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Lay summary 

Neurodegenerative disorders, including multiple sclerosis (MS), stroke, 
Alzheimer’s and Parkinson’s disease, gradual or traumatic damage to the brain and 
spinal cord cells, causes problems with memory, movement, language and 
cognition. These conditions affect over 50 million people worldwide and this 
number is expected to double by 2050 as the population becomes older, highlighting 
the urgent need for new treatments.  

Stroke is a leading cause of death and disability, with 1 in 4 adults over the age of 
25 likely to experience it in their lifetime. Ischemic stroke occurs when the blood 
flow to a part of the brain is blocked, leading to the loss of neurons and supporting 
cells such as oligodendrocytes. Currently, there is no effective treatment to improve 
recovery after the initial hours. MS is a long-term disease where the protective 
coating around nerve fibers, called myelin, is damaged slowing down the nerve 
signals. While treatments can slow down its progression, there is no cure, and new 
cases in Europe are expected to rise to 2.5 per 100.000 people by 2050.  

Stem cell-based therapies represent a new promising approach for the treatment of 
neurodegenerative diseases and currently they are being explored in clinical trials. 
The goal is to replace the brain cells that are lost due to disease, oligodendrocytes 
in MS and in the case of stroke, both cortical neurons and oligodendrocytes. 
However, studying these therapies in humans is extremely difficult due to the 
inaccessibility to living human brain tissue. Most of what we know today about stem 
cell-based transplantations comes from animal studies or experimental cell culture 
conditions, which fail to fully mimic the human brain environment. Even though 
there have been recent advances in cell culture techniques generating 3D “mini-
brain” models from human stem cells, they still can’t capture the complexity of the 
human brain.  

The work in this thesis shows the generation of two main brain cell types using 
different starting stem cells: oligodendrocytes and cortical neurons. When 
transplanted into an animal model of stroke, these cells survive, become mature 
cortical neurons and myelinating oligodendrocytes which have the capacity to 
connect with the host damaged neuronal networks and myelinate injured neurons. 
Most importantly, to bridge the gap with animal models, in this thesis we use living 
healthy human brain tissue removed during surgery as human 3D model. This 
allows us to study how human stem cell-derived brain cells interact with human 
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neuronal networks providing a clearer picture of their potential as future therapies. 
In this human-to-human grafting situation, human stem-cell derived 
oligodendrocytes integrate into the host networks by interacting with human axons 
and producing new myelin around damaged fibers.  

In summary, this thesis represents an important step towards future treatments in 
which stem cell-derived neural cells could replace or repair the brain in 
neurodegenerative disorders with the aim of promoting recovery.  
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Populärvetenskaplig sammanfattning 

Neurodegenerativa sjukdomar, såsom multipel skleros (MS), stroke, Alzheimers 
och Parkinsons sjukdom samt gradvis eller traumatisk skada på hjärnans och 
ryggmärgens celler, leder till problem med minne, rörelseförmåga, språk och 
kognition. Dessa sjukdomar påverkar över 50 miljoner människor världen över, och 
antalet förväntas fördubblas till år 2050 i takt med att befolkningen blir äldre, vilket 
understryker det akuta behovet av nya behandlingar. 

Stroke är en av de vanligaste orsakerna till död och funktionsnedsättning – en av 
fyra vuxna över 25 år beräknas få stroke under sin livstid. Vid ischemisk stroke 
blockeras blodflödet till en del av hjärnan, vilket leder till förlust av nervceller och 
stödjeceller som oligodendrocyter. I dag finns det ingen effektiv behandling som 
kan förbättra återhämtningen efter de första kritiska timmarna. MS är en kronisk 
sjukdom där det skyddande lagret runt nervtrådarna, myelinet, skadas, vilket 
bromsar nervsignalerna. Även om behandlingar kan bromsa sjukdomsförloppet 
finns inget botemedel, och antalet nya fall i Europa väntas stiga till 2.5 per 100 000 
invånare fram till år 2050. 

Stamcellsbaserade terapier är en ny lovande metod för behandling av 
neurodegenerativa sjukdomar och testas nu i kliniska studier. Målet är att ersätta de 
hjärnceller som gått förlorade – oligodendrocyter vid MS och kombinationen 
oligodendrocyter och kortikala nervceller vid stroke. Att studera dessa terapier i 
människor är dock mycket svårt på grund av svårigheten att få tillgång till human 
hjärnvävnad. Det mesta vi vet idag kommer från djurstudier eller experimentell 
cellodling, som inte fullt ut kan efterlikna den mänskliga hjärnans miljö. Trots 
framsteg inom cellodling, där forskare skapar 3D-”minihjärnor” från mänskliga 
stamceller, kan dessa modeller fortfarande inte återskapa hjärnans komplexitet. 

I detta avhandlingsarbete har två viktiga hjärnceller framställts från olika typer av 
stamceller som startmaterial: oligodendrocyter och kortikala nervceller. När de 
transplanterades i en djurmodell för stroke överlevde cellerna, utvecklades till 
mogna kortikala nervceller och myelinbildande oligodendrocyter, och kunde koppla 
upp sig till skadade nervnätverk och återbilda myelin. För att överbrygga klyftan 
mellan djurförsök och mänskliga förhållanden användes levande frisk hjärnvävnad 
som tagits bort vid kirurgi som en mänsklig 3D-modell. Detta gör det möjligt att 
studera hur stamcellsderiverade hjärnceller samverkar med mänskliga nervnätverk 
och ger en tydligare bild av deras potential som framtida behandling. I detta 
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människa-till-människa-scenario integreras oligodendrocyterna i värdvävnaden 
genom att binda till mänskliga axoner och bilda nytt myelin runt skadade nervtrådar. 

Sammanfattningsvis utgör detta avhandlingsarbete ett viktigt steg mot framtida 
behandlingar där stamcellsderiverade nervceller kan ersätta eller reparera hjärnan 
vid neurodegenerativa sjukdomar för att främja återhämtning. 
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Resumen en español 

Las enfermedades neurodegenerativas, como la esclerosis múltiple (EM), ictus, 
Alzheimer y Parkinson, dañan de forma gradual o repentina las células del cerebro 
y la médula espinal, causando problemas de memoria, movimiento, lenguaje y otras 
funciones cognitivas. Estas enfermedades afectan a más de 50 millones de personas 
en todo el mundo, y se espera que esta cifra se duplique para 2050 con el 
envejecimiento de la población, lo que resalta la necesidad urgente de nuevos 
tratamientos. 

El ictus es una de las principales causas de muerte y discapacidad: 1 de cada 4 
adultos mayores de 25 años sufrirá uno a lo largo de su vida. En el ictus isquémico, 
un coagulo bloquea el flujo sanguíneo hacia una parte del cerebro, provocando la 
pérdida de neuronas y células de soporte como los oligodendrocitos (células 
encargadas de producir mielina, la capa protectora de las fibras nerviosas). 
Actualmente, no existe un tratamiento eficaz que favorezca la recuperación pasadas 
las primeras horas tras el ictus. Por otro lado, la EM es una enfermedad crónica en 
la que se daña la mielina ralentizando la transmisión de señales nerviosas. Aunque 
existen tratamientos que frenan su progresión, no hay cura, y se estima que para 
2050 habrá 2,5 nuevos casos por cada 100.000 habitantes en Europa. 

Las terapias basadas en células madre ofrecen una alternativa prometedora para 
tratar las enfermedades neurodegenerativas y actualmente, se están evaluando en 
ensayos clínicos. Su objetivo es reemplazar las células cerebrales perdidas: 
oligodendrocitos en la EM y, en el caso del ictus, tanto neuronas corticales como 
oligodendrocitos. Sin embargo, estudiar estas terapias en humanos es muy difícil, 
dado que no se puede acceder fácilmente a tejido cerebral vivo. Gran parte del 
conocimiento actual proviene de estudios en animales o de cultivos celulares 
experimentales, que no reproducen fielmente el entorno del cerebro humano. 
Incluso los más recientes avances, que incluyen la creación de “mini-cerebros” en 
3D a partir de células madre humanas, aún no reflejan toda la complejidad del 
cerebro humano. 

En esta tesis, se muestra cómo se pueden generar dos tipos principales de células 
cerebrales - oligodendrocitos y neuronas corticales - a partir de distintas células 
madre humanas y evaluamos su potencial terapéutico. Tras el trasplante en un 
modelo animal de ictus, estas células sobreviven, maduran y se integran en las redes 
neuronales dañadas, formando neuronas funcionales y oligodendrocitos capaces de 
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mielinizar las fibras nerviosas lesionadas. Lo más innovador para acortar la distancia 
entre los estudios en animales y la investigación del cerebro humano, utilizamos 
tejido cerebral humano sano obtenido durante cirugías como un modelo 3D. Esto 
permite observar directamente cómo las células cerebrales derivadas de células 
madre humanas interactúan con redes neuronales humanas, y brinda una visión más 
clara de su potencial terapéutico. En este escenario de injerto “humano a humano”, 
los oligodendrocitos derivados de células madre humanas se integran en los 
circuitos cerebrales, interactúan con axones humanos, y generan nueva mielina 
alrededor de las fibras dañadas. 

En conjunto, esta tesis representa un paso importante hacia futuros tratamientos en 
los que las células cerebrales derivadas de células madre humanas podrían contribuir 
a reparar el cerebro, y promover la recuperación en enfermedades 
neurodegenerativas.  

