshida et al., 2011). Type II
AxD patients have disease onset later in childhood or as adults and have milder
symptoms related to cerebellar and brainstem dysfunction such as autonomic
dysfunction and ataxia, and a median survival of 25 years (Prust et al., 2011;
Yoshida et al., 2011). Today there are no available treatments for AxD, only relief
of symptoms and supportive care exist (Hagemann, 2022).

MRI imaging and histological analyses of AxD patient brains have shown white
matter abnormalities, swelling, demyelination, reactive astrogliosis and, in some
cases, axonal and neuronal loss (Borrett and Becker, 1985; Klein and Anzil, 1994;
Tian et al., 2010). A pathological hallmark of AxD is formation of cytoplasmic
inclusions called Rosenthal fibers, which consist of aggregates of GFAP together
with heat shock proteins such as aB-crystallin and HSP27 (Borrett and Becker,
1985; Sosunov et al., 2018; Tanaka et al., 2007; Tomokane et al., 1991). Extensive
degenerative features and large number of Rosenthal fibers are particularly
prominent in AxD patients with early disease onset (Sosunov et al., 2018). These
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abnormalities are observed in the frontal brain regions in type I patients, whereas in
type I it has cerebellar, brainstem and spinal cord prevalence (Prust et al., 2011).

AxD is caused by dominant toxic gain-of-function mutations in the GFAP gene,
encoding an intermediate filament protein, that has a highly specific expression in
astrocytes (Brenner et al., 2001). How mutations in an intermediate filament protein
result in formation of Rosenthal fibers, myelin deficits and abnormal white matter
remains puzzling (Hagemann, 2022). Several transgenic and knock-in mouse
models of AxD have been generated to increase the understanding of AxD
pathology. These have provided mechanistic insights in the biology of Rosenthal
fiber formation and composition (Hagemann et al., 2006; Heaven et al., 2016), as
well as astrocyte dysfunction in AxD, such as aberrant calcium signaling (Saito et
al., 2018), increased oxidative stress (Hagemann et al., 2005) and downregulation
of potassium channels and glutamate transporters (Minkel et al., 2015).
Interestingly, elevation of either wild type GFAP or mutant GFAP expression levels
in AxD transgenic mouse models result in formation of Rosenthal fibers (Messing
et al.,, 1998; Tanaka et al., 2007). Although informative, mouse models fail to
robustly recapitulate the demyelination phenotype observed in AxD patients with
early disease onset (Hagemann et al., 2006; Rutherford and Hamilton, 2019;
Sosunov et al., 2018; Tanaka et al., 2007). Recently, a rat model of AXxD was
generated that better mimic disease phenotypes of AxD patients (Hagemann et al.,
2021). Interestingly, treatment using antisense oligonucleotides (ASOs) targeting
Gfap could reverse pathology. However, myelination deficits were only investigated
in spinal cord, and it is currently unknown if the rat model display white matter
changes in the brain (Hagemann et al., 2021)

Studies on AxD have also been performed in astrocytoma cell lines overexpressing
mutant GFAP, which have revealed mitochondrial dysfunction and susceptibility to
oxidative stress (Viedma-Poyatos et al., 2022).

However, given that the AxD mouse models fail to fully recapitulate patient
phenotypes and AxD cellular models originate from tumors and are engineered to
overexpress abnormally high GFAP levels, one can question the biological
relevance of these models. Instead, we and others have since generated AxD in vitro
astrocyte models based on hPSCs. These have shown to be able to form GFAP
inclusions and aggregates (Canals et al., 2018; Jones et al., 2018), have altered
localization of endoplasmic reticulum and lysosomes and deficits in ATP release
resulting in abnormal calcium signaling (Jones et al., 2018). Furthermore, hPSC-
derived AxD astrocyte models have been found to have an increased inflammatory
state (Kondo et al., 2016) and interestingly, inhibit proliferation of hPSC-derived
OPCs and reduce myelination (Li et al., 2018a).
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Megalencephalic leukoencephalopathy with subcortical cysts

MLC is an extremely rare disease with onset at the first year of life (van der Knaap
et al., 1995a). Children display cerebral white matter edema, macrocephaly, cysts,
developmental delay of cognitive functions, motor deteriorations, epileptic seizures,
and progressive cerebellar ataxia (Hamilton et al., 2018; van der Knaap et al., 2012).
In some cases, mild head traumas trigger seizures, motor deterioration or leaves the
patient unconscious for months (Bugiani et al., 2003; Riel-Romero et al., 2005).
Current treatments only give symptomatic relief such as administration of drugs
controlling epileptic seizures (van der Knaap et al., 2012).

MRI imaging of patient brains shows a swollen white matter and subcortical cysts,
mainly in the anterior temporal regions (van der Knaap et al., 1995a; van der Knaap
et al., 2012; van der Knaap et al., 1995b). Through examination of brain tissue
samples, presence of swollen astrocytes and gliosis, as well as vacuolization of
myelin sheets and astrocyte endfeet contacting blood vessels have been found
(Duarri et al., 2011; Miles et al., 2009; van der Knaap et al., 1996). In some biopsies,
the myelin content has been normal, whereas in others, thinner layers of myelin have
been observed (Miles et al., 2009; van der Knaap et al., 1996).

MLC is caused by recessive mutations in MLCI or HEPACAM, genes that are
mainly expressed in astrocytes (Leegwater et al., 2001; Lopez-Hernandez et al.,
2011a). MLCI is a membrane bound protein with putative ion channel function,
while HEPACAM is a cell adhesion protein (Leegwater et al., 2001; Ridder et al.,
2011). Analyses of brain samples have shown that MLC1 and HEPACAM interact
and co-localize at astrocyte end-feet as well as astrocyte-astrocyte junctions, and
that expression of MLC1 in MLC patients is largely abolished (Duarri et al., 2008;
Lopez-Hernandez et al., 2011a; Lopez-Hernandez et al., 2011b). An additional form
of MLC, caused by dominant mutation in HEPACAM, has been identified and,
interestingly, these patients show normalization of motor and cognitive abilities
over time as well as improvement of initial MRI abnormalities together with
reduction of cysts (Hamilton et al., 2018; Lopez-Hernandez et al., 2011a; van der
Knaap et al., 2010).

MLC mouse models have been generated and show intramyelinic edema,
vacuolization of white matter, and astrocyte swelling (Dubey et al., 2014; Hoegg-
Beiler et al., 2014; Sugio et al., 2017). These models have for instance provided
insight into how MLCI1 affects the function of the gliovascular unit (Gilbert et al.,
2021). An MLC zebrafish model has also been generated to investigate the species-
specific relationship between MLC1 and HEPACAM (Sirisi et al., 2014). However,
MLC animal models do not show motor abnormalities as seen in patients,
vacuolization only in cerebellum, and temporal expression of MLCI1 and
HEPACAM, correlating with appearance of vacuoles, differ between humans and
other species (Dubey et al., 2014; Hoegg-Beiler et al., 2014; Sirisi et al., 2014).
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Majority of in vitro studies have been based on overexpression or knockdown
systems in primary rat astrocytes, HEK293 cells, HeLa cells, Sf9 insect cells or
astrocytoma cell lines (Lanciotti et al., 2022; Lopez-Hernandez et al., 2011a; Ridder
et al., 2011). These have provided mechanistic insight in MLC1 function. Reduced
expression of MLC1 has been found to cause deficits in generation of chloride
currents, reduce the ability to regulate cell volume upon osmotic stress, and cause
intracellular vacuolization (Duarri et al., 2011; Ridder et al., 2011). These findings
suggests that MLC1 has an association to volume-regulated anion current (VRAC)
activity, a process that is involved in the temporal swelling occurring in astrocytes
to regulate osmotic changes upon neuronal activity (Benfenati and Ferroni, 2010).
Supporting this hypothesis, reduced VRAC activity as well as a decreased rate, by
which the temporal swelling induced upon hypotonic treatment, takes to normalize
has also been observed in MLC patient lymphoblasts, cells that endogenously
express MLC1 (Ridder et al., 2011). Furthermore, studies using cellular models
have identified that HEPACAM act as a chaperone for MLCI, and that mutations
in HEPACAM cause trafficking defects of both MLC1 and HEPACAM, leading to
deficits in activation of VRACSs and providing an explanation to why mutations in
MLCI and HEPACAM result in the same disease (Capdevila-Nortes et al., 2013;
Lopez-Hernandez et al., 2011b). Cellular models have also been used to identify
that MLCI1 is part of a protein complex with channels and transporters such as
KIR4.1, AQP4, TRPV4 and Na'/K" ATPase pumps that are expressed at the
gliovascular unit and involved in controlling ion and water homeostasis (Brignone
etal., 2011; Lanciotti et al., 2010; Lanciotti et al., 2012).

Several lines of evidence suggest that astrocytes have a role in MLC pathology and
that MLC is caused by defects in regulation of ion and water homeostasis. However,
available animal models do not display all disease phenotypes seen in patients and
further investigations are needed to fully understand MLC pathogenesis. Stem cell
technology, such as those methods developed in this thesis, constitute a promising
avenue to generate relevant and easily accessible MLC astrocyte models. However,
to our knowledge, the results presented in this thesis and preliminary results from
another group, are the only hPSC-based astrocyte models available today (Lanciotti
etal., 2022). Nevertheless, these constitute promising platforms to dissect pathology
and facilitate identifications of new therapeutic approaches that today are missing
for MLC patients.
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Aims of the thesis

This thesis aimed to develop in vitro methods to generate human astrocytes to study
their role in neurological disorders.

Specific aims:

e To establish a method to rapidly generate functional and mature astrocytes
from human pluripotent stem cells through transcription factor
programming (Paper I).

e To generate astrocyte disease models of AxD and MLC by combining
CRISPR/Cas9 genome editing of human embryonic stem cells with the
method developed in Paper I (Paper I and Paper II).

e To establish an efficient method to generate astrocytes from human
fibroblasts through direct conversion (Paper III).

e To generate an astrocyte disease model of AxD based on direct conversion
of patient fibroblasts (Paper IV).
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Summary of key results

Transcription factor programming of human pluripotent
stem cells to induced astrocytes (Paper I)

When this work was initiated, current protocols for differentiation of human
pluripotent stem cells (hPSCs) to astrocytes were very time-consuming and the
resulting cells were poorly characterized (Chandrasekaran et al., 2016). This
hindered research on human astrocyte biology and their involvement in neurological
disease. Thus, we set out to develop a rapid and efficient transcription factor (TF)
driven method to induce functional and mature human astrocytes (iAs) from hPSCs.