20
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Abstract  

Neurodegenerative diseases, such as ischemic stroke and multiple sclerosis, are 
characterized by progressive loss of neuronal populations, glial cells and 
demyelination, leading to irreversible cognitive and motor impairments. Despite the 
presence of endogenous reparative mechanisms, they are inefficient to promote 
substantial functional recovery and decline with age. Stem cell-based therapies have 
emerged as a promising strategy to replace lost cells and restore the damaged neural 
circuitry with the aim of functional improvement. Transplantation of human stem 
cell-derived oligodendrocytes (OLs) show strong potential for remyelination, 
improving axonal conduction and neuronal survival in demyelinating animal 
models. Parallel efforts focus on the differentiation of human pluripotent stem cells 
into cortical neurons to reconstruct damaged cortical networks. Advances in 
differentiation protocols, graft survival, synaptic integration and functional 
maturation have shown promising results. Nonetheless, significant challenges 
remain for clinical translation, since most evidence derive from animal models or in 
vitro settings that fail to recapitulate the human brain microenvironment.  

In this thesis, stem-cell based therapies were developed and evaluated in various 
models to address the loss or damage of OLs and cortical neurons observed in 
neurodegenerative disorders. First, we wanted to improve current available models 
and bridge the gap between animal models to human brain environment. To do this 
organotypic slices of human adult cortical (hACtx) tissue were assessed as valuable 
3D ex vivo model to evaluate the cell survival, differentiation, integration and 
electrophysiological properties of human stem cell-based therapies with human 
neuronal networks. Secondly, OLs were generated rapidly and efficiently from lt-
NES cells using two different strategies: transcription factor programming for the 
sole generation of OLs or differentiation with small molecules, which produce OLs 
and cortical neurons. Both approaches proved to survive, differentiate into mature 
myelinating OLs and remyelinate both rodent and human axons following 
transplantation into either the stroke-lesioned rodent cortex or hACtx organotypic 
slices. Lastly, cortical neurons derived in vitro from human embryonic stem cells 
survived, differentiated and structurally integrated into the rodent neuronal 
networks after stroke injury.  

Collectively these findings provide strong evidence supporting the therapeutic 
potential of human stem cell-derived products to promote clinical recovery in 
neurodegenerative disorders. 
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Abbreviations 

aCSF Artificial cerebrospinal fluid 
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Introduction 

Neurodegenerative disorders 
Neurodegenerative disorders are characterized by the deterioration and death of 
neural cells in the brain or spinal cord, leading to functional and cognitive 
impairments [1]. They can be caused by ischemic or traumatic injuries, as well as 
genetic predisposition or accumulation of certain proteins. Such disorders can be 
categorized as acute or chronic depending on their rate of progression and cause. 
While chronic diseases develop slowly and often have a genetic or age component, 
acute diseases occur suddenly and progress quickly due to injury, infection, or 
ischemia. Ischemic stroke serves as an example of an acute neurodegenerative 
disorder, while multiple sclerosis (MS) represents a chronic neurodegenerative 
disorder [2-5].  

Ischemic stroke 

Stroke in numbers 
Stroke is defined by the World Health Organization as the “rapid development of 
clinical symptoms indicative of a local or widespread impairment of brain function, 
with symptoms persisting for 24 hours or more, leading to death with no apparent 
cause other than vascular disease” [6]. In 2021, stroke was the second leading cause 
of death and third leading cause of adult disability-adjusted life-years and mortality 
worldwide [7]. Yearly, this condition affects over 13.7 million people and one in 
four people above the age of 25 will have a stroke in their lifetime [8]. It is estimated 
that by 2050, deaths and costs due to stroke will climb by more than 50% due to 
population aging [9].  

Depending on the nature, stroke can be classified as haemorrhagic or ischemic. 
Haemorrhagic stroke is caused by the rupture of a blood vessel. Ischemic stroke, on 
the other hand, is the most frequent type, accounting for over 60%, and is caused by 
the obstruction of a cerebral artery due to a thromboembolism (Figure 1) [10, 11]. 
The lack of nutrients and oxygen to a specific area of the brain induces cell death, 
leading to sensory, motor and cognitive impairments. More than half of ischemic 
stroke patients suffer significant residual deficits [12]. It has been shown that 60% 
of acute ischemic strokes show impairments in the somatosensory cortex and such 
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impairment leads to major disability compared to striatal damage after stroke in 
humans [13, 14]. 

Pathology of acute ischemic stroke 
Ischemic stroke is a dynamic process that progresses through different phases with 
characteristic processes: hyperacute (first 24 hours), acute (24 hours to 1 week), 
subacute (1-4 weeks) and chronic phase (more than 4 weeks). The hyperacute phase 
is characterized by the breakdown of the brain-blood barrier (BBB) and massive cell 
death. During the next week, the BBB continues to rupture with the infiltration of 
immune cells to the brain, activation of microglia and astrocytes, which leads to 
inflammation [15]. In the subacute phase, there is a delayed immune response and 
the start of recovery processes like angiogenesis [16]. Afterwards, the chronic phase 
is characterized by the reparative mechanisms such as neural plasticity and scar 
formation [17]. 

In an ischemic lesion, tissue affected by the loss of blood flow can be divided into 
two regions: the stroke core and peri-infarct. The ischemic core is the region closest 
to the affected blood vessel where neurons, astrocytes, oligodendrocytes (OLs) and 
other cell types die and the damage is irreversible [18]. The peri-infarct area, which 
surrounds the core, has reduced blood flow that leads to functionally impaired but 
viable tissue, as ion channels are maintained, which could be potentially salvageable 
[19]. It is important to highlight that ischemic lesions often lead to secondary 
degeneration in remote brain regions as connectivity is affected and may worsen 
long-term recovery [20, 21]. 

In addition to neuronal loss, ischemia also leads to axonal demyelination and the 
death of OLs, the myelinating cells of the central nervous system (CNS), as they are 
highly vulnerable in the acute phase. The brain attempts to compensate through two 
mechanisms: recruitment of surviving resident OLs for the production of new 
myelin [22] or an increase in endogenous oligodendrogenesis [23]. However, these 
reparative responses are limited, as most newly generated OLs fail to differentiate 
and remyelinate [24, 25]. This regenerative capacity is further diminished in elderly 
individuals [25].  

Treatments 
The primary aid in clinical practice for acute ischemic stroke is the mechanical 
removal of the thrombus, which is more invasive, or dissolution of the clot by 
administration of tissue plasminogen activator (tPA), which aims to restore blood 
flow in the affected brain areas. The treatment window for these interventions is 
very short after onset, within 4.5 hours for tPA and 24 hours for thrombectomy, 
resulting in only 10% of stroke patients being eligible for this treatment (Figure 1) 
[26, 27]. Post-stroke recovery is a complex process, as some degree of spontaneous 
recovery occurs, from modest improvement to almost complete restoration. It 
involves plastic changes in surviving neurons, release of growth and anti-
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inflammatory factors, as well as generation of new neural cells from endogenous 
stem cells [28, 29]. Following the acute phase, physical rehabilitation remains the 
primary treatment shown to improve the patient’s condition [30]. Although these 
mechanisms are promising, their efficacy diminishes with age, and currently, there 
are no effective therapeutic strategies to enhance functional recovery during the 
chronic phase after injury. 

 

Figure 1. Ischemic stroke: statistics, phases and treatment 
A. Ischemic stroke occurs when blood flow to a part of the brain is blocked by a bloodclot and accounts 
for over 60% of all strokes. Right: representative MRI images of an ischemic stroke which shows area of 
ischemia as bright signal. Predictions show that 1 in 4 people over the age of 25 will suffer a stroke in 
their lifetime. B. Current and emerging treatments for ischemic stroke. To date, the treatment window for 
stroke is restricted to the first 24 hours (acute phase), during which blood clots can be removed 
enzymaticaly (tPA) or mechanically. Beyond this period, no effective treatments exist to enhance 
functional recovery. Stem cell-based therapies offer a promising strategy to extend the therapeutic 
window into the subacute phase for patients who fall out of the 24 hours period. In, insult. MRI images 
from [31, 32]. Figure made with BioRender.  
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Demyelinating disorders and multiple sclerosis 
Demyelinating diseases are characterized by damage to myelin sheaths wrapping 
the axons of the central and peripheral nervous system, or to the cells that produce 
myelin, OLs. This damage results in axonal degeneration, which leads to 
neurological deficits [33]. Demyelination is the defining feature of these diseases, 
while the underlying mechanisms and lesion patterns vary, they share some 
similarities. It is important to note that myelin breakdown is not exclusively the 
result of cellular dysfunction, as it also occurs naturally as part of normal myelin 
turnover, where old myelin is renewed by new myelin [34]. Nonetheless, the 
progression of demyelination is associated with impaired OL maturation and 
migration, deficits in myelin sheath renewal, dysregulated myelin turnover and 
inflammation [35, 36].  

Focusing on the CNS, they can be classified as either primary or secondary based 
on the underlying cause of the myelin damage. The primary demyelinating diseases, 
such as MS, are often immune-mediated. In MS, the myelin is targeted and damaged 
by autoimmune or genetic mechanisms. While in secondary demyelinating diseases, 
myelin loss is associated with neuronal or axonal degeneration and can be associated 
with ischemic events like stroke [37, 38].  

Multiple Sclerosis in numbers and types 
MS is a chronic, inflammatory, demyelinating and neurodegenerative disease of the 
CNS and one of the most common causes of non-traumatic disability in younger 
adults (18-40 years) [39]. Over the last decades, the incidence of MS has risen and 
globally, around 2.8 million people are affected [40].  