Previous studies on direct conversion of mouse fibroblasts to astrocytes had
identified that overexpression of Nfia, Nfib and Sox9, from a selection of
transcription factors enriched in astrocytes, was the optimal combination to induce
an astrocytic cell fate (Caiazzo et al., 2015). Based on these findings, we performed
a screen by overexpressing these TFs alone, in pairs and all three in combination in
H1 hESCs using doxycycline-inducible lentiviral vectors. In contrast to mouse
fibroblasts, our TF screen revealed that combined overexpression of Sox9 and Nfib
in hESCs resulted in the most robust astrocytic identity (hES-iAs). Furthermore, to
have more physiological relevant culturing conditions, we gradually introduced
serum-free cell culture media adapted for astrocytes.

Using immunocytochemistry, we observed that seven days after induction of
transgenes, almost all cells (>90%) expressed the well-established astrocyte markers
S100B, GFAP and VIMENTIN (Fig. 3A and 3B). We could also confirm that there
was no induction of neural stem cells, neurons, or oligodendrocytes.

Mature astrocytes are post-mitotic and we observed that proliferation, assessed by
K167 expression, was clearly reduced with time to undetectable levels 21 days after
induction of transgenes (Fig. 3C) (Zhang et al., 2016). At the same time, cells
became more process bearing with complex morphology resembling mature
astrocytes (Fig. 3D) (Zhang et al., 2016). Single cell RT-qPCR of hES-iAs and
human primary adult astrocytes of a selected set of genes expressed in astrocytes,
oligodendrocytes, neurons, neural stem cells or pluripotent cells, showed that hES-
iAs are a homogenous population with a gene expression similar to human adult
astrocytes.
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Fig. 3. Generation of induced astrocytes through transcription factor programming of human
embryonic stem cells.

(A) Representative immunofluorescence images of GFAP, S100B, and VIMENTIN expression 7 days
after induction of Sox9 and Nfib (SB) in hESCs. (B) Quantification of GFAP+, S100B+ and VIMENTIN+
cells at 7, 10, 14, or 21 days. (C) Quantification of KI67+ cells. (D) Representative immunofluorescence
of hES-iAs at day 21. (E) Glutamate uptake of hES-iAs (SB) at 14 days, and primary human adult
astrocytes (Adult) (F) Percentage of Fluo-4 loaded cells with ATP-induced calcium response in hES-iAs
(SB), at 14 and 21 days, and primary human adult astrocytes (Adult). (G) Electrophysiological recordings
of induced neurons (iNs) cultured with mouse astrocytes (mAs, black, n=13 cells), with hES-iAs (SB-iAs),
blue, n=6 iNs) or alone (iNs, grey, n=6 iNs) alone showing frequency of spontaneous postsynaptic current
(sPSCs, top) and bursting activity (bottom). (H) Immunofluorescence images of GFP-labelled hES-iAs
transplanted into mouse brain. GFP+ transplanted cells filled with biocytin 13 weeks after transplantation,
showing diffusion of biocytin to GFP+/HuNu+ transplanted as well as GFP-/HuNu- host cells (top).
Magenta arrow marks injected cell, green and yellow arrows mark transplanted and host cells,
respectively, with biocytin. 3D reconstruction of z-stack acquired using confocal imaging showing GFP-
labelled transplanted hES-iAs co-labelled with the astrocytic water channel protein AQP4 and the
endothelial marker CD31 (bottom). Data are presented as mean £ SEM for n=2-3 independent induction
experiments unless otherwise started. One-way ANOVA comparing all groups, with Tukey correction for
multiple comparisons (E, F) and unpaired two-tailed Mann-Whitney test (G) were performed for statistical
analysis. * p<0.05. Scale bars, 100 uym (A), 10 uym (D, H;bottom), 20 um (H; top).
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To investigate if hES-iAs could perform crucial astrocytic functions we performed
an extensive functional characterization of obtained cells 14 and 21 days after
induction of transgenes. We found that hES-iAs could take up glutamate at similar
levels as human primary adult astrocytes and that they formed functional gap
junctions (Fig. 3E). We performed live cell Ca** imaging experiments and observed
that hES-iAs both had spontaneous and ATP-induced Ca** elevations similar to
human adult astrocytes (Fig. 3F). Furthermore, we showed that hES-iAs upregulated
expression of cytokine and chemokine transcripts following stimulation with
interleukin-1f (IL-1pB), similar to what has been described in human primary
astrocytes, indicating that hES-iAs are immunocompetent (Harikumar et al., 2014).
Furthermore, one of the main functions of astrocytes is to support synapse formation
and neuronal function. To test this, we set up a co-culture system with hES-iAs and
iNs derived from hESCs using Ngn2 overexpression according to a previous study
(Zhang et al., 2013). We observed that the frequency of spontaneous postsynaptic
currents (sPSCs) was similar in iNs as when cultured with mouse astrocytes, which
at the time was the gold standard for co-cultures with neurons. In addition, this
frequency was significantly improved compared to when culturing iNs alone, in
which only half of the recorded iNs had sPSCs. Analysis of bursting activity of iNs
revealed that more iNs cultured with hES-iAs had increased activity compared to
when cultured alone, and interestingly, when cultured with mouse astrocytes (Fig.
3G). The beneficial effect of hES-iAs on iNs was further supported by
immunocytochemical analysis and quantification of overlap of the pre- and
postsynaptic markers Bassoon and PSD95 on MAP2+ neurites. This showed a
significant increase in marker overlap, indicative of an increased number of
synapses, in iNs when co-cultured with hES-iAs as compared to when no astrocytes
were present.

To test if hES-iAs could engraft, survive, and integrate in the brain we transplanted
GFP labelled hES-iAs into the brains of neonatal and adult mice. Analysis using
immunohistochemistry revealed that approximately 25% of transplanted cells had
engrafted 4 weeks after transplantation and the cells retained their astrocytic
identity. We observed that the transplanted hES-iAs expressed the gap junction
protein CX43 and that it was sometimes located at iAs-iAs contacts. To test if
functional gap junctions were formed in vivo, we performed biocytin diffusion
experiments of GFP+ hES-iAs in acute brain slices. We observed that biocytin
spread both to neighboring hES-iAs but also to host cells, confirming that gap
junctions formed were functional and suggesting that hES-iAs participated in a
panglial syncytia with both transplanted cells and host astrocytes. Co-staining of the
main astrocytic water transporter AQP4 and endothelial cell marker CD31 revealed
that transplanted GFP+ hES-iAs were in close contact with blood vessels and, in
some cases, wrapping around them (Fig. 3H). These results indicate that
transplanted hES-iAs can functionally integrate in the mouse brain and that they
participate in formation of the gliovascular unit and blood-brain barrier.
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We and others have now applied our method on more than 10 hPSC lines and
demonstrated that our method robustly induces an astrocytic cell fate, although the
efficacy varies slightly depending on the hPSC line used (Dobrindt et al., 2021).

In summary, we have established a rapid and efficient method to generate functional
and mature human astrocytes from hPSCs through overexpression of the gliogenic
TFs Sox9 and Nfib. This method reduces the time to generate functional human
astrocytes in vitro from months to weeks. We have performed extensive
characterization of hES-iAs and have found high resemblance to human adult
astrocytes on morphological, phenotypic, molecular, and functional levels.
Furthermore, we have shown through transplantation studies, that hES-iAs survive,
integrate, and maintain their astrocytic identity in the mouse brain.

Generation of AxD and MLC disease models using
CRISPR/Cas9 genome engineering (Paper I and II)

Having established our TF programming method, we aimed to investigate if hES-
iAs could be used for disease modeling of neurological disorders. We decided to
generate models of the leukodystrophies AxD and MLC, disorders in which
dysfunctional astrocytes have been suggested to be the primary cause. The models
were generated by introducing disease-causing mutations in hESCs, and
subsequently inducing an astrocytic cell fate using our TF programming method.

AxD astrocyte disease model (Paper I)

Here we performed CRISPR/Cas9 genome editing with the D10A mutant Cas9
nickase (Cas9n) and a pair of sgRNAs to reduce the risk of off-target mutagenesis
compared to wild-type (WT) Cas9 and a single sgRNA (Ran et al., 2013). We
introduced the R239C patient mutation in GFAP in H1 hESC by providing a single-
stranded oligodeoxynucleotide (ssODN) HDR repair template, containing the
R239C mutation and silent mutation in one of the PAM sequences to avoid
repetitive editing (Fig. 4A). This allowed us to isolate one homozygous line,
however we did not find any hESC clones that had a heterozygous mutation, as it is
found in patients (Fig. 4B). We validated the specificity of genome editing by
confirming that none of the top three most likely off-target sites for each sgRNA
had been altered. Next, we subjected the homozygous AxD hESC line and isogenic
non-edited parental H1 hESCs to our TF programming protocol. Gene expression
using RT-qPCR showed that there was no difference in S700B expression between
the lines, suggesting that ability to generate iAs was unaltered by the R239C GFAP
mutation. We proceeded by analyzing resulting cells for previously described
disease phenotypes. Immunocytochemical analysis revealed presence of GFAP
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inclusions in AxD hES-iAs, similar to those previously described using
overexpression of mutated GFAP in astrocytoma cell lines (Fig. 4C) (Chen et al.,
2013; Tang et al., 2010), mouse primary astrocytes (Mignot et al., 2007) and since
then, in other hPSC-derived astrocyte AxD models (Gao et al., 2019; Jones et al.,
2018; Li et al., 2018a). Gene expression analysis showed downregulation of
KCNJ10 encoding KIR4.1, the main potassium channel in astrocytes, in AxD hES-
iAs similar to what has been described in a transgenic AxD mouse model (Minkel
et al., 2015) and ATPI1B2, encoding the beta 2 subunit of Na'/K" ATPase, that is
involved in transporting Na* and K* over the cell membrane (Fig. 4D). Furthermore,
aberrant calcium signaling has been reported in a mouse model of AxD (Saito et al.,
2018). Thus, we performed Ca*" imaging experiments of AxD hES-iAs. These
experiments showed no difference in number of ATP responding cells but revealed
that AxD hES-iAs had a higher amplitude of the ATP-induced response and a slower
recovery to basal levels compared to isogenic controls (Fig. 4E).

These results show that genetically edited hES-iAs can recapitulate AxD disease
phenotypes, providing a proof-of-principle that hES-iAs can be used for modeling
of neurological disorders.
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Fig. 4. Generation and characterization of Alexander disease (AxD) mutated hES-iAs.

(A) CRISPR/Cas9 genome editing strategy for introducing the R239C mutation in GFAP. sgRNA
sequences are underlined and PAM sequences indicated in bold. ssODN repair template is shown in a
box with disease mutation indicated with red font and silent mutation in PAM in green font. (B) DNA
alignment of one sequenced homozygous AxD hESC clone, to unedited GFAP gene (top row in bold),
showing both the disease mutation and silent PAM mutation in GFAP, both indicated in red. (C)
Example immunofluorescence images of GFAP and S100B of unedited parental hES-iAs (WT) and
AxD hES-iAs 28 days after induction of Sox9 and Nfib. Arrow indicate GFAP inclusions. (D) Gene
expression of ATP1B2 relative to GAPDH in WT and AxD hES-iAs normalized to WT hES-iAs. (E)
Fluo-4-based Ca?" imaging results showing the fold increase in fluorescence over time, before and
after ATP addition. Data are presented as mean + SEM for n=3 independent induction experiments.
Unpaired two-tailed t-test with Welch'’s correction for unequal variances (D) and multiple t-test
comparing WT hES-iAs to AxD hES-iAs at each time point (E) were performed for statistical analysis.
*p<0.05. Scale bar 50 um (B). ssODN= single-stranded oligodeoxynucleotide.
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MLC astrocyte disease model (Paper II)

To generate models of MLC, we introduced two known recessive patient
homozygous point mutations in the MLCI gene, the mild but more common S93L
mutation, and the severe but less frequent S280L (Ilja Boor et al., 2006). We
designed and performed CRISPR/Cas9 genome editing for each locus in a similar
manner as for AxD (Fig. 5A). However, we could not isolate any correctly edited
hESC clones using the Cas9n and pairs of sgRNAs, likely due to that the distance
between the two sgRNAs within each pair was too long (Ran et al., 2013). Instead,
by using WT Cas9 and a single sgRNA we isolated one homozygous hESC line for
each mutation (Fig. 5B). We confirmed that the MLC hESC lines had a normal
karyotype, were of pure H1 hESC origin, were free from mycoplasma, had retained
pluripotent properties during genome editing and that none of the top five most
likely off-target sites had been altered.

Having validated the genome editing and integrity of the MLC hESC lines, we
subjected them to our TF programming method to generate MLCI mutated hES-
iAs. Immunocytochemical analysis and quantification of VIMENTIN, S100B and
GFAP revealed that iAs could be generated from the MLC hESC lines similarly as
parental unedited H1 hESCs in experiments performed in parallel (Fig. 5C). Next,
we analyzed obtained cells for presence of vacuoles, that has been observed in MLC
brain tissue as well as in primary rat astrocytes (Capdevila-Nortes et al., 2013;
Duarri et al., 2011; Miles et al., 2009; van der Knaap et al., 1996), and
mislocalization of MLC1, a phenotype previously described in several in vitro
models (Duarri et al., 2008; Lopez-Hernandez et al., 2011b). However, we did not
observe any obvious vacuoles or mislocalization of MLC1 under these experimental
conditions (Fig. 5D and 5E).

Although astrocytes are likely key players in pathogenesis, MLC is an infantile
onset disease affecting myelin, which is produced by oligodendrocytes (van der
Knaap and Bugiani, 2017). Therefore, there is a need for models that recapitulate
brain development and the crosstalk between different neural cell types. Thus, we
decided to differentiate MLC hESC lines and unedited hESCs to neural organoids,
which resemble brain development, and contain neurons and oligodendrocytes as
well as astrocytes. We used a previously established method, specifically designed
for guiding oligodendrocyte development and myelin formation, referred to as
human oligodendrocyte spheroids (hOLS) (Marton et al., 2019).
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Fig. 5. Generation and characterization of megalencephalic
subcortical cysts (MLC) mutated hES-iAs and hOLS.

(A) Design and strategy for CRISPR/Cas9 genome editing. sgRNAs are shown in boxes, PAM
sequences are underlined and Cas9 cut site indicated by black arrows. ssODN repair templates are
shown in grey boxes. Disease mutations are indicated with red font and silent mutations in PAM in blue
font. Relevant restriction enzyme recognition sites are indicated with dotted lines. (B) DNA alignment of
sequenced MLC hESC clones to unedited MLC1 gene, showing both mutations in red and disease
mutations indicated in blue. (C) Representative immunofluorescence images of S100B, GFAP and
VIMENTIN (VIM) of unedited parental hES cells (WT) and hES cell lines with S93L or S280L MLC1
mutations 28 days after induction of Sox9 and Nfib. (D) Representative brightfield images of WT hES-
iAs and MLC hES-iAs. (E) Representative immunofluorescence images of MLC1 of WT hES-iAs and
MLC hES-iAs. (F) Representative immunofluorescence images of hOLS sections, immunostained for
OLIG2, MBP and GFAP at 118 days of differentiation, from unedited parental hESCs (WT) and hESC
lines with S93L or S280L MLC1 mutations. (G) Quantification of OLIG2, MBP and GFAP
immunoreactive area normalized to area covered by Hoechst. Data are presented as mean + SEM of
n=6-7 hOLS from 2 independent differentiation experiments (G). t-tests were performed on lognormal
transformed data for statistical analysis between MLC hESC lines to WT (G). Scale bars, 100 pm (C,
D), 50 uym (E, F).
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Analysis of immunostained cryosections at day 59 of differentiation revealed no
obvious difference in marker expression of intermediate progenitors (TBR2), neural
stem cells (SOX2), neuronal cells (MAP2) or oligodendrocyte lineage cells,
including progenitors, (OLIG2). At this time point there was very low marker
expression of myelin (MBP) and no GFAP expression was observed, indicating that
hOLS were too immature to contain myelinating oligodendrocytes and astrocytes.
However, analysis at day 118 revealed a substantial increase of OLIG2, MBP and
GFAP expression (Fig. 5F). Surprisingly, quantification of these glia markers
revealed a higher level of MBP expression in hOLS carrying the MLCI S93L
mutation as well as more GFAP expression in hOLS from both MLC hESCs as
compared to unedited controls (Fig. 5G).

Altogether, we have generated and validated two hESC lines, harboring either the
MLCI S93L or S280L patient mutations, using CRISPR/Cas9 genome editing. We
have shown that these can be used to generate astrocytes in monolayer cultures as
well as neural organoids containing astrocytes, oligodendrocytes, and myelin.

Direct conversion of human fibroblasts to induced
astrocytes (Paper III)

Direct conversion constitutes an attractive alternative approach to generate human
astrocyte models with the potential to capture age and genetic diversity of donors
(Mertens et al., 2016). However, direct conversion of human fibroblasts to
astrocytes was, at the time this study was initiated, poorly explored. Only one study
existed in which S100B and GFAP expression was induced in only 1-2% of the
starting fibroblasts population, resulting cells had no convincing astrocyte
morphology, and functional characterization was lacking (Caiazzo et al., 2015).
Thus, we set out to establish a method for efficient direct conversion of human
fibroblasts to functional induced astrocytes (iAs).

We initiated our experiments by replicating the proof-of-principle study by
overexpressing Sox9, Nfia and Nfib in human fibroblasts. However, we did two
major adaptations that we speculated could improve conversion. First, we cloned
each of the TFs into doxycycline-inducible lentiviral vectors containing blasticidin,
hygromycin and puromycin resistance genes, respectively, to enable selection of
transduced cells. Second, we gradually replaced the standard serum-containing
media with serum-free media adapted for astrocyte differentiation and maturation.
These optimizations allowed us to obtain cultures consisting of approximately 30 %
iAs, assessed by immunostaining and quantification of S100B and GFAP, 3 weeks
after induction of transgenes in human embryonic fibroblasts (HEFs) (Fig. 6A). In
relation to the initial number of cells used for conversion experiments, this
corresponded to a yield of around 80% S100B+, 50% GFAP+, and 40% S100B+
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GFAP+ co-labelled cells. By extending the time in culture by 2 weeks, some 1As
had developed stellate process bearing morphologies similar to bona fide astrocytes.
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Fig. 6. Direct conversion of human fibroblasts to induced astrocytes.

(A) Representative immunofluorescence images of S100B and GFAP 3 weeks after induction of Sox9,
Nfia and Nfib (SAB), in human embryonic fibroblasts (HEF) or rtTA-transduced control HEFs (rtTA). (B)
Glutamate uptake of rtTA-transduced control HEFs and SAB-HEF-iAs, at 5 weeks, and primary human
fetal astrocytes (hAs). (C) Representative immunofluorescence images of S100B and GFAP 5 weeks
after induction of Sox9, Nfia and Nfib (SAB) or Sox9 and Nfib (SB) in HEFs. (D) Quantification of yield
and purity of S100B, GFAP and S100B/GFAP immunoreactive cells in SB-transduced HEFs at 3
weeks. (E) Glutamate uptake in SAB- and SB-HEF-iAs at 5 weeks. (F) Characterization of ATP-
induced calcium response in Fluo-4 loaded rtTA-transduced control HEFs and SB-HEF-iAs, at 5
weeks, and primary human fetal astrocytes (hAs). (G) Electrophysiological recordings of induced
neurons (iNs) cultured alone or in co-culture with SB-HEF-iAs obtained from the same fibroblast
population. Electrophysiological recordings were performed on n=38-40 cells. (H) Immunofluorescence
images of human neonatal, adult and aged fibroblasts 3 weeks after induction of SB. Data are
presented as mean + SEM, except for calcium traces (F) that are presented as mean + SD, of n=3-6
independent induction experiments. Kruskal-Wallis tests (B, F), Wilcoxon matched-pairs rank test (E)
and unpaired t-tests (G) were performed for statistical analysis. *p<0.05. ***p<0.001. Scale bars, 25 pm
(A), 50 um (C, F), 20 um (l). AP=action potential.
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Next, we observed that iAs obtained through Sox9, Nfia and Nfib overexpression in
HEFs (SAB-HEF-iAs), expressed commonly used astrocytic markers and proteins
involved in several crucial astrocytic functions. For instance, SAB-HEF-iAs
expressed the astrocytic marker ALDHI1L1, glutamate transporters (EAATI1 and
EAAT2), an enzyme involved in glutamate-glutamine conversion in astrocytes
(GS), and proteins related to astrocyte ion and water homeostatic functions (CX43,
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AQP4, KIR4.1, ATP1B2). Importantly, functional assessment of iAs revealed that
they took up glutamate at similar levels as human primary fetal astrocytes (Fig. 6B),
and biocytin diffusion experiments showed formation of functional gap junctions.