The clinical manifestations and progression of MS are heterogeneous. Based on the 
progression of the disease, MS can be classified into relapsing-remitting (RRMS), 
secondary progressive (SPMS) and primary progressive (PPMS). The majority of 
the patients, around 85%, present the RRMS phenotype, which is characterized by 
periods of acute neurological symptoms (relapses) followed by partial or full clinical 
recovery (remissions) [41]. Over time, as the disease advances, neurological deficits 
become permanent without remission periods and there is a steady progression of 
the disease. This is known as SPMS, which in 15-20% of patients starts as RRMS 
and transitions to SPMS. At diagnosis, a minority of patients (10-15%), have a slow 
progression of disability from the first manifestation of the disease and are classified 
as PPMS [42].  

Pathology of Multiple Sclerosis 
MS is initiated by autoreactive T lymphocytes that produce antigens against the 
CNS myelin proteins. The activation of T cells is triggered by genetic or 
environmental factors, such as infection. Activated immune cells cross the BBB and 
migrate into the brain parenchyma. Locally, T cells are reactivated, local microglia 
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cells become reactive and initiate an inflammatory cascade. This response causes 
OL death, demyelination, and astrogliosis, which results in axonal degeneration 
leading to neuronal loss that extends beyond focal lesions.  

MS lesions or plaques are the defining feature of the disease and correspond to 
regions of inflammation and demyelination. Inflammation damages OLs, leading to 
demyelination and consequently axonal degeneration. In order to remyelinate 
damaged axons, oligodendrocyte precursor cells (OPCs) are recruited to the lesion 
site, where they differentiate into mature myelinating cells or resident surviving OLs 
contribute to form new myelin [22]. Remyelination can occur in MS [43, 44], giving 
rise to the shadow plaques and is suggested to be by resident mature OLs, as no new 
OLs are observed [45]. However, the extent of remyelination is heterogeneous in 
MS patients. In later stages of the disease, inflammation impairs OPC migration and 
differentiation, limiting remyelination, while at earlier stages and in younger 
patients, remyelination and greater OPCs recruitment are observed [46-48]. 
Regarding resident surviving OLs, they have limited capacity for remyelination [48, 
49], as although they extend new processes, they rarely generate new myelin 
internodes [50] or if they remyelinate, the myelin is mistargeted to the cell body 
[48].  

Treatments 
Currently, MS remains incurable, however, over the last decades, disease-modifying 
therapies have been developed for RRMS. The main effect of these therapies is 
primarily suppressing the immune response by reducing the migration of immune 
cells to the CNS or depleting specific types of immune cells. The main first-line 
treatments for MS are approved disease-modifying therapies such as interferon β 
and glatiramer acetate. Unfortunately, treatments used for RRMS cannot prevent 
aggravation in those with PPMS or SPMS [51]. Two recent therapies, siponimod 
and ocrelizumab, have shown benefits for progressive forms of MS as they modulate 
inflammatory cell migration and their depletion, respectively [52, 53]. However, all 
currently approved disease-modifying therapies are primarily anti-
inflammatory/immunomodulatory, with only limited inhibitory effect on 
neurodegeneration or disease progression, and none have been shown to promote 
repair or remyelination. This highlights the urgent need for therapies that support 
remyelination and neural repair to improve disability. There are novel clinical trials 
investigating strategies fostering neuroprotection (NCT03161028) or remyelination 
(clemastine, NCT02040298) [54].   

Stem cell therapies for neurodegenerative disorders 
Neurodegenerative diseases are characterized by physical and cognitive 
impairments due to the loss or degeneration of neurons. Current treatments for these 
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diseases focus on alleviating symptoms, which can be transient and partially 
effective without substantial functional improvement. As the CNS has limited 
capacity for self-repair, alternative strategies, such as cell therapies, are highly 
warranted. Over the last decades, stem cell-based approaches have gained attention 
as a promise for brain repair. Cell therapy aims to replace, repair, or modulate the 
brain microenvironment to restore lost function. 

In the late 80s and the beginning of the 90s, there was a breakthrough in the cell 
therapy field. Groundbreaking clinical studies on the transplantation of fetal 
midbrain tissue in Parkinson’s disease patients provided proof-of-principle that 
neuronal replacement is feasible in the adult human brain and can induce long-
lasting improvements [55-57]. Grafted fetal midbrain dopaminergic precursors were 
able to survive for many years in the human adult brain, mature into the correct 
subtype of dopaminergic neurons, integrate into the host circuitry and improve 
motor function [57, 58]. Although these studies were revolutionary, limitations such 
as tissue availability, quality and ethical concerns surrounding the use of primary 
fetal tissue have shifted the field towards the use of stem cell-based therapies. The 
advantage of stem cells is that they can be produced using standardized protocols, 
expanded in vitro and undergo rigorous quality controls.  

Stem cell sources for cell therapy 
Stem cells used for transplantation can be obtained from different sources (Figure 
2) that differ in terms of availability and ethical issues. 

Pluripotent stem cells 
In 1998, human embryonic stem (hES) cells were isolated for the first time, which 
have the stemness and can differentiate into a variety of specific neural subtypes 
relevant for cell therapy [59]. One of the ground-breaking discoveries regarding this 
field has been the generation of human induced pluripotent stem (hiPS) cells from 
human adult somatic cells, more specifically human adult fibroblasts, by 
overexpression of a minimal combination of four transcription factors: Oct4, Sox2, 
Klf4 and cMyc; bringing them back to the developmental stage of pluripotency state 
[60]. Further studies showed that hiPS cells were equivalent to hES cells, as they 
could form teratomas and give rise to cells of the three germ layers [61]. More 
importantly, iPS cells can be derived from patients’ fibroblasts or blood cells 
avoiding the need for long immunosuppressive treatments, risk of graft rejection 
and the ethical concerns related to the use of hES cells [62, 63]. As mentioned 
previously, hiPS cells offer the possibility to produce patient-specific cells, which 
expands the potential for disease modelling as these cells recapitulate the disease in 
the dish [64]. hiPS cells are able to differentiate into any neural cell, similar to hES 
cells, such as dopaminergic neurons [65, 66], cortical neurons [67], OLs [68, 69], 
astrocytes [70] and interneurons [71].  
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The use of both cell sources for cell therapy presents advantages and limitations. 
The use of hES cells raises ethical concerns due to their origin, whereas hiPS cells 
bypass such issues. By contrast, the generation of patient-specific hiPS cells is time-
consuming, requires rigorous quality controls, and involves high costs. Nonetheless, 
both cell sources are freely available on demand and can be easily expanded in 
culture. However, hES and hiPS cells carry a risk of tumorigenicity, which remains 
a critical concern for their therapeutic application. At the moment, there are active 
clinical trials for Parkinson’s disease running in three different locations using 
different stem cell sources. Two of them are using hES cells-derived neural 
progenitors [72, 73], while the other one is using hiPS cells-derived neural 
progenitors, which are human leukocyte antigen (HLA) matched to patients [74].  

Human long-term neuroepithelial-like stem (lt-NES) cells 
As an alternative to hPS cells, long-term self-renewing neuroepithelial-like stem (lt-
NES) cells have been generated from both hES and hiPS cells. These cells constitute 
a stable source with the capacity for self-renewal, long-term expandability and 
neuronal and glial differentiation [75, 76]. When compared to human fetal neural 
stem cells, which express radial glia markers, lt-NES cells present neuroepithelial 
and neural rosette markers representing an early stage of the CNS development [76]. 

Lt-NES cells have the ability to differentiate into functional neurons, astrocytes and 
OLs [76, 77]. When exposed to region-specific morphogens, such as those of ventral 
midbrain, lt-NES cells can differentiate into defined neuronal phenotypes [76]. In 
order to produce a specific neuronal population, Tornero and collaborators 
developed a protocol to generate neuronal progenitors with a cortical identity [78]. 
Cortically primed lt-NES cells expressed markers of upper and deep cortical 
neurons, such as SATB2, TBR1 and CTIP2. Most importantly, cortically fated lt-
NES cells differentiated to functional neurons which form synaptic connections 
after 8 weeks of differentiation establishing a neuronal network [78, 79].  

In contrast to hES and hiPS cells, an important feature of lt-NES cells is the absence 
of tumorigenicity. When non-fated lt-NES cells are transplanted into the damaged 
rodent brain, no teratomas were observed, as they are multipotent, giving rise to 
only neural cells [80]. These characteristics make lt-NES cells a great candidate as 
a stem cell source for transplantation.  
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Figure 2. Stem cell sources for cell therapy 
Neural progenitors can be obtain from different cell sources: differentiated from pluripotent stem cells 
(hES and hiPS cells) passing through a neural stem cell state, forwarded programmed from pluripotent 
stem cells by overexpression of different transgenes or directly reprogrammed from somatic cells to 
induced neurons (iNs), oligodendrocytes (iOLs) or astrocytes (iAs). Figure made with BioRender.  