At this time point, we had learned that combined overexpression of Sox9 and Nfib
was optimal to generate mature iAs from hPSCs (Paper I). In addition, several
reports had indicated that NFIA was important in the gliogenic switch, the
developmental step in which neural stem cells change from strictly producing
neurons to generating astrocytes and oligodendrocytes, but not for astrocyte
maturation (Tchieu et al., 2019; Tiwari et al., 2018). Thus, we performed a TF screen
by transducing HEFs with Sox9, Nfia and Nfib alone, in pairs and all three in
combination. Immunocytochemical analysis of S100B and GFAP, 3 weeks after
induction of transgenes, revealed that overexpression of Sox9 and Nfib, without
Nfia, yielded most iAs with a 3-fold increase compared to the SAB condition.
Furthermore, a larger portion of iAs obtained using Sox9 and Nfib (SB-HEF-iAs)
had a star-shaped morphology, characteristic for astrocytes (Fig. 6C and 6D). We
repeated the marker expression analysis and could confirm that SB-HEF-iAs also
expressed ALDHIL1, EAATI1, EAAT2, GS, CX43, AQP4, KIR4.1 and ATP1B2.
Functional assessments revealed that SB-HEF-iAs took up glutamate at similar
levels as SAB-HEF-iAs (Fig. 6E) and formed functional gap junctions to
neighboring iAs. Furthermore, we performed electrophysical measurements, which
showed that both SAB-HEF-iAs and SB-HEF-iAs have electrophysiological
features characteristic for astrocytes. These results indicated that iAs obtained with
either SB or SAB overexpression in HEFs are functionally equivalent. However,
based on the increased efficiency and morphological improvements seen in the SB
condition, we concluded that Sox9 and Nfib was the optimal combination for direct
conversion of human fibroblasts to iAs.

Next, we proceeded with a thorough functional characterization of SB-HEF-iAs.
We performed live cell Ca®* imaging experiments and found that 74% of SB-
transduced cells had a clear intracellular Ca®* response upon ATP stimulation that
was distinct from control-transduced cells and even human primary fetal astrocytes,
in which only 8% and 15% of cells responded, respectively. In addition, the
amplitude of the response was higher in SB-HEF-iAs than in control cells (Fig. 6F).
This suggested that SB-HEF-iAs had acquired intercellular calcium signaling
properties that were clearly different from control-transduced HEFs, and more
prominent than in primary fetal astrocytes. Next, we tested immunocompetence of
SB-HEF-iAs by stimulating cells with Clq, tumor necrosis factor o (TNFo) and
interleukin-1or (IL-1at) and observed an upregulation of cytokine and immune
related transcripts as well as C3D protein, accompanied by rounding of the soma,
similar to what has been described in mouse and hPSC-derived astrocytes (Barbar
et al., 2020; Liddelow et al., 2017; Tchieu et al., 2019). To test if SB-HEF-iAs
supported neuronal function, we set up a co-culture system with SB-HEF-iAs and
iNs, obtained through direct conversion of HEFs using Asc/l and Ngn2
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overexpression (Ladewig et al., 2012). We observed that iNs co-cultured with SB-
HEF-iAs had clearly improved attachment to coverslips in which only 4% of
coverslips detached between days 33 and 47 compared to 50% when iNs were
cultured alone. Next, we performed electrophysiological recordings of iNs cultured
alone or in co-culture with SB-HEF-iAs. Analysis of ability to fire action potentials
(APs) in response to increasing depolarizing current steps revealed that a larger
proportion of iNs in co-cultures could repetitively and sustainably fire more than 3
APs (41% in co-cultures vs 23% in iN alone). Furthermore, 29% of iNs in co-
cultures with SB-HEF-iAs had spontaneous activity at resting membrane potential
compared to only 6% when cultured alone. Analysis of AP characteristics revealed
higher amplitudes and shorter half-widths of APs in iNs in co-cultures compared to
cultures with only iNs, indicative of a more mature state (Fig. 6G).

Conversion of human postnatal fibroblasts to iAs is crucial to enable potential
benefits of direct conversion such as preservation of genetic heterogeneity and age-
related epigenetic components of patient fibroblasts. Thus, we applied our method
on human neonatal, adult, and aged fibroblasts. By using high quality, non-frozen
viral preparations to obtain high levels of transgene expression, we could obtain
S100B+ and GFAP+ cells 3 weeks after induction of Sox9 and Nfib (Fig. 6H).
Functional assessment of iAs obtained from human adult fibroblasts revealed that
they took up glutamate at similar levels as SB-HEF-iAs.

In conclusion, we have established an efficient method for direct conversion of
human fibroblasts to functional induced astrocytes (iAs). Expression of the minimal
combination of Sox9 and Nfib generates iAs with molecular, phenotypic and
functional properties resembling primary human astrocytes. We present for the first
time a co-culture system of iAs and iNs obtained through direct conversion from the
same fibroblast population and show that iAs support iN function and maturation.
Furthermore, we show that our method can convert fibroblasts, covering the entire
human lifespan, to iAs.

Generation of an AxD disease model using direct
conversion of patient fibroblasts (Paper IV)

Current in vitro models to study AxD based on hPSC-derived cells have provided
several important insights into the disease mechanisms (Jones et al., 2018; Li et al.,
2018a). However, hiPSC-derived cells represent rejuvenated versions of patient
cells. On the other hand, direct conversion better preserves epigenetic components
and features of cellular aging (Mertens et al., 2016), which might be important for
disease progression, in particular for AxD type II that arise in older children or
during adulthood. Nevertheless, direct conversion of patient fibroblasts to astrocytes
had so far not been shown to model human disease. Thus, we set out to generate a
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novel model of AxD using our established method for direct conversion of human
fibroblasts to iAs (Paper I1I).
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Fig. 7. Characterization of iAs obtained through direct conversion of AxD patient fibroblasts and
age- and gender matched apparently healthy controls.

(A) Example immunofluorescence images of GFAP+ cells illustrating differences in GFAP expression
pattern between control iAs (GM498, GM38) and AxD iAs, 3 weeks after induction of Sox9 and Nfib.
(B) Quantification of GFAP+ cells with abnormal GFAP expression pattern consisting of a stunted
appearance, based on GFAP expression, and intense GFAP immunoreactivity, normalized to total
number of GFAP+ cells. (C) Example immunofluorescence images of TOM20 and GFAP co-expressing
cells, 5 weeks after induction of Sox9 and Nfib. (D) Average length of mitochondria per cell based on
TOM20 expression. (E) Area weighted form factor, a parameter used to measure complexity, of
mitochondria based on TOM20 expression. Data are presented as mean + SEM of n=3 independent
viral transduction experiments. Kruskal-Wallis tests followed by Dunn’s multiple comparison tests were
performed for statistical analysis (B). One-way ANOVA tests followed by Tukey’s multiple comparison
tests (D, E) were performed on lognormal transformed data. *p<0.05. **p<0.01. ***p<0.001. Scale bars,
20 pm (A), 10 ym (C). GM498=GM00498, GM38=GM00038.

We show that 3 weeks after induction of Sox9 and Nfib in two fibroblast lines
derived from AxD patients, AxD1 and AxD9, and age- and gender matched
apparently healthy control fibroblast lines, GM00498 and GM00038, result in 1-2%
GFAP immunoreactive cells in all lines. Interestingly, we found that 20% and 5%
of GFAP+ cells in AxD1 and AxD9 cultures, respectively, displayed an altered
GFAP expression pattern with a stunted appearance, short processes, and intensive
immunostaining for GFAP. In contrast, this phenotype was only observed in
approximately 1% of control cells (Fig. 7A and 7B). By culturing the cells for an
additional 2 weeks the number of cells expressing GFAP increased from 1-2% to
approximately 10%. In addition, iAs appeared to have more mature morphologies
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at 5 weeks as compared to 3 weeks, although some cells had a similar abnormal
GFAP expression pattern as at 3 weeks. Immunocytochemical analysis of S100B
revealed that approximately 10% of cells expressed S100B, without any obvious
difference in expression pattern between lines.

Although we observed an abnormal expression pattern of GFAP in AxD lines, we
did not observe any clear GFAP aggregates resembling Rosenthal fiber-like
structures or difference in oB-crystallin or HSP27 expression, as assessed by
immunocytochemistry.

AxD mutations have been suggested to alter mitochondrial transfer and function
(Gao et al., 2019; Viedma-Poyatos et al., 2022). Therefore, we analyzed
mitochondrial morphological parameters using the mitochondria marker TOM20 in
5-week-old GFAP+ iAs. Interestingly, we found that GFAP+ AxD iAs had longer
mitochondria and that there was a tendency for mitochondria to both be larger and
have more complex shapes compared to in control iAs (Fig. 7C-7E).

Finally, we show that it is possible to induce an oligodendrocytic cell fate directly
in AxD patient fibroblasts through overexpression of SOX10, OLIG2, and NKX6.2
according to a previously established method (Chanoumidou et al., 2021). The
generation of iAs and induced oligodendrocytes (iOLs) performed here constitutes
the first step to establish a platform, based on direct conversion to neurons,
astrocytes, and oligodendrocytes, to study how AxD mutated astrocytes affect
myelination.

Taken together, we show that iAs are obtained at similar levels from AxD patient
and control fibroblasts. Although we did not detect any obvious Rosenthal fibers,
we identified a phenotype in which AxD iAs display altered GFAP expression
pattern and changed mitochondrial morphology.
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Discussion and future perspectives

Studies of human astrocytes and their role in neurological disease have until recently
been hindered by insufficient models. With the development of stem cell and
genome engineering technologies, new tools to generate human astrocyte in vitro
models have emerged. This field has accelerated rapidly during the years this thesis
was conducted, and novel methods, including those developed in this thesis, have
made it possible to model aspects of astrocyte biology in an exclusively human
setting that previously could not be done.

In this thesis, we have developed methods to generate induced astrocytes (iAs) from
human pluripotent stem cells (hPSCs) through transcription factor (TF)
programming and by direct conversion of human fibroblasts. We have also
performed differentiation of hPSCs as neural organoids. By using CRISPR/Cas9
genome editing and patient fibroblasts we have generated disease models of the
leukodystrophies AxD and MLC that have the potential to be useful in elucidating
the role of astrocytes in these genetic disabling white matter disorders.

Each of the methods to generate human astrocytes in vitro which were developed
and used here, have unique qualities and limitations. Depending on the research
question asked, or purpose for generating astrocytes, one method will be more
informative or useful than another. This is discussed below and summarized in
Figure 8.

Efficiency of generating astrocytes

At the time this thesis work was initiated, generation of astrocytes from hPSCs took
months to obtain functional and mature astrocytes (Supplementary Table 1 in Canals
et al., 2018) and direct conversion of human fibroblasts to iAs was inefficient and
proof that the obtained cells were functional was lacking (Caiazzo et al., 2015). Cell
culture and maintaining cell culture facilities are very expensive activities, thus a
fast and efficient method to generate astrocytes in vitro allows for a larger number
of experiments to be performed and more data acquired within a short timeframe. If
resulting astrocytes have a high predictive value of human biology, this will
accelerate our understanding of the roles of astrocytes in neurological disease, and
facilitate discovery and development of novel CNS therapeutics.