Direct reprogramming of adult somatic cells 
Another important landmark in the field is the direct reprogramming of adult 
somatic cells from one germ-layer to another. This strategy bypasses the pluripotent 
state, thereby decreasing teratoma risk and accelerating the differentiation process. 
In 2010, Vierbuchen and colleagues successfully reprogrammed mouse fibroblasts, 
which are mesodermal lineage, into functional induced neurons (iNs) of ectodermal 
origin [81]. This was replicated in human fibroblasts, which also converted into iNs 
[82]. Moreover, other neural cell types, including functional astrocytes and OLs, 
can be generated through direct reprogramming of fibroblasts from young, adult and 
old-aged humans [83, 84]. However, there are many concerns regarding this 
method, such as low conversion rate and limited cell yield.  
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Stem cell-derived cortical neurons for neurodegenerative disorders 

Generation of cortical neurons 
Two main strategies have been used for the generation of cortical neurons from hES 
and hiPS cells. First, through small molecules that recapitulate cortical development 
with an initial neural induction via dual SMAD and WNT inhibition [85-87]. These 
protocols have shown that the differentiation of hES cells into cortical neurons 
follows the temporal order observed in the cortex development where neurons 
expressing deep-layer markers, such as TBR1, appear first followed by upper 
cortical layer neurons, expressing markers such as BRN2 and SABT2 [85, 87]. 
However, the proportion of layer-specific cortical neurons varies between protocols, 
which suggests that external molecular cues are required for the generation of proper 
proportions of different layer subtypes [88]. It has also been shown that after 8 
weeks of cortical priming, hiPS cell-derived lt-NES cells give rise to neurons 
expressing markers of both upper and deep cortical layers [78, 79]. Secondly, by the 
forced overexpression of transcription factors involved in neuronal specification. 
hES cell-derived neurons (hES-iNs) programmed by the overexpression of the 
transcription factor neurogenin-2 (NGN2) generate functional excitatory neurons 
which exhibit neuronal morphology, gene expression and are able to establish 
synaptic connections [89-92]. However, hES-iNs seemed to be primed to become 
cortical neurons as their genetic profile shows the co-expression of all cortical 
markers resembling fetal human cortical neurons [92].  

Transplantation of hPS cell-derived neural progenitor cells (NPCs) or neuronal 
cortical progenitors in neurodegenerative diseases 
An important aspect when evaluating the therapeutic potential of stem cell-derived 
cortical progenitors is their capacity to mature, integrate into the host neuronal 
circuitries and form proper projection patterns following transplantation in models 
of neurodegenerative diseases, such as ischemic stroke and MS.  

hPS cell-derived cortical progenitors, generated via neural induction protocols, are 
able to integrate and connect with the correct brain regions after transplantation in 
the rodent newborn and adult cortex [87, 93, 94]. Most importantly, when 
transplanted into the adult rodent injured cortex, hPS cell-derived cortical neurons 
express cortical layer markers, reestablish damaged axonal pathways and integrate 
into the host circuitry [95]. hES cell-derived cortical progenitors and cortically 
primed hiPS cell-derived lt-NES cells after transplantation in the stroke-damaged 
rat cortex, give rise to mature functional neurons that extend axonal projections to 
both hemispheres that improve neurological deficits [78, 96]. These grafted neurons, 
derived from hiPS cell-derived lt-NES cells, receive afferent connections from a 
normal pattern of different brain areas, including synaptic inputs from the thalamus, 
which are activated by sensory stimuli, demonstrating that the host brain regulates 
the activity of grafted neurons [97]. Furthermore, grafted neurons send axonal 
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projections to both hemispheres, which establish excitatory synapses with host 
cortical neurons providing the integration of efferent projections from graft to host. 
Most importantly, grafted lt-NES cells-derived cortical neurons reversed the 
sensorimotor deficits in stroke-injured rodent brains [98].  

Recently, the emergence of new technologies and advances in cell culture has led to 
the development of 3D brain organoids from hiPS cells and exploring their 
therapeutic potential to repair the damaged brain. Organoid protocols can be 
unguided, which relies on hPS cells’ self-patterning properties, or guided, where 
factors are incorporated to direct the formation of specific brain regions, like the 
cortex [99]. Transplantation of cortical organoids generated from hES cells and hiPS 
cells, into the adult visual cortex and the peri-infarct area of a stroke model, has 
shown neuronal differentiation, axonal projection, integration into the host neuronal 
circuitry and responded to stimuli 2-6 months after transplantation [100, 101]. Most 
importantly, sensorimotor impairment was reversed after transplantation [101]. 

Aside from cell replacement, transplantation of hPS cell-derived neural progenitor 
cells (NPCs) can modulate the surrounding environment through different 
mechanisms after brain injury, a phenomenon known as the bystander effect. 
Previous studies have shown that after transplantation of hiPS cell-derived neural 
cells, such as astroglia and NPCs, in the injured brain promoted oligodendrogenesis 
and remyelination [102-105]. Llorente and colleagues showed increased 
oligodendrogenesis and, therefore, promote remyelination, which enhanced motor 
recovery after transplantation of hiPS cell-derived astroglia in a model of white 
matter stroke [103]. In a demyelination and MS model (experimental autoimmune 
encephalomyelitis, EAE), transplantation of hES cell-derived NPCs reduced 
demyelination, promoted remyelination and limited neuroinflammation. None of 
the grafted cells differentiated into OLs, which suggests that NPC transplantation 
activated endogenous OPCs [105, 106]. Similarly, transplantation of mouse iPS 
cell-derived NPCs in an EAE model promoted the survival and differentiation of 
endogenous OPCs and mature OLs [104].  

Stem cell-derived oligodendrocytes for demyelinating diseases 

Generation of OLs 
OLs can be derived from both hES and hiPS cells through different techniques that 
are based on OL development. By the addition of small molecules for OL 
specification (i.e, dual SMAD inhibition combined with retinoids, sonic hedgehog 
agonist, platelet-derived growth factor receptor alpha (PDGFRa) and basic 
fibroblast growth factor (bFGF)) for OL specification, previously published 
protocols [68, 107-112] have shown OPC differentiation times of 50-100 days and 
up to 140 days for mature myelinating OLs with a low yield of O4+ cells. 
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Nonetheless, these mature OLs were able to myelinate neurons in vitro [68, 107, 
110, 111].  

Due to the time-consuming protocols based on small molecules, the use of 
programming strategies via overexpression of transcription factors involved in OL 
specification has arisen. Mainly, SOX10, OLIG2 and NKX6.2 are used depending 
on the starting cell source [113, 114]. In 2017, Ehrlich and collaborators showed 
that after 28 days of transduction of hiPS cells- NPCs with the previously mentioned 
transcription factors, 70% of the cells expressed O4 and by day 35, around 30% of 
the cells expressed the myelin basic protein (MBP). These mature OLs are able to 
ensheathe neuronal processes from iPS cell-derived neurons in vitro [113]. In line 
with this, Garcia-León and colleagues showed that the sole overexpression of 
SOX10 in hiPS cell-derived NPCs gave rise to 50% of O4 positive cells in around 
20 days and the generated OLs can remyelinate neurons from organotypic slices of 
myelin-deficient rodents. It must be highlighted that hiPS cell-derived NPCs 
expressed OLIG2 [114]. Reprogramming of fibroblasts to OLs is a feasible protocol. 
The use of the 3 previously mentioned transcription factors gave rise to 20% O4-
positive cells after 16 days [83]. Apart from the programming, most of the protocols 
use a cocktail of maturation factors such as PDGFRa and triiodothyronine (T3) [83, 
113].  

Transplantation of hPS cell-derived OLs in demyelinating disorders 
Demyelination models, such as cuprizone-induced demyelination, and MS-like 
models, such as EAE, have been used to assess the capacity of hPS cell-derived OLs 
to migrate, differentiate and myelinate denuded axons. 

After transplantation in demyelinated neonatal rodent models, such as congenitally 
hypomyelinated, OPCs generated from hPS cells with small molecules migrate, 
differentiate into mature OLs, which remyelinate the denuded axons as compact 
graft-derived myelin was observed [68, 107, 110]. On top of structural integration, 
transplantation of hiPS cell-derived OPCs improved survival and reduced mortality 
in a model of hypomyelination (shiverer mouse) [68]. hPS cell-derived O4+ cells, 
generated through overexpression of OLIG2, SOX10 and NKX2.6, dispersed 
widely in the host brain and myelinate host axons in the developing CNS after 
transplantation in the corpus callosum of shiverer newborn mice [113]. 

Neonatally transplanted hPS cell-derived OPCs have been shown to survive and 
differentiate into myelinating mature OLs. However, to consider OLs as a viable 
option for stem cell therapy, it is essential to determine whether hPS cell-derived 
OLs can efficiently remyelinate the demyelinated adult brain. In a model of focal 
demyelination by lysophosphatidylcholine, transplanted human OLs were capable 
of producing normal compact myelin sheaths within the adult demyelinated spinal 
cord [113]. Similarly, human glial progenitor cells dispersed through the host 
forebrain and differentiated into mature myelinating OLs that ensheathed denuded 
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host axons following transplantation in adult rodent models of demyelination, as 
cuprizone-induced demyelination [115]. Functionally, transplantation of hES cell-
derived OPCs has been shown to promote complete recovery of cognitive function 
as well as motor recovery in a model of radiation-induced demyelination [111]. 
Comparable improvements in hindlimb motor function have also been observed in 
spinal cord injury models after transplantation of hPS cell-derived OPCs [110].  

OPCs derived from hiPS cells have also been tested in MS-like models. In 2016, 
Thiruvalluvan and colleagues showed that after transplantation of hiPS cell-derived 
OPCs into the cortex of a non-human primate model of EAE, grafted cells migrated 
towards MS-like lesions and differentiated into mature OLs, myelinating denuded 
axons [116]. It must be highlighted that OPCs differentiated from hiPS cells had a 
higher speed and efficiency of myelination than those generated from hES cells [68].  

Understanding the environment into which cells are transplanted is crucial, as it may 
contain inhibitory cues that impair migration or differentiation. Recently, CRISPR-
edited hES cell-derived OPCs were engineered to overcome the inhibitory 
environment characteristic of MS. When transplanted into a rodent model of chronic 
MS, edited OPCs successfully migrated towards the lesions, differentiated into 
mature OLs, and contributed to the remyelination of the chronic lesions [117].  