51



Neural organoids TF programming Direct conversion

~0-@ *. %\ﬁf

Slow process to obtain mature astrocytes Fast generation of mature astrocytes Fast generation of astrocytes, functional
maturity similar to hPSC-derived astrocytes?

Mimic development Artifical, fast-forwarding development Artificial

Mixed population of CNS cell types Pure astrocyte cultures Mix of astrocytes and fibroblasts
Requires co-culture to study interactions Requires co-culture to study interactions
between cell types between cell types

Self-organizing 3D cytoarchitecture 3D cytoarchitectures can be built 3D cytoarchitectures can be built

Regional specificity can be controlled Regional specificity not well-established Regional specificity not well-established

Rejuventated Rejuvenated Age-related features preserved?

Well-suited for genome engineering Well-suited for genome engineering Limited suitability for genome engineering

Large quantities possible Large quantities possible Limited cell numbers

Fig. 8. Comparison of methods used in this thesis to generate human astrocytes from hPSCs and
human fibroblasts.

Each method has its qualities and limitations such as efficiency to generate astrocytes, suitability to
model development or aging, and for genome engineering. These needs to be considered when
deciding which approach to use, and when interpreting obtained results. Created with BioRender.com.

TF programming protocols, using lineage-specific TFs, have been shown to rapidly
and efficiently induce neuronal and oligodendrocyte cell fates in hPSCs (Canals et
al., 2021). Inspired by this, we set out to establish a similar method for fast
generation of induced astrocytes from hPSCs. The TF programming method
developed in this thesis (Paper I), constitutes one of the fastest methods to generate
functional and mature human astrocytes today (Kumar et al., 2022). Similar TF
programming methods for rapid generation of functional astrocytes have been
developed in parallel, but in contrast to ours, these are based on overexpression of
NFIA in hiPSCs, or NFIA together with SOX9 or NFIB alone in hiPSC-derived
neural stem cells (NSCs) (Li et al., 2018b; Tchieu et al., 2019; Yeon et al., 2021).
In addition, we have shown that overexpression of Nfib alone in hPSCs induce a
similar astrocytic cell fate as Sox9 and Nfib, although resulting cells are slightly less
mature (Canals et al., 2018). Recently, overexpression of only SOX9 was shown to
induce an astrocytic cell fate in hPSC-derived NSCs (Neyrinck et al., 2021) but
interestingly, SOX9 alone has also been shown to generate myelinating
oligodendrocytes when overexpressed in hiPSCs (Ng et al., 2021). These studies,
including ours, confirm that all the transcription factors SOX9, NFIA and NFIB are
involved in gliogenesis (Molofsky et al., 2012), but also that cell culture conditions
and developmental stage at induction of transgenes are involved in determining cell
fate. Noteworthy, we have performed TF screens by overexpressing Sox9, Nfia, and
Nfib individually, in pairs and all three in combination in hPSCs, human fibroblasts
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and human glioma cells. Collectively, these experiments have revealed that
combined overexpression of Sox9 and Nfib result in most iAs with a morphological
appearance closest to primary astrocytes (Canals et al., 2018; Quist et al., 2022;
Trovato et al., in press). Based on our current knowledge, we propose that
overexpression of Sox9 and Nfib is the optimal TF combination to induce an
astrocytic cell fate in hPSCs and fibroblasts. However, a side-by-side comparison
of iAs obtained through currently available TF programming protocols is required
to fully scrutinize differences between resulting cells. Nevertheless, TF
programming of hPSCs greatly reduce the time to generate functional astrocytes
compared to traditional differentiation including neural organoid systems
(Leventoux et al., 2020; Shaltouki et al., 2013; Sloan et al., 2017; Tcw et al., 2017)

The method for direct conversion of human fibroblasts to iAs developed in this
thesis (Paper III), is less efficient compared to TF programming of hPSC to iAs.
Despite this, it constitutes, to our knowledge, one of the most efficient methods
available today to generate iAs directly from fibroblasts (Caiazzo et al., 2015; Tian
et al., 2016). In addition, we have performed an extensive characterization to
demonstrate that directly converted iAs have phenotypical and functional
characteristics of astrocytes. Our thorough characterization, confirming an
astrocytic identity, strengthens the use of our method compared to other available
direct conversion methods to generate human astrocytes.

Despite the high efficacy of direct conversion of human fibroblasts to iAs, the
resulting cultures consist of converted, partially converted and non-converted cells.
This can be problematic when interpreting experimental read-outs performed on the
entire cell population. Partially and non-converted fibroblasts might mask the effect
of fully converted cells. Furthermore, observations might be due to an interplay
between iAs and skin fibroblasts, a composition that is not found in the brain.
Methods for direct conversion of human fibroblasts to iNs or iOLs have shown that
complete conversion of all cells is rarely accomplished and a sorting step, using
neuronal or oligodendrocyte specific markers, respectively, is required to achieve a
population consisting of only converted cells (Chanoumidou et al., 2021; Drouin-
Ouellet et al., 2017; Mertens et al., 2015). Thus, adaptation of the protocol to achieve
close to complete conversion, or an enrichment or sorting strategy that separates
fully converted iAs from other cells present in the culture, would be highly
beneficial and increase the applicability of iAs obtained through direct conversion.
Successful isolation of pure populations of converted iAs would allow for a more
proper comparison of functionality and maturity level of directly converted iAs to
astrocytes generated from hPSCs and primary human astrocytes. However, during
the course of this thesis, a substantial effort was done to separate live iAs from non-
converted fibroblasts but without success. Several markers reported to be specific
for either astrocytes or fibroblasts have been tested but we, however, found that
these markers were expressed by both cell types. Recently, a hALDH1L1-EGFP
lentiviral reporter was cloned (Yeon et al., 2021). Thus, it would be interesting to
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investigate if this reporter construct can be used to isolate a pure population of
directly converted iAs.

Ability to replicate CNS complexity

Differentiation methods that aim to mimic normal development typically yield a
mixture of astrocytes and neuronal cells that needs to be isolated if a pure culture is
desired (Leventoux et al., 2020; Sloan et al., 2017; Tcw et al., 2017). However, cells
are not working in isolation in the brain, thus mechanisms leading to dysfunction in
the CNS are likely due to a complex interplay between several different CNS cell
types. Neural organoids emerge by self-organization and are excellent platforms that
allow for studies of mixed neural populations and cell-cell interaction (Marton and
Pagca, 2020). Furthermore, recent differentiation protocols of neural organoids
allow for generation of brain region-specific organoids by providing regional
instructive molecules that can be combined into assembloids (Andersen et al., 2020;
Sloan et al., 2018). This is an attractive approach for studies of neurological
disorders that have a known regional preference such as Parkinson’s disease, and to
study interactions between different brain regions (Eichmiiller and Knoblich, 2022;
Smits et al., 2019).

In contrast, TF programming is an artificial method, fast forwarding developmental
steps using ectopically high levels of transgenes (Yeon et al., 2021), and normally
result in relative homogenous populations (Canals et al., 2021). Our TF
programming method to generate iAs from hPSCs yields almost entirely pure iAs
cultures. This allows to study astrocytes with little or no presence of other cells.
When desired, interactions between CNS cells can be studied by combining iAs in
co-cultures with iNs in predetermined proportions, similar to what has been done in
this work and to study frontotemporal dementia (Canals et al., manuscript submitted
for publication), or even in multi-cultures with other CNS cells. This allows for
studies of interactions of astrocytes, neurons, and oligodendrocytes without
requiring several months of differentiation (Marton et al., 2019; Sloan et al., 2017).
Furthermore, 3D cytoarchitectures can be built by bioprinting or embedding iAs,
iNs, and iOPCs in matrices in a controlled manner. However, as opposed to brain
region specific organoids, the regional identity of iAs is currently not well
established. With that said, that does not exclude the possibility to adapt our
protocols and guide cells towards a certain region by adding regional instructive
molecules.

Interestingly, it was recently shown that it is possible to induce a microglia cell fate
in hPSCs through overexpression of the transcription factors SP// and CEBPA
(Chen et al., 2021), or PU.I (Sonn et al., 2022). This offers a possibility to generate
quadruple cultures of the main CNS cells. Around the same time, overexpression
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PU.1 was shown to induce microglial lineage cells in human cortical organoids
(Cakir et al., 2022). In addition, by inducing or incorporating endothelial cells (Ham
et al., 2020; Pham et al., 2018), or using organ-on-chip technology to mimic the
blood-brain barrier and blood flow (Ahn et al., 2020; Herland et al., 2016), the
similarity to a functional human brain and thus predictive value, will be further
increased. The ability to mimic brain vasculature in cellular models is of particular
interest for MLC, in which defects have been observed in perivascular astrocytes,
or other neurological disorders with defective regulation of ion and water
homeostasis such as other leukodystrophies (Min and van der Knaap, 2018).

As more complex in vitro models of the human CNS are developed, a parallel
development of methods to interpret the data generated is required, as there is little
use of a model unless we can understand it correctly.

Modeling of development and aging

Another parameter that needs to be considered when selecting which approach to
use to generate astrocytes, is what developmental and maturation stage of cells will
be most meaningful for the particular study. Traditional differentiation protocols,
either in monolayer cultures, or in particular as neural organoids, capture in vivo
developmental processes, and thus suitable for studies of diseases thought to arise
during development (Lancaster et al., 2013; Paulsen et al., 2022). Astrocytes
generated through differentiation of hPSCs in monolayer cultures rarely reach
maturation and typically represent a fetal stage likely due to difficulties in
maintaining healthy long-term cultures (Leventoux et al., 2020; Tcw et al., 2017).
This can be circumvented by differentiating hPSCs as neural organoids, although at
least 250 days of differentiation are required to reach full maturation of astrocytes
(Sloan et al., 2017). On the other hand, our TF programming method of hPSCs
yields iAs with mature properties within two to three weeks. Determination of
maturation level of in vitro generated astrocytes is largely based on morphological
observations and comparison of transcriptional profiles to primary fetal or postnatal
human astrocytes using RNASeq data (Leventoux et al., 2020; Sloan et al., 2017,
Tcw et al., 2017). Recently, principal component analysis of RNASeq data has
shown that astrocytes differentiated from hPSCs in monolayer cultures, or
astrocytes generated by overexpressing NFIA or NFIB alone in hPSC-derived NSCs,
cluster in between primary human fetal and adult HEPACAM-immunopanned
astrocytes with a profile slightly skewed towards fetal astrocytes (Yeon et al., 2021).
We have not yet performed such thorough transcriptional analysis of iAs obtained
with our TF programming method of hPSCs or direct conversion of fibroblasts.
However, we have compared gene expression of a selected set of genes in hES-iAs
to human primary adult astrocytes using single cell RT-qPCR, and based on these
experiments, found that hES-iAs have a similar gene expression as adult astrocytes.
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Moreover, hES-iAs have a morphological appearance of mature astrocytes, are post-
mitotic and perform functions expected to be done by astrocytes in a postnatal brain
(Zhang et al., 2016). In the case of iAs obtained through direct conversion, we have
found that fibroblast-derived iAs have clearly more stellate morphologies and a
more distinct ATP-induced Ca?* response compared to astrocytes isolated from
human fetal tissue, suggesting a more mature stage than that of fetal astrocytes
(Yeon et al., 2021; Zhang et al., 2016).