Another valuable tool to understand the role of OLs in disease, specifically MS, is 
the accessibility to patient-derived iPS cells. hiPS cell-OLs have been successfully 
generated from MS patients with diverse clinical subtypes [107, 118-120]. While 
some studies show that MS-derived OPCs were able to mature into myelinating OLs 
and form dense compact myelin resembling normal myelin in demyelinated rodent 
brains [107, 120], others indicate that their migration capacity is impaired in vitro 
[119] and some adopt an immune-like phenotype, resulting in decreased OL 
formation and overall, failed remyelination [118].  

Few studies have investigated the effect of the transplantation of hPS cell-derived 
OPCs/OLs in ischemic stroke models. Transplantation of rodent OPCs following 
transient middle cerebral artery occlusion has been shown to enhance endogenous 
oligodendrogenesis, promote neurite outgrowth as well as synapse formation, 
preserve the BBB integrity, reduce inflammation and ameliorate neurological 
damage after ischemic stroke [121, 122].  

Clinical trials with stem cells for stroke/MS 

Clinical trials for stroke 
Up to date, most of the clinical trials performed in ischemic stroke involve the 
intravenous transplantation of autologous or allogenic mesenchymal stem cells 
(MSCs) from different sources like adipose tissue or bone marrow. These types of 
transplantations do not aim for cell replacement. Instead, the modest improvements 
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observed in patients have been attributed to the so-called bystander effect, as MSCs 
release trophic factors which lead to changes in the plasticity and modulate 
inflammation [123-126]. These trials demonstrated the safety and feasibility of 
intravenous transplantation of MSCs in stroke patients. Similarly, intracranial 
transplantation of MSCs have shown safety, feasibility and significant neurological 
improvements [127, 128].  

With the aim of cell replacement, in 2017 Zhang and collaborators transplanted fetal 
human neural stem cells (hNSCs) intracerebrally, which improved neurological 
deficits in stroke patients and, through magnetic resonance imaging, showed new 
neural tissue formation in the lesion cavity [129]. Similarly, the PISCES clinical 
trial showed that hNSCs can be safely delivered into the brain by stereotactic 
intracerebral injection and patients who had residual upper limb movement before 
treatment showed functional improvements [130]. Among the stem cell-based 
therapies explored, hNSCs hold great promise for the functional recovery of stroke 
patients. 

Even if shown to be safe, the efficacy remains inconsistent between clinical trials. 
As previously mentioned, some studies report functional improvements, while 
others didn’t reach significant differences between treatment and control groups 
[131, 132]. In some cases, results were mixed as in some measures there were no 
differences and in others there was [124].  

Clinical trials for MS 
Based on preclinical results, clinical trials for the treatment of MS have been focused 
mostly on hematopoietic stem cells (HSCs) and MSCs due to their 
immunomodulatory effects. Autologous transplantation of HSCs in most RRMS 
patients reduced the relapse rates and lesion activity. Nonetheless, there is 
variability between individuals [133, 134]. Similar outcomes were reached after 
intravenous or intrathecal transplantation of MSCs in RRMS and PMS patients with 
a reduction in relapse time, new lesions and lesion volume, as well as 
neuroprotective effects shown by decreased levels of neurofilament light chain and 
CXCL13, biomarkers for MS [135-138].  

Although these results show promise in the MS treatment, clinical trials targeting 
remyelination and replacement of the damaged OLs are needed. To date, two 
clinical trials have used human fetal NSCs (hfNSCs). Leone and collaborators 
showed that SPMS patients after intracerebral transplantation of hfNSCs maintained 
stability with no progression of the disability or worsening of lesions/biomarkers 
[139]. Preliminary results of a second clinical trial using hfNPCs showed their safety 
and feasibility after transplantation in the spinal cord of PMS patients. It also 
exhibited less brain atrophy and increased anti-inflammatory and neuroprotective 
molecules in cerebrospinal fluid [140]. These results show great promise in the 
therapeutic use of hPS cell-derived NSCs for the treatment of MS.  
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Bridge between preclinical and clinical studies 
An important consideration in the clinical translation of stem cell-based therapies is 
whether these cells can survive and, most importantly, integrate into the adult human 
brain circuitries. Clinical trials are based on results from preclinical studies carried 
out in immunodeficient animal models (xenotransplantation), which misses the 
interaction between human cells and can be a reason why many clinical trials fail 
[141, 142]. Although rodent and human brains have similarities, differences in gene 
expression, synaptic composition and plasticity, as well as connectivity architecture 
influence how grafted neurons form connections and organize into functional 
networks, contributing to the translational gap [143-145]. In preclinical studies, 
usually younger and healthier animal models do not capture the complexity of the 
disorder, which typically affects older individuals with comorbidities. This creates 
a mismatch between preclinical findings and clinical settings [146]. 

With the aim to bridge preclinical studies and clinical trials, the use of human brain 
organotypic slices obtained from neurosurgical resections is a relevant ex vivo 3D 
model to assess the functional and morphological integration of human stem cell-
based therapies into a human neuronal network. This ex vivo system preserves the 
synaptic connectivity, 3D cytoarchitecture, spatial distribution, as well as the 
microenvironment [147-150]. In most cases, human organotypic cultured slices 
from the hippocampus are used [151, 152]. However, in diseases such as stroke or 
MS, where the cerebral cortex is affected, there is a clear need for a human 3D 
cortical platform to evaluate the therapeutic potential of different treatments. Human 
adult cortical (hACtx) organotypic slices have previously been used in the literature 
for disease modelling [149, 153, 154]. In the context of cell replacement, 
transplantation of hES-iNs into hACtx tissue led to the differentiation into mature 
cortical neurons that integrated into the host neuronal circuitry [92]. Similarly, hPS 
cell-derived lt-NES cells become functional, mature, layer-specific cortical neurons 
that stablish both efferent and afferent connections with the host human neurons 
after grafting [79]. These findings support the feasibility of using this ex vivo model 
for stem cell-derived cortical neuron transplantation.  
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Aims 

The main aim of the thesis was to test different potential stem cell-based therapies 
for acute and chronic neurodegenerative disorders and their capacity for integration 
into rodent and human neuronal circuitries.  

Specific objectives 
I. Structural and functional characterization of hACtx tissue organotypic

cultures as a candidate for ex vivo validation of stem cell-based therapies
(Paper I).

II. Assess the generation of OLs from hiPS cell-derived lt-NES cells following
cortical priming and their role in axonal remyelination after intracortical
transplantation in a rat model of ischemic stroke and into healthy human
adult 3D organotypic cultures (Paper II).

III. Characterize neurons generated from ES cells prior to transplantation and
study their maturation and integration into the stroke-injured rodent cerebral
cortex after grafting (Paper III).

IV. Develop a rapid and efficient protocol for the generation of myelinating
OLs and evaluate their ability to myelinate human adult neuronal axons
(Paper IV).
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Key experimental methods  

This section provides an overview of the main methods used in this thesis. For 
additional details and description of all the methodology used, please refer to the 
Materials and Methods of the relevant papers (see Appendix).  

Cells and Tissue Cultures 

hES cells culture and expansion 
In Paper III, hES cells H1 (WAO1) from WiCell Research Institute (WiCell, WI) 
were used. hES cells were cultured in feeder-free conditions on Matrigel-coated 
(Corning) 6-well plates using mTeSR 1 medium (STEMCELL Technologies, UK) 
that was changed every day. After reaching 80% confluence, cells were dissociated 
with Accutase (Thermo Fisher Scientific) and re-plated on plates in mTeSR1 
medium supplemented with ROCK Inhibitor (10 μM, Y27632, Selleckchem) to 
enhance cell survival for the first 24 hours. 

Differentiation of hES cells into induced neurons (hES-iNs) 
To start programming, on day -2 H1 cells were passaged using Accutase and 5x105 
cells were replated on Matrigel-coated 6-well plates in mTeSR1 media with ROCK 
inhibitor. 24 hours after seeding, the medium was replaced with fresh mTeSR1 and 
hES cells were transduced with TetO-Ngn2-T2A-Puro and FUW-M2rtTA (teT-
controlled transactivator #20342, Addgene) lentiviruses (MOI 2). One day after 
transduction (day 0), mTeSR1 media was replaced with an induction medium 
(Dulbecco's modified Eagle medium/F12 [DMEM/F12] supplemented with N2 
(1:100, Gibco) and B27 (1:50, Gibco), where doxycycline (dox) (2.5 μg/mL, Sigma-
Aldrich) was added on day 0 and kept until the end of the experiment to 
continuously induce NGN2 expression. From days 1 to 7, puromycin (Puro, 1.25 
μg/mL, Thermo Fisher Scientific) selection was applied. Cells were collected on 
day 6 for RT-qPCR and on day 7 for transplantation. Cells subjected to 
immunostainings or electrophysiological recordings were transferred to coverslips 
on day 6 and analyzed 24 hours later (Figure 3). 
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Figure 3. Timeline for the generation of induced neurons from hES cells 
Schematic ilustrating the timeline of the protocol used for the generation of hES-iNs by the 
overexpression of Ngn2 using the doxycycline-inducible Tet-On system. D, day; DOX, doxycycline; 
PURO, puromycin. Figure made with BioRender. 

Derivation of human iPS cell-derived lt-NES cells 
Human dermal fibroblasts from healthy adult donors were subjected to Sendai virus 
transduction with the reprogramming factors Oct4, Sox2, KLF4, and c-MYC 
(CytoTune iPS 2.0 Sendai Reprogramming kit, Invitrogen). Colonies were picked 
to establish iPS cell lines using mTeSR medium. For neural induction, iPS cells 
were split and colonies were gently resuspended in embryoid body (EB) medium 
(DMEM/F12, 10% Knockout serum replacement, 2-Mercaptoethanol [1:1000], 
nonessential amino acids [NMEAA] [1:100], Glutamine [1:100]) with ROCK 
Inhibitor (1:1000), 3 μM Dorsomorphin (Sigma-Aldrich) and 10 μM SB431542 
(Sigma-Aldrich). On day 5, EBs were collected and plated on poly-L-ornithine/ 
laminin-coated plates in an EB medium with 3 μM Dorsomorphin and 10 μM 
SB431542. On day 6, the media was changed to N2 medium (DMEM-F12 [without 
Hepes + Glutamine], N2 [1:100], Glucose [1.6 g/L]) supplemented with 1 μM 
Dorsomorphin and 10 ng/mL bFGF. Neural rosettes were carefully picked, six days 
later, and grown in suspension in an N2 medium with 20 ng/mL bFGF. On day 14, 
neural rosette spheroids were collected, and the small clumps obtained were grown 
in adhesion on poly-L-ornithine/laminin-coated dishes in the presence of 10 ng/mL 
bFGF, 10 ng/mL epidermal growth factor (EGF) (both from Peprotech) and B27 
(1:1000).  

The lt-NES cell lines were routinely cultured and expanded on 0.1 mg/mL poly-L-
ornithine and 10 mg/mL laminin (Merk and Thermo Fisher Scientific, respectively)-
coated plates into the same media supplemented with bFGF, EGF, and B27 and 
dissociated every second to the third day, when over 100% confluence is reached. 
Trypsin-EDTA (Sigma) at a concentration of 0.025% is used for dissociation, 
trypsin inhibitor (0.5 mg/mL; Thermo Fisher Scientific) to stop the enzymatic 
reaction and cells are resuspended in N2 medium supplemented with growth factors 
and B27.  
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Cortical priming of human lt-NES cells to cortical neurons and OLs 
Differentiation of lt-NES cells to OLs and neurons with a cortical phenotype was 
performed as described previously [78, 79].  

In brief, growth factors (EGF, bFGF) and B27 were omitted from the culture media 
and lt-NES cells were cultured at low density in a differentiation-defined medium 
containing DMEM/F12 with glutamine (Gibco) supplemented with N2 (1:100), 
NMEAA (0.1mM, Gibco), sodium pyruvate (1mM, Gibco), bovine serum albumin 
(BSA, 500mg/ml, Gibco) and 2-mercaptoethanol (0.1mM), in the presence of bone 
morphogenetic protein 4 (BMP4, 10 ng/mL, R&D Systems), wingless-type MMTV 
integration site family, member 3A (Wnt3A, 10 ng/mL, R&D Systems), and 
cyclopamine (Cy, 1 μM, Calbiochem) for 7 days. On day 7, neural progenitors were 
then dissociated using trypsin and plated on poly-L-ornithine/laminin-coated glass 
coverslips in a 1:1 proportion of N2 medium/Brain Phys Medium (STEMCELL 
Technologies) supplemented with B27 without retinoic acid (RA) (1:50, Gibco). 
Media was changed every 4 days to BrainPhys Medium supplemented with B27(-
RA) until day 21 of differentiation (Figure 4). 

 

Figure 4. Differentiation of human lt-NES cells via cortical priming protocol  
Schematic ilustrating the timeline protocol used for the generation of cortical neurons and OLs from lt-
NES cells via cortical priming protocll. D, day; BMP4, bone morphogeneitc protein 4; Wnt3a, wingless-
type MMTV integration site family member 3A; Cy, cyclopamine. Figure made with BioRender. 

Human lt-NES cells programming into induced OLs (hiOLs) 
Lt-NES cells were passaged on day -3 using trypsin and cells were replated on a 
poly-L-ornithine/laminin T25 flask in N2 medium supplemented with bFGF, EGF 
and B27. 24 hours later (day -2), media was supplemented with growth factors and 
B27. On day -1, lt-NES cells were transduced with three lentiviral vectors: teT-ON-
Sox10-Puro, teT-ON-Olig2-Hygro and FUW-M2rtTA, on fresh N2 media 
supplemented with growth factors and B27. The expression of both transcription 
factors, SOX10 and OLIG2, was initiated at day 0 by administration of 2.5 µg/mL 
dox and kept until day 10. On day 1, N2 medium was replaced with glial 
differentiation medium (GM) composed of DMEM-F12, N2 supplement (1:200), 
B27(-RA) (1:100) and 1% Glutamax. Antibiotic selection was carried out on days 
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1 and 3 for puromycin (0.25 µg/mL), and from days 1 to 5 for hygromycin (hygro, 
0.2 mg/mL, Thermo Fisher Scientific). In addition, for the optimization of the 
protocol, in some culture conditions the media was supplemented with smoothened 
agonist (SAG) (1 µM, Selleckchem), ascorbic acid (AA) (200 µM, Sigma) , insulin-
like growth factor 1 (IGF-1) (10 ng/mL, Peprotech), neurotrophin-3 (NT3) (10 
ng/mL, Peprotech), PDGF (10 ng/mL, Peprotech) and triiodothyronine (T3) (20 
ng/mL, Sigma-Aldrich). On day 7, cells were detached for characterization and 
destined to either flow cytometry analysis, co-cultures with induced neurons, or 
further differentiation until day 10 using immunocytochemistry (Figure 5). 

Figure 5. Outline for the generation of a pure population of OLs from human lt-NES cells 
Schematic ilustrating the timeline of the protocol used for the generation of hiOLS from lt-NES cells by 
the overexpression of two transgenes Olig2 and Sox10 using the doxycycline-inducible Tet-On system. 
D, day; DOX, doxycycline; PURO, puromycin; HYGRO, hygromycin. Figure made with BioRender.  

Co-culture of iNs with hiOLs 
The generation of mature excitatory neurons from hES cells and human lt-NES cells 
was performed as previously described in the section “Differentiation of hES cells 
into induced neurons”. Human inhibitory neurons were generated from ES cells 
with a cocktail of factors [155]. For the establishment of neuron-OL co-cultures, 
hiOLs programmed for 7 days were plated on top of coverslips containing either 
excitatory or inhibitory mature neurons (ratio 10.000 OLs/100.000 neurons) in the 
presence of induction media (DMEM/F12 with N2 and B27). Dox was daily added 
to the media until day 9 and every other day from day 9 to day 14. Co-cultures were 
either fixed after 7 days (14 days of programming for both cell types) for 
characterization via immunocytochemistry or subjected to live cell imaging from 12 
to 14 days for posterior recording analysis and then fixed at day 14 of co-culture 
(day 21 of programming). 

Human adult cortical (hACtx) tissue 
Healthy human neocortical tissue was obtained with informed consent by resection 
of a big piece of the middle temporal gyrus from patients undergoing elective 
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surgery for temporal lobe epilepsy (n = 3, for Paper II; n=1 for Paper IV) according 
to guidelines approved by the Regional Ethical Committee, Lund (Dnr. 2021-
07006-01).  

The surgically resected tissue was instantly kept in ice-cold modified human 
artificial cerebrospinal fluid (mhACSF) and quickly assessed for the best cutting 
orientation and glued to the slicing stage within the chamber of the Vibratome 
(Leica VT1200S) filled with ice-cold mhACSF continuously bubbled with 95% O2 
and 5% CO2. Slices were cut at 300 μm thickness, 0.05 mm/s speed and 1.7mm 
amplitude, after which they were transferred to cold rinsing media containing 
HBSS, HEPES (4,76 g/L), Glucose (2 mg/mL, Sigma) and Penicillin/Streptomicin 
(500 U/mL). Slices were fixed with 4% paraformaldehyde (PFA) for acute 
characterization of the tissue (Paper II, III) or transferred to cell culture inserts 
containing Alvetex scaffold membranes (Reinnervate) (Paper II) or Millicell 
membranes (PICM0RG50, Millipore) (Paper IV) in 6 well plates filled with hACtx 
media (Brain Phys medium [without phenol red] supplemented with B27 [1:50], 
glutamax [1:200, Gibco] and gentamycin [50 mg/mL, Gibco], 
Antibiotic/Antimycotic [100x, Gibco], BDNF [50 ng/mL, Peprotech] and NT3 [50 
ng/mL, Peprotech]), and incubated in 5% CO2 at +37ºC. The media was changed 
once a week for Alvetex membranes and every second day for the Millicell.  

Transplantation into hACtx organotypic slices 
Human organotypic cortical slices were maintained in culture for 4 or 7 days before 
transplantation of GFP+ hiOLs (Paper IV) or GFP+ lt-NES cells (Papers I, II), 
respectively, was performed. Briefly, both types of cells were detached at day 7 of 
differentiation and resuspended to a concentration of 100.00 cells/µL in pure cold 
Matrigel. After part of the medium was removed from the top of the insert, the cell 
suspension was collected into a cold glass capillary and injected as small drops, 
stabbing the semi-dry slice at various sites. After Matrigel was solidified, additional 
medium was carefully added to immerse the tissue. Media was changed once a week 
(Paper I,II) or every other day (Paper IV). Dox was added until day 14 of 
programming (1 week after transplantation) for Paper IV. Tissue was fixed 4 weeks 
post-transplantation for graft characterization via immuno-histochemistry and 
immuno-electron microscopy (iEM). 