To fully determine the maturation level of hES-iAs and fibroblasts-iAs, as well as
to define the exact time required to reach the same maturation level compared to
hPSC-derived astrocytes obtained through other protocols, RNASeq of hES-iAs and
fibroblast-iAs would be required. However, based on the molecular, phenotypical
and functional profile of hES-iAs, it is likely that our TF programming method
greatly reduces the time to generate mature astrocytes as compared to neural
organoid systems.

Direct conversion of fibroblasts to iAs has the potential to capture cellular age of
fibroblasts, which cannot be done in hPSC-based systems. Studies of direct
conversion of fibroblasts to iNs and iOLs have shown that resulting cells have a
preserved epigenetic status and age-related features (Chanoumidou et al., 2021; Kim
et al., 2018; Mertens et al., 2015; Tang et al., 2017). Furthermore, it was recently
shown that astrocytes differentiated from induced neural progenitor cells (iNPCs)
obtained from young and adult donors, display differences in gene expression and
aging marks (Gatto et al., 2020). In contrast, reprogramming of fibroblasts, or other
somatic cells, to hiPSCs, erases these molecular features and the resulting cells
represent a rejuvenated state (Lapasset et al., 2011; Miller et al., 2013). In the case
of hESCs, by nature, these represent an embryonic state. Thus, for diseases in which
the initiating events occur later in life or develop during aging, hPSC-based models
will not be able to accurately capture this additional layer of complexity.
Furthermore, for many diseases, including AxD and MLC, it is currently unknown
when the initiating events occur, during which maturation stage disease develops
and if or to what extent, epigenetic components are involved in disease initiation
and progression. This lack of knowledge is simply due to that it previously has not
been possible to study. However, we show for the first time that human fibroblast
obtained from the entire human lifespan can be directly converted to iAs. Thus, we
now have the tools available to investigate if, or to what degree, epigenetic marks
and age-related features are preserved during direct conversion of fibroblasts to iAs.

On the other hand, if the disease is caused by events occurring early in development,
these have already taken place at a postnatal stage and thus, in patient fibroblasts.
Furthermore, if early disease-initiating events are specific to the CNS, fibroblasts
have likely not been affected. This limits the potential for studying underlying
disease mechanisms occurring during development in cells obtained through direct
conversion of patient fibroblasts. One can also speculate that TF programming of
hPSCs is too fast and will not capture events occurring in neural stem cells or
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progenitor populations. In these situations, traditional differentiation of hPSCs in
monolayer cultures or as neural organoids would likely be more biologically
relevant at the cost of substantial longer time to generate functional mature
astrocytes.

Furthermore, for AxD and MLC, as well as other leukodystrophies, clinical
manifestations are in some patients triggered or worsened by an inflammatory event
or trauma (Benzoni et al., 2020; Bugiani et al., 2003; Riel-Romero et al., 2005; van
der Knaap et al., 2006). Hence one would need to consider at what time point or
maturation stage this challenge should be applied to obtain a similar situation to
what occurs in patients. These triggering events for AxD and MLC patients have
been reported to occur postnatally. However, it would be interesting to investigate
if there has been a triggering event in ufero for those patients that have not been
exposed to a clear provocation after birth.

Applicability in disease modeling and drug discovery

For disease modeling using in vitro models, the use of proper controls is crucial to
ensure that putative disease mechanisms are not due to normal variation. For
diseases with a genetic link, CRISPR/Cas9 genome editing allows for generation of
isogenic controls by either introducing mutations in hESCs or hiPSCs derived from
apparently healthy donors, or correcting mutations in hiPSCs derived from patient
fibroblasts. This is a powerful approach when attempting to dissect pathology of
genetic diseases since it ensures that potential observed phenotypes are due to the
mutation and not confounding factors such as differences in genetic background
(Brooks et al., 2022; Soldner and Jaenisch, 2018).

CRISPR/Cas9 genome editing is also possible in human fibroblasts (Konstantinidis
et al.,, 2022). Furthermore, it has been shown that CRISPR/Cas9-mediated gene
inactivation, during direct conversion of human fibroblasts to neurons, can be
accomplished (Rubio et al., 2016). Thus, isogenic controls could be generated
through genome editing of fibroblasts. However, generation of clonal fibroblast
lines is very difficult and constitutes a limitation for using direct conversion in
modeling of genetic diseases. Alternatively, fibroblasts derived from a large number
of different donors, are needed to ensure robust findings (Drouin-Ouellet et al.,
2022; Traxler et al., 2022). However, this is challenging for studies of rare diseases,
such as those studied here, as availability of patient material is very limited.

Furthermore, hPSCs have rapid cell division and large amounts of identical cells
can be obtained relatively fast, which allows for many experiments to be performed.
In contrast, the limited scalability and access to primary patient fibroblasts
constitute a challenge to use cells obtained through direct conversion in drug
discovery. Thus, to date, hPSC-based models, in which the hPSCs can be expanded
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before subjected to differentiation or TF programming, are more feasible
approaches.

Our iAs generation methods are not limited to study genetic diseases but can also
be applied to model sporadic diseases. The direct conversion method is of particular
interest for modeling sporadic diseases because copy number variations existing in
fibroblasts are better represented in the final population (Mertens et al., 2016). In
contrast, reprogramming to hiPSCs is based on clonal expansion and only one
fibroblast will be represented in each hiPSC line. This can be circumvented by using
many hiPSC clones from the same donor and building hiPSC libraries (Brooks et
al., 2022; Mertens et al., 2016). However, modeling of sporadic disease requires
substantial more differentiations of hiPSC lines or conversion experiments of
fibroblasts, with matched controls, to distinguish disease-causing components from
the normal genetic variation.

AxD and MLC astrocyte disease models

In this thesis astrocyte models of AxD and MLC were generated since these are two
of the clearest examples of disease originating from dysfunctional astrocytes (van
der Knaap and Bugiani, 2017). In addition, their monogenetic origin makes them
attractive candidates for CRISPR/Cas9-mediated introduction of patient mutations.
We decided to work with hESCs, as opposed to patient derived hiPSCs, due to the
extreme difficulties in obtaining patient material needed for reprogramming to
hiPSCs of rare diseases such as AxD and MLC. Instead, introduction of disease-
associated mutation in hESCs enabled the generation of cellular models of AxD and
MLC.

AxD modeling

Here, we introduced the R239C mutation in GFAP in hESCs through CRISPR/Cas9
genome engineering and subsequently applied our TF programming method on
edited cells to generate AxD hES-iAs. We analyzed AxD hES-iAs for previously
reported phenotypes and found GFAP inclusions, indicative of formation of
Rosenthal fiber-like structures, as well as downregulation of gene transcripts
involved in potassium buffering and altered ATP-induced Ca®" response compared
to isogenic controls. Interestingly, it has been suggested that compromised
homeostatic functions of potassium by astrocytes lead to demyelination (Rash,
2010), a phenotype that is observed in AxD patients and would be of interest for
further investigations using our AxD models.

We also show that it is possible to generate induced astrocytes through direct
conversion of AxD patient fibroblasts. We found that AxD fibroblasts-iAs have
altered mitochondrial morphology, in line with recent findings using astrocytoma
cell lines that overexpressed mutant GFAP (Viedma-Poyatos et al., 2022).
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Furthermore, we observed that AxD fibroblast-iAs had an altered expression pattern
of GFAP. However, in contrast to our genetically engineered AxD hES-iAs model
and other hPSCs-derived astrocytes with AxD GFAP mutations, no clear aggregates
of GFAP were found (Kondo et al., 2016; Li et al., 2018a). On the other hand, the
disorganized GFAP in AxD fibroblast-iAs had a similar appearance as in iAs
obtained through direct conversion of mouse fibroblasts that overexpressed human
GFAP with the R239C AxD mutation (Tian et al., 2016). By extending the time in
culture of fibroblast-iAs, introducing a challenge to induce reactive astrogliosis, or
by using high-resolution or electron microscopy, presence of Rosenthal fiber-like
structures in fibroblast-iAs might be revealed. Another plausible explanation to the
differences in GFAP appearance is that the AxD patient fibroblasts used here have
the K228E and Q93P mutations, respectively, mutations that, to our knowledge, no
other models have (Hagemann, 2022). Moreover, AxD can arise throughout life and
has been classified into two types based on clinical manifestations (Prust et al.,
2011). However, there is currently no clear correlation between genotype to disease
onset and severity, and genetic modifiers have been suggested to be involved in
pathology (Hagemann, 2022; Messing, 2018). For instance, the R239C mutation has
been found in AxD patients with disease onset at all ages. Recently, it was shown
that phosphorylation of GFAP at the Ser13 residue is associated with severe cases
of AxD, suggesting that non-genetic components contribute to disease (Battaglia et
al., 2019). Thus, the discrepancies in GFAP aggregation that we observe might be
due to differences in the genetic background or posttranslational modifications of
GFAP. Alternatively, we might model different types of AxD. One can speculate
that AxD astrocytes derived from hPSCs, including AxD hES-iAs, represent type |
that normally arise in early childhood. In contrast, iAs obtained through direct
conversion might preserve currently unknown features that govern AxD subtype,
thus having the potential to model type II that typically arise in older children and
adults. However, this remains to be investigated.

Importantly, here we show, for the first time, that iAs can be generated directly from
patient fibroblasts. This enables phenotypical, functional, and epigenetic
characterization of AxD iAs obtained through direct conversion and from hiPSCs,
derived from the same patient fibroblasts. Thus, we now have a unique possibility
to first, investigate if epigenetic components or age are retained during direct
conversion to iAs, and secondly, if so, if such features contribute to development of
AxD and to different types of AxD. Knowledge gained from such studies might
provide new insight in disease mechanisms leading to different clinical
manifestations of AxD.

MLC modeling

Here we have generated two MLC hESC lines by introducing the S93L and S280L
mutations, individually, in the MLC1 gene using CRISPR/Cas9 genome editing. We
show that these cell lines can be used to generate induced astrocytes (iAs), through
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our TF programming method, and differentiated to human oligodendrocyte
spheroids (hOLS).

We observed that iAs could be generated to a similar extent from MLC hESC lines
as from isogenic control lines based on expression of S100B, VIMENTIN and
GFAP. Interestingly, differentiation of MLC hESC lines to hOLS revealed that
hOLS with MLCI mutations had increased expression of GFAP compared to
isogenic controls. This suggests that there are either more astrocytes in MLC hOLS,
or that GFAP is upregulated in present astrocytes, indicative of reactive astrogliosis,
a hallmark for most neurological disorders and that has been observed in some MLC
patients (Miles et al., 2009). Further investigation of markers for reactive astrocytes,
and functional interrogation to assess a potential reactive state, will be required to
better understand this observation (Escartin et al., 2021). Nevertheless, these results
highlight that different observations can be done by using different models.

The function of MLC1 is not fully known but there are indications that it is
associated with VRAC activity (Ridder et al., 2011). Reduced VRAC activity has
been suggested to lead to accumulation of water intracellularly resulting in
vacuolization observed in patients (Dubey et al., 2014; Lanciotti et al., 2012; Ridder
etal., 2011). For these reasons, it would be very interesting, and important, to assess
VRAC activity and cell volume response to osmotic changes in MLC hES-iAs and
astrocytes in MLC hOLS.

Current MLC animal and in vitro models, based on primary rodent astrocytes, HeLa
cells and human astrocytoma cell lines, overexpressing wildtype or mutant MLC/
have indicated that mutated MLCI, or HEPACAM, result in mislocalization of
MLCI from the plasma membrane to intracellular compartments and is targeted for
degradation (Duarri et al., 2008; Lanciotti et al., 2012; Lopez-Hernandez et al.,
2011Db). In line with these findings, overexpression studies in Xenopus oocytes have
indicated a reduced stability of mutated MLC1 (Teijido et al., 2004). In contrast,
based on qualitative assessments using immunocytochemistry, we did not observe
any obvious difference in localization or expression of MLCI1 in MLC hES-iAs
compared to isogenic controls. There are to our knowledge no published studies
showing that MLC1 mislocalization occurs in more biologically relevant models
such as hPSC-derived neural cells. Furthermore, analyses of patient brain tissue
have revealed reduced to undetectable levels of MLCI1 at perivascular astrocyte
endfeet and cell lysates from different brain regions, but not that MLCI is
mislocalized per se (Duarri et al., 2008; Lopez-Hernandez et al., 2011b; Min and
van der Knaap, 2018). Thus, one can speculate if MLC1 is mislocalized in patients,
or if it is a potential artifact due to external manipulation in an irrelevant cell
background for human pathophysiology. Hence, it would be important to perform a
quantitative assessment of MLC1 expression levels in MLC hES-iAs and hOLS to
investigate if our models can capture this aspect of the disease seen in MLC patients.

60



Vacuolization of astrocytes have been described in MLC patients and MLCI1- or
HEPACAM-depleted primary rat astrocytes (Capdevila-Nortes et al., 2013; Duarri
et al., 2011). However, we did not observe any obvious vacuoles in MLC hES-iAs
or hOLS by visual inspection of cultures using bright-field microscopy. High-
resolution imaging or staining with calcein-AM, a fluorescent dye that freely
diffuses in cells used to ease visualization, might reveal the presence of vacuoles
(Sirisi et al., 2014).

Furthermore, since symptoms in some patients arise, or are aggravated after mild
trauma or fever, introducing a challenge such as inflammatory stress might be
needed to induce more obvious phenotypes in our models.

In summary, we have generated and validated two homozygous MLC1 mutated
hESC lines, and from these produced relevant cultures such as iAs and neural
organoids containing astrocytes, neurons, and oligodendrocytes. These models
constitute promising tools to model and study MLC disease mechanisms in human
astrocytes and their interaction with other neural cell types. However, further
characterization of previously known phenotypes described in MLC models and
importantly, in MLC patients, of our models are needed to be confident that they
can be useful for reliable disease modeling of MLC, and to determine if one model
system is more informative than another.

Outlook

In this thesis, we have focused on generating astrocyte models of monogenetic
diseases. However, studies on genetic disorders such as AxD and MLC can be
informative for other diseases, both genetic and sporadic, with similar clinical
manifestations, or to learn about fundamental astrocyte biology. For instance,
neuronal and myelin degeneration is seen in multiple sclerosis (MS) but no clear
genetic causes to MS have been identified. Thus, by using AxD as a model to study
how astrocytes affect neurons, oligodendrocytes and myelination, new insights and
potential novel therapeutic strategies for MS patients might be revealed.
Furthermore, astrocytes in MLC patients fail to regulate ion and water homeostasis.
Thus, using MLC as a model an improved understanding of astrocytic regulation of
brain homeostasis might be achieved, which can be informative for other
leukodystrophies with similar clinical manifestations (Min and van der Knaap,
2018). By extension, an improved knowledge about regulation of homeostatic
functions by astrocytes, has the potential to be informative for studies on ALS in
which dysregulation of ion and water homeostasis have been suggested to trigger
motor neuron degeneration (Sirabella et al., 2018).

Excitingly, there is a growing interest from political authorities, pharmaceutical and
biotech companies to develop diagnostic tools and therapeutics for rare diseases
(Berry et al., 2020; Monaco et al., 2022). It has been estimated that 3.5-5.9% of the
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entire global population have a rare disease, 70-80% have a monogenetic cause and
the majority have pediatric onset (Condo, 2022; Nguengang Wakap et al., 2020).
On this basis, a new initiative, the Bespoke Gene Therapy Consortium, a
collaboration between the U.S. Food and Drug Administration (FDA), the National
Institutes of Health (NIH), industry, and non-profit organizations, has recently been
taken to establish standardized protocols that can be quickly adapted for the
development and production of gene therapies to treat different rare monogenetic
diseases. This is a very exciting initiative since both AxD and MLC, as well as other
leukodystrophies that currently lack effective treatments, are monogenetic diseases
and mainly affect children, making them suitable candidates to be included in such
a pipeline.
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Concluding remarks

Primary material from the human brain is and will remain very difficult to get hold
of, hindering research on this exceptionally complex organ and its associated
diseases. Thus, developing models that can accurately capture biological
phenomena relevant for human CNS pathophysiology are highly warranted.

In this thesis, we have developed novel methods to generate human astrocytes
through transcription factor programming from human pluripotent stem cells and
through direct conversion of human fibroblasts. We envision that these methods
have the potential to become useful tools in scrutinizing fundamental astrocyte
biology and the role of astrocytes in a wide range of neurological disorders.

One remaining question is whether iAs obtained through direct conversion retain
epigenetic profiles and age-related features that have pathological consequences.
However, with the methods developed in this study, this is now possible to
investigate by comparing iAs generated from hiPSCs derived from human fibroblast
across the human lifespan and through direct conversion of the same fibroblasts,
using the TFs Sox9 and Nfib.

By using CRISPR/Cas9 genome editing and patient fibroblasts, we have generated
astrocyte models of AxD and MLC. Although AxD and MLC are rare diseases,
many leukodystrophies manifest in similar ways and share pathology. Thus, even
though our studies have been focusing on a restricted number of genes and
mutations, our models might reveal novel insights about the contribution of
astrocytes in other leukodystrophies and their role in white matter integrity and
function.

Taken together, the methods developed here, together with advanced neural
organoid systems, constitute promising platforms to improve our understanding of
the roles of astrocytes in health and disease. By using neural organoids representing
early development, rejuvenated but mature astrocytes using TF programming of
hPSCs, and astrocytes with putative preserved age and epigenetic status using direct
conversion, different aspects of biology and disease can be captured. These methods
have different qualities and limitations, which needs to be considered when
selecting which model to use. In many situations, a combination of several model
systems is likely the favorable option. For instance, it might be unknown when the
initiating events occur, what developmental stage is involved in disease progression,
if age is a contributing factor and whether, and if so when, a triggering event is
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involved in disease initiation. However, there are now several sophisticated in vitro
human astrocytes models available, including those developed in this thesis, that
allows for dissecting the role of astrocytes in disease and identification of new
targets for therapeutic interventions. Ultimately, I anticipate that knowledge gained
from those studies will improve the lagging R&D productivity of CNS drugs and
facilitate discovery of safe and efficient drugs.
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Key methods

Cell culture

Human embryonic stem cells

H1 hESCs were cultured in hESC-qualified Matrigel-coated (Corning) 6-well plates
in mTeSR1 media (STEMCELL Technologies). StemPro Accutase Cell
Dissociation Reagent (Gibco) was used to dissociate cells. Cells were pelleted by
centrifugation and seeded in mTeSR1 containing 10 uM ROCK inhibitor Y-27632
(STEMCELL Technologies).

Human fibroblasts

Human embryonic dermal fibroblasts (HEFs) were obtained from dead aborted
human fetuses 6-9 weeks post-conception from Lund and Malmé University
Hospitals according to guidelines approved by the Lund-Malmo Ethical Committee
(6.1.8-2887/2017) and as described in Quist et al., 2022,

Human dermal neonatal (C-004-5C) and adult (C-013-5C) fibroblasts were from
Invitrogen. Aged human fibroblast from an 82-year-old female (GM01706) and 96-
year-old male (GM00731) were obtained from Coriell biorepository.

AxD fibroblasts were generated from skin biopsies from a 3-year-old male and an
8-year-old female with AxD that harbored K228E and Q93P mutations in GFAP
respectively, at the Salhgrenska University Hospital (Gothenburg, Sweden) and
used under local ethical approval (289-17). Age- and gender-matched, apparently
healthy, control fibroblasts (GM00038 and GM00498) were obtained from NIGMS
Human Genetic Cell Repository.

Fibroblasts were cultured in Fibroblast medium (DMEM, 10% Fetal Bovine Serum
(FBS), GlutaMAX, Non-Essential Amino Acids (NEAA) and Sodium Pyruvate, all
from Gibco) and passaged using Trypsin-EDTA (Sigma-Aldrich).

Primary human astrocytes

Human adult astrocytes were derived from fresh cortical tissue, obtained during
resection surgery from patients who had pharmacologically intractable epilepsy, as
described in Canals et al., 2018. The use of human brain tissue was approved by the
local ethical committee in Lund (212/2007). Cells were cultured in Neurobasal
medium (Gibco) supplemented with B-27 (Gibco), GlutaMAX, BDNF (Peprotech),
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GDNF (Peprotech), and CNTF (Peprotech). After 3—4 weeks of cultivation, the
medium was switched to DMEM:F12 1:1 supplemented with the N-2 and G5
supplements (all from Gibco).