Non-transplanted slices maintained for 2-4 weeks in culture were used for 
characterization by immunohistochemistry and electrophysiological recordings of 
the neural populations in cultured tissue.  
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Viral vectors 
Different lentiviral vectors were used in the experiments described in Papers II-IV 
(Figure 6). The lentiviral constructs integrate into the cell genome, allowing stable 
gene expression and inheritance through cell division. The Tet-On inducible system 
was used to deliver specific transcription factors. In Paper III, Ngn2 was introduced 
into hES cells, while in Paper IV, Olig2 and Sox10, along with GFP, were 
introduced into lt-NES cells.  

The lt-NES cell-derived progenitors used for transplantation onto ex vivo human 
tissue in Papers I, II, IV were transduced with a lentiviral vector carrying GFP 
either under a constitutive promoter (pKG-GFP) or a TetOn promoter.  

 

Figure 6. Lentiviral particles used in this thesis 
Construct maps of the lentivirus constituting the Tet-On system: FUW-M2rtTA (Addgene #20342), TetO-
GFP, TetO-Olig2-Hygromycin, TetO-Sox10-Puro and TetO-Ngn2-T2A-Puro; as well a lentiviral particle 
with a constitutive promoter pKG-GFP-Puro.  

Live cell analysis 

Live cell imaging of hiOLs and iNs co-culture 
The GFP+hiOLs and lt-NES-iNs were transferred to the incubation chamber of a 
Zeiss LSM780 laser scanning confocal microscope. The cultures were maintained 
and imaged for 2 days at +32ºC in 5% CO2, with fresh medium added daily. 
Fluorescence and brightfield time-lapse images were acquired every 30 min using a 
20X dry (air) objective. Time-lapse single-plane images were collected to monitor 
the samples over time. The 488 nm argon laser was used to detect GFP expression 
in GFP+ cells, with the signal collected using a Gallium Arsenide Phosphide 
(GaAsP) detector. The same 488 nm argon laser was employed for brightfield 
imaging of non-labeled neuronal cells, with the transmitted light captured using a 
Transmitted Photomultiplier Tube (T-PMT). Differential Interference Contrast 
(DIC) imaging was utilized to enhance the contrast of the transmitted light images, 
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facilitating detailed visualization of the sample's structural features. The Zeiss 
LSM780 was operated using Zen Black software version 2012. Time-lapse videos 
and individual frames extracted from these videos, where GFP+ hiOLs had migrated 
towards neuronal cells and overlapped with their axonal structures, were analyzed. 
Particular attention was paid to detecting the overlap of the GFP signal with axonal 
structures, as this phenomenon strongly indicates interactions between OLs and 
neurons and possibly early myelination events. 

Electrophysiology in vitro 
Electrophysiological recordings were done with HEKA double patch clamp EPC10 
amplifier (HEKA Elektronik, Lambrecht, Germany) and sampled at 10 kHz, using 
PatchMaster for data acquisition. For whole-cell patch-clamp recordings, coverslips 
were transferred to the recording chamber and constantly perfused with carbonated 
artificial cerebrospinal fluid (aCSF) containing (in mM): 119 NaCl, 2.5 KCl, 1.3 
MgSO4, 2.5 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, and 11 glucose (pH ~7.4, 
osmolarity ~305 mOsm). Patch pipette was filled with an internal solution 
containing (in mM): Kgluconate 122.5, KCl 17.5, NaCl 8, KOH-HEPES 10, KOH-
EGTA 0.2, MgATP 2, and Na3GTP 0.3 (pH ~7.2, 295 mOsm). The average pipette 
tip resistance was ~4-5 MW, and recordings were done at +32ºC. Pipette current 
was corrected online before gigaseal formation. In contrast, fast capacitive currents 
were compensated for during the cell-attached configuration.  

Resting membrane potential (RMP) was measured in current clamp mode at 0 pA 
immediately after establishing the whole-cell configuration. Input resistance (Ri) 
was calculated from a 5 mV pulse and monitored throughout the experiment. The 
ability to generate an action potential (AP) was determined by 500 ms square 
depolarizing current step injections at RMP, with 10 pA increments and ramp 
injection of 1 s depolarizing current, which was also used to determine the action 
potential threshold. AP amplitude was measured from threshold to peak, the half AP 
amplitude width was defined as the time between the rising and decaying phase of 
the AP measured at half the amplitude of the AP, and the afterhyperpolarization 
(AHP) amplitude was determined as the difference between the AHP peak and the 
AP threshold. Whole-cell sodium and potassium currents were observed in voltage-
clamp mode at a holding potential of −70 mV, and 200 ms voltage steps were 
delivered in 10 mV increments. 

Flow Cytometry Analysis 
For Papers II, IV, lt-NES cells or hiOLs cultures were harvested on day 7 and 
washed before antibody incubation. Anti-O4 APC-conjugated antibody (Miltenyi, 
no. 130-119-155) was diluted 1:200 in FACS buffer (PBS + 2% fetal bovine serum 
+ 2 nM ethylenediaminetetraacetic acid). Cells were incubated for 45 min at +4ºC
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in darkness and washed with FACS buffer by centrifugation. Finally, cell pellets 
were incubated with viability marker propidium iodide (PI, Life Technologies), 
diluted 1:1000 in FACS buffer for at least 5 min before acquisition. The flow 
cytometry analysis was performed on a LSR II flow cytometer (Becton Dickinson) 
or BD LSR Fortessa flow cytometer. The data was analyzed using BD FACSDiva 
9.0 software (BD Biosciences) and FlowJo v.10.8 Software (BD Life Sciences). As 
for the gating strategy, viable single cells were selected from the total events by size, 
complexity, and PI negativity. 

Ex vivo electrophysiology 
For whole-cell patch-clamp recordings, hACtx organotypic slices were transferred 
to a recording chamber and were constantly perfused with carbogenated human 
artificial cerebrospinal fluid (hACSF, in mM: 129 NaCl, 21 NaHCO3, 10 glucose, 
3 KCl, 1.25 NaH2PO4, 2 MgSO4 and 1.6 CaCl2, pH ~7.4) during the recordings. 
Recordings were performed with a HEKA EPC10 amplifier using PatchMaster 
software for data acquisition. The internal pipette solution contained (in mM): 122.5 
K-gluconate, 12.5 KCl, 10 HEPES, 2.0 Na2ATP, 0.3 Na2-GTP, and 8.0 NaCl. 
Biocytin (1-3 mg/mL, Biotium) was dissolved in the pipette solution for post-hoc 
identification of recorded cells.  

To study the ability to generate AP and its characteristics, either a current ramp of 
0-300 pA, or 10 pA current steps were applied at RMP in the current clamp 
configuration. In voltage clamp mode, sodium and potassium currents were evoked 
by a series of 10 mV steps ranging from -70 mV to +40 mV. RMP was measured in 
current clamp mode immediately after establishing the whole-cell configuration. Ri 
was calculated from a 10 mV pulse and monitored throughout the experiment. Data 
were analyzed offline with FitMaster and IgorPro software.  

Animals and surgical procedures 
Animals were housed in individually ventilated cages under standard temperature 
and humidity conditions and a 12-hour light/dark cycle with free access to food and 
water. All procedures were conducted in accordance with European Union Directive 
2010/ 63/EU and approved by the ethical committee for the use of laboratory 
animals at Lund University and the Swedish Department of Agriculture (Dnr. 
5.8.18-07222/2021 M68-16). Details on experimental animals from each paper are 
detailed in Table 1. Information on the number of animals and experimental groups 
is in the papers.  

 

50



 51 

 

Table 1. Summary of practicalities regarding experimental animals.  
Information on the specie, strain, age of surgery, gender , number of animals used and company.  

Paper Specie Strain Age Sex  N Company 

II Rat NIH-Foxn1 RNU 8 weeks Male 18 Charles River 

III Rat NIH-Foxn1 RNU 8 weeks Male 12 Charles River 

Focal cortical ischemic injury was induced in the somatosensory cortex by distal 
middle cerebral artery occlusion (dMCAO), as described previously [80, 156] with 
some modifications. Animals were anesthetized with isoflurane (3.0% induction; 
1.5% maintenance) mixed with air, exposing the temporal bone. A craniotomy of 3 
mm was made, the dura mater was carefully opened, and the cortical branch of the 
middle cerebral artery was ligated permanently by suture, cauterized, and cut. Both 
common carotid arteries were isolated and ligated for 30 min. After releasing the 
common carotid arteries, surgical wounds were closed, and rats were injected with 
1.5 mL Ringer’s solution.  

Stroke analysis was carried out by magnetic resonance imaging (MRI) 24 hours 
after experimental ischemia using the Biospec Avance III, 9.4T (BrukerBioSciences 
Corporation, Ettlingen, Germany). Animals with no ischemic lesion are excluded 
from the studies.  

Intracortical transplantation of GFP+lt-NES cell-derived progenitors and hES-iNs 
was performed stereotactically 48 h after dMCAO as described previously [78, 98].  
Briefly, on the day of surgery, cortically primed lt-NES cells on their third day of 
differentiation (Paper I, II) or programmed hES-iNs on day 7 (Paper III) were 
resuspended to a final concentration of 100.000 cells/µL in cytocon buffer. A 
volume of 1 μl was injected in two sites for Paper I, II at the following coordinates 
(from bregma and brain surface): anterior/posterior: +1.5 mm; medial/lateral: +1.5 
mm; dorsal/ventral: −2.0 mm; and anterior/posterior: +0.5 mm; medial/lateral: +1.5 
mm; dorsal/ventral: −2.5 mm. On Paper III, 1 µL was injected in three sites at the 
following coordinates: anterior/posterior: +1.5 mm; medial/lateral: +2.0 mm; 
dorsal/ventral: −2.0 mm; and anterior/posterior: +0.5 mm; medial/lateral: +1.5 mm; 
dorsal/ventral: −2.0 mm and anterior/posterior: +0.5 mm; medial/lateral: +2.5 mm; 
dorsal/ventral: −2.5 mm. 