Human fetal cortical astrocytes were derived according to guidelines approved by
the Lund-Malmo Ethical Committee (6.1.8-2887/2017) and as previously described
(Miskinyte et al., 2018) from fetuses 7-9 week post-conception. Human fetal
astrocytes were cultures in media consisting of DMEM-F12, 10% FBS, GlutaMAX
and N-2.

Cloning of transcription factor lentiviral vectors

Full-length cDNAs of mouse Nfia, Nfib or Sox9 genes were amplified from plasmids
available at Addgene (#64901, #64900, #41080 respectively) adding specific
restriction sites to allow cloning in tetO-FUW lentiviral vectors carrying resistance
genes for blasticidin, hygromycin (Addgene #97330) and puromycin (Addgene
#97329) using EcoRI/BamHI (Nfia and Nfib) or EcoR1/Xbal (Sox9). Primers used
in the cloning process are shown in Table 1. Resulting vectors were deposited to
Addgene, tetO-FUW-Sox9-Puromycin (#117269), tetO-FUW-Nfia-Blasticidin
(#117270) and tetO-FUW-Nfib-Hygromycin (#117271).

Table 1. Primers used for cloning of TFs into lentiviral vectors with selection genes.

Primer name Primer sequence 5’-3’

Sox9 Forward GAATTCATGAATCTCCTGGACCCCTTC

Sox9 Reverse TCTAGAGGGTCTGGTGAGCTGTGTG

Nfia Forward GAATTCCATGTATTCTCCGCTCTGTCTCAC
Nfia Reverse GGATCCTTATCCCAGGTACCAGGACTG

Nfib Forward GAATTCATGATGTATTCTCCCATCTGTCTCAC
Nfib Reverse GGATCCCTAGCCCAGGTACCAGGAC

Lentiviral production

Third generation lentiviruses were produced using transient calcium transfection of
HEK 293T cells and were collected by ultracentrifugation as previously described
(Quist et al., 2021).

Transcription factor programming

Induced astrocytes (iAs) were in principle generated from hPSCs as described in
Canals et al., 2018 and with minor changes as described in Quist et al., 2021. In
brief, 450,000 hESCs were seeded in Growth factor reduced Matrigel (Corning)-
coated 6-well in mTesSR1 containing 10 uM ROCK inhibitor and the day after,
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transduced with FUW-1tTA (Addgene #20342) and doxycycline-inducible lentiviral
vectors tetO-FUW-Sox9-Puromycin, and tetO-FUW-Nfib-Hygromycin. One day
later (day 0), 2.5 pg/ml doxycycline (Sigma-Aldrich) was applied to initiate
expression of Sox9 and Nfib and was kept in the media throughout experiments. On
day 1, mTeSR1 media was replaced by Expansion media consisting of DMEM/F12,
10% FBS, N-2 and supplemented with 1.25 pg/ml puromycin (Gibco) and 200
ug/ml hygromycin (Gibco) to enrich for cells expressing both transcription factors.
Puromycin selection was performed during day 1-2 and hygromycin selection day
1-5. On day 3, Expansion media was gradually replaced by FGF medium consisting
of Neurobasal, B-27, NEAA, GlutaMAX, 1% FBS, 8 ng/mL. FGF2 (Peprotech), 5
ng/mL CNTF and 10 ng/mL BMP4 (Peprotech). On day 7, cells were detached using
Accutase and seeded in poly-D-lysine:laminin or polyethylenimine:laminin-coated
wells, petri dishes, or coverslips depending on the desired output. From day 10, iAs
were maintained in Maturation media consisting of 1:1 DMEM/F12:Neurobasal, N-
2, Sodium Pyruvate, 5 pg/mL N-acetyl cysteine (Sigma-Aldrich), 5 ng/mL Heparin-
binding EGF-like Growth Factor (Sigma-Aldrich), 10 ng/mL CNTF, 10 ng/mL
BMP4 and 1mM cAMP (Sigma-Aldrich), with half media change every 2-3 days.
Media was supplemented with 10 pg/ml laminin every second media change to
improve attachment of 1As.

Direct conversion

Human fibroblasts were induced to astrocytes as described in Quist et al., 2022. In
brief, human embryonic or postnatal fibroblasts were seeded in Matrigel-coated 24-
well plates (50,000 or 20,000 cells/well respectively) or 6-well plates (200,000 or
80,000 cells/well respectively) on day -2. The day after, fibroblasts were transduced
with rtTA, tetO-Sox9-Puromycin and tetO-Nfib-Hygromycin, either with or without
tetO-Nfia-Blasticidin, in Fibroblast medium containing 8 pg/mL Polybrene
(Sigma). Transgene expression was induced by addition of 2.5 pg/ml doxycycline
at day 0 and were kept throughout experiments. On day 1, a 3-day puromycin and a
5-day hygromycin selection period was started, during which medium was changed
daily. In SAB-infected cultures, blasticidin (Gibco) selection was also performed
for 5 days. On day 3, medium was changed to 3:4 Fibroblast medium:FGF medium
(Neurobasal, B-27, 1% NEAA, 1% GlutaMAX, 0.2% FBS, 8 ng/ml FGF2, 5 ng/ml
CNTF and 10 ng/ml BMP4. At day 4 medium was changed to 1:1 Fibroblast
medium: FGF medium and at day 6 1:4 Fibroblast medium:FGF medium. At day 7
medium was changed to FGF medium and at day 9, half of the medium was
changed. At day 11, half of the medium was changed to Serum-free medium (1:1
DMEM-F12, HEPES:Neurobasal, N-2, GlutaMAX, Sodium Pyruvate, 5 png/ml N-
Acetyl-L-cysteine and 5 pg/ml Heparin-binding EGF-like growth factor
supplemented with 10 ng/ml CNTF, 10 ng/ml BMP4 and 500 pg/ml cAMP.
Thereafter, half of the medium was changed every second or third day. If needed,
cells were split 1:3.
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For electrophysiological recordings, biocytin-injections and immunocytochemical
analysis at day 37-42, cells were dissociated with Accutase and seeded on Matrigel-
coated glass coverslips (5,000-20,000 cells/coverslip) 4-7 days before analysis.

CRISPR/Cas9 genome editing

sgRNA design and cloning

sgRNAs were designed around the target region using the online webtool
http://crispr.mit.edu and cloned into pSpCas9(BB)-2A-Puro (pX459) V2.0
(Addgene #62988) and pSpCasIn(BB)-2A-Puro (pX462) V2.0 (Addgene #62987).

Transfection of hESCs

Transfections and cell line generation were performed as described in Canals and
Ahlenius, 2021. In brief, 300,000 (AxD) or 400,000 (MLC) H1 hESCs were seeded
and the day after, cells were transfected with 2 pg Cas9 vector containing sgRNA
A/B or 3.0 pg Cas9n (50:50 sgRNA A:B) using Opti-MEM media (Gibco) and
Lipofectamine Stem Transfection Reagent (Thermofisher Scientific). For cell line
generation 1 pg ssODN repair template with phosphorothioate bond modifications
(IDT) was included in the transfection mix. Details for genome editing components
are found in Table 2.

Table 2. DNA sequences of gene editing components.

Gene editing component Sequence (5’-3’)

GFAP R239C sgRNA A ACTGCGTGCGGATCTCTTTC

GFAP R239C sgRNA B ACATGCATGAAGCCGAAGAG

MLC1 S93L sgRNA A GGTGAAGCTCACAATTGCCG

MLC1 S93L sgRNA B CTCCAGGAGGAACGCCAATG

MLC1 S280L sgRNA A GCTGAATGACAGATATCCAG

MLC1 S280L sgRNA B GAGAATCGTGGAGATGTTTA

GFAP R239C ssODN repair template GTGGCCAAGCCAGACCTCACCGCAGCTCTGAAAG

AGATCTGCACGCAGTATGAGGCAATGGCGTCCAG
CAACATGCATGAAGCCGAAGAGTGGTACCGCTCC
AAGGTAGCCCTGCCTGTG

MLC1 S93L ssODN repair template CATGGGATTCCGGTTTCATTCCAGTGCATCCCATT
GGCAATTGTGAGCTTCACCGTCTCCAGGAGGAAC
GCCAATGTAGTGAGTCTAGCTTGCAGGCAGCCTCT
GCCAGG

MLC1 S280L ssODN repair template AGCAGCCTCACGTCTCCGCTGCTGTTCACAGCGTC
TGGATATCTGTTATTCAGCATCATGAGAATCGTGG
AGATGTTTAAAGATTACCCGCCAGCCATAAAAGTG
AGTTGTAT
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Analysis of gene editing

DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen). PCR was
performed wusing Phusion High-Fidelity DNA Polymerase (Thermofisher
Scientific). PCR primers were designed using Primer3 webtool and primer
sequences are found in Table 3. PCR products were purified using QIAquick PCR
Purification Kit (Qiagen) before TOPO cloning and sequencing. TOPO cloning was
done using Zero Blunt TOPO PCR Cloning Kit (Thermofisher Scientific) and
plasmids isolated using MiniPrep Kit (Qiagen). For analysis of sgRNA efficiency,
EcoRI digestion was performed to release the insert. For analysis of HDR using the
provided ssODN repair templates, restriction enzyme digestions were carried out
using enzymes that had recognitions sites introduced or removed upon introduction
of the silent PAM mutation in the genome. The following restriction enzyme
digestions were performed on PCR products: Bglll and Hyp188I (GFAP R239C),
BseDI and Hphl (MLC1 S93L), or Dral (MLCI S280L). All restriction enzymes
were from Thermofisher Scientific and digestions were done according to
manufacturer’s instructions. Digestion products were loaded on 2% agarose gels
together with undigested PCR product for each sample and 100 bp or 1 kb+ ladder
(both from ThermoFisher Scientific).

Sanger DNA sequencing were performed by Eurofins Genomics. Sequencing of
TOPO clones were done with M13 primer and sequencing of PCR products were
done by providing the PCR primers used for amplification. Sequencing data was
analyzed in SnapGene.

Table 3. PCR primer sequences for analysis of gene editing.

Primer Sequence (5°-3°)

GFAP R239C Forw CTGGTACCGCTTCTCTCACC
GFAP R239C Rev CAGCTTCTTCCACCCTCC
MLC1 S93L Forw AAGTACCTGGGGGCCTTCTA
MLC1 S93L Rev TGGGCAGGAGCTTTACTGTC
MLC1 S280L Forw GAACCAGCTTGGGACTATGC
MLC1 S280L Rev AGGAACAGCGGAGGAGGT
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