Cells and tissue fixation 
All different cell cultures for immunocytochemistry and electrophysiology were 
plated on glass coverslips of a 24-well plate. On the day of fixation, cells were 
washed with PBS +/+, then fixed with 4% PFA (Sigma) for 10-20 mins at room 
temperature and finally washed 3 times with potassium phosphate buffered saline 
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(KPBS). In contrast, for electron microscopy (EM), coverslips were fixed with 2% 
formaldehyde (FA) and 0.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4).  

Regarding animals, for histology, rats were sacrificed by intraperitoneal injection of 
sodium pentobarbital. Following the loss of reflexes, animals are transcardially 
perfused with 0.1 M PBS and then with ice-cold 4% PFA. After perfusion, brains 
were extracted and post-fixed for 24 hours with PFA at +4ºC. Then, the brains are 
transferred to 20% sucrose for at least 24 hours at +4ºC, until the brains sink. Brains 
were cut on a microtome into 30 µm-thick coronal sections and stored in glycerol-
based antifreeze solution at -20ºC until use. For iDISCO, animals were perfused 
with 2% PFA and brains were post-fixed for one hour, then kept in PBS at +4ºC 
shortly before the protocol started. iEM, rats were transcardially perfused with 0.1 
M PBS followed by ice-cold 2% FA, containing 0.2% glutaraldehyde, in 0.1 M PBS, 
pH 7.4. Brains were removed, post-fixed for 1 h and washed in 0.1 M PBS.  

Human organotypic cultured slices, on the day of fixation, were removed carefully 
from inserts by submersion of the slice in PBS +/+ and transferred to a 24-well plate 
for fixation with 4% PFA for at least 4 hours at +4ºC. Finally washed 3 times with 
KPBS until use. For ex vivo iEM, tissue was fixed with 2% PFA + 0.2% 
glutaraldehyde, in 0.1 M PBS for 1 hour. 

Stainings 

Immunocytochemistry 
Cells were permeabilized with 0.025% Triton X-100 in 0.1 M KPBS and blocked 
with 5% of normal donkey serum (NDS) (Merk Millipore) for 45 min at room 
temperature. Afterwards, primary antibodies diluted in blocking solution were 
applied overnight at +4ºC, followed by 3 rinses with KPBS. Fluorophore-conjugated 
secondary antibodies (1:500, Jackson Laboratories) diluted in blocking solution 
were applied for 2 h at room temperature. Subsequently, cells were rinsed 3 times 
with KPBS and nuclei were stained for 10 mins with Hoechst (Molecular Probes or 
Jackson Laboratories) or 4′,6-diamidino-2-phenylindole (DAPI) diluted 1:1000 in 
KPBS at room temperature. Stained glass coverslips were mounted on slides with 
Dabco (Merk) mounting media. The list of primary antibodies can be found in Table 
2. 

For the stainings requiring antigen retrieval, before permeabilization, it is 
recommended to stain the nuclei, after which an incubation with sodium citrate, pH 
6.0, Tween 0.05% at +65ºC was done for 30 min, followed by 3 washes with KPBS.  
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Immunohistochemistry 
Stored rat brain sections were rinsed 3 times with KPBS and incubated in a blocking 
solution for 1 h (0.25 Triton X-100 in 0.1 M KPBS [TKPBS] with 10% NDS). The 
rest of the procedure follows that outlined above for cell cultures.  

For staining of hACtx organotypic cultured or acute slices, tissue was incubated 
overnight at + 4ºC in permeabilization solution (0.02% BSA, 1% Triton X in PBS). 
Next, slices were incubated overnight at +4ºC in blocking solution (KPBS, 0.2% 
Triton X-100, 1% BSA, Sodium azide [NaN3] [1:10000] and 10% NDS). Primary 
antibodies were diluted in blocking solution and incubated for 48 h at +4ºC. 
Secondary antibodies, also diluted in blocking solution, were applied for 48 h at 
+4ºC. Slices were washed 3 times with KPBS and incubated in Hoechst/DAPI for 2 
h at room temperature. Finally, mounted with Dabco mounting media after rinsing 
with deionized water.  

Some stainings required antigen retrieval before the permeabilization step. Rat 
sections, or human organotypic cultures were incubated with sodium citrate pH 6.0, 
Tween 0.05%, for 30 min (for sections) or 2 h (for organotypic cultures) at +65 ºC. 

Imaging and quantifications 
Overview images of rat brain slices for different markers were taken using a Virtual 
Slide Scanning System (VS-120-S6-W, Olympus, Germany). Fluorescent staining 
images were acquired using a confocal microscope (LSM 780, Zeiss, Germany). 

In vitro quantifications were performed through 10 µm thick Z-stack images, which 
were taken with a 20x objective. A total of 10 images separated 1000 µm were taken 
per coverslip and/or condition. Maximum intensity projection images were analyzed 
using ImageJ software. The percentage of positive cells for the different markers 
was quantified as follows: marker+cells / total DAPI+ cells. Cell counting was 
performed independently by three blinded researchers, with the final result 
representing the average value.  

For the morphological analysis of the hiOLs (Paper IV), a classification was 
established based on morphological complexity according to the number of 
processes using the cytoplasmic staining O4: unbranched cells were classified as 
"non-ramified”; cells with less than 5 ramifications were termed “mid-ramified” 
and, cells with more than 5 ramifications were classified as “highly ramified”. 

The volume of infarction was measured in sections stained with a mature neuronal 
marker (NeuN). The intact area was determined by cells in both the ipsilateral and 
contralateral hemispheres, marked out, and measured using ImageJ software. The 
infarcted area was determined by subtracting the non-lesioned (NeuN-stained) area 
in the damaged hemisphere from the corresponding location in the contralateral 
hemisphere. The lesion volume was calculated by multiplying the infarcted area by 
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the thickness and spacing between sections (300 μm). The graft area was determined 
using sections stained with STEM101. The immature and mature regions within the 
graft were determined by outlining areas positive for DCX and NeuN, respectively. 

On Paper II, CNPase and OLIG2 quantification in the core of the transplant in rat 
slices was performed in 10 mm thick 40x images and positive cells were counted by 
sampling different areas ((CNPase+-STEM101+)/total STEM101+ and (OLIG2+-
STEM101+)/total STEM101+).  

Quantification of OLIG2+ cells in the corpus callosum in rat slices was performed 
in 20x confocal images (10 μm thick z stack). For analysis of myelination, confocal 
images (5 μm thick z stack) were taken in the corpus callosum (40x), peri-infarct 
area (20x), and striatum (20x). For analysis of the dorsal lateral striatum, starting 
700 μm lateral to the dorsal part of the lateral ventricle, two 20x images (x = 700 
and 1,400 μm) were taken. To measure the thickness of the corpus callosum, 
confocal images were taken with a 20x Zoom 0.6. All quantifications were 
performed on maximum-intensity projection images using ImageJ software by 
blinded researchers.  

In Paper III, co-expression was assessed via confocal microscopy by observing the 
overlap of the two chosen markers within the same plane and area. Co-expression 
of layer-specific cortical markers (BRN2, CTIP2) with the human nuclear marker 
(STEM101) was performed using 63x confocal images.  

Evaluation of areas reached by hES-iNs-derived fibers was performed using a 
Virtual Slide Scanning System (VS-120-S6-W, Olympus, Germany). Fiber density 
was assessed semi-quantitatively in 10-μm thick maximum intensity projection 
confocal images captured with a 63x objective. Three to five images were analyzed 
for each area.  

Quantification of GFP+ OLIG2+ cells in the human organotypic slices was carried 
out using 20x confocal images in areas where transplantation was observed, and the 
number of double-positive cells was counted through a z-stack by sampling different 
single planes.  

iDISCO 
iDISCO tissue clearing was performed according to Renier and collaborators with 
some modifications (details in Paper III)[157].  Primary antibodies mouse anti-
STEM101 and mouse anti-STEM121, were added to identify human nucleus and 
processes, followed by incubation with the secondary antibody donkey anti-mouse 
Cy5. Clearing was performed using dibenzyl ether prior to sample imaging. Tissue-
cleared samples were imaged in a sagittal orientation using a sCMOS-5.5-CL3 
camera equipped light sheet microscope (Ultramicroscope II, LaVision Biotec, 
Germany) with a 2×/0.5 objective lens (MVPLAPO 2×) with a 6-mm working 
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distance dipping cap. All imaging used the Imspector-Pro219 software and scanned 
continuously with a step size of 10 μm at 3.2× magnification (7988 × 9472 pixels). 
Post-imaging visualization utilized the Arivis Vision 4D v.2.12.3 software.  

Table 2.  List of primary antibodies used for immunofluorescence.  
Antigen Host in vitro in vivo ex vivo Notes Company Catalog No 

AiF1 (Iba1) Goat - - 1:100  Bio-rad AHP2024 

BIII-Tubulin Mouse 1:500 - -  Sigma T8660 
BRN2 Goat 1:400 1:400 - AR Santa Cruz  SC-629 

CC1 Mouse 1:200 1:200 1:200 AR Abcam ab16794 

CNPase Rabbit - 1:500 1:500  Abcam ab227218 

CTIP2 Rabbit 1:100 1:200 - AR Merck  HPA049117 

DCX Goat 1:400 1:400 -  Santa Cruz  SC-8060 
GFP Chicken  1:1000 1:1000 1:1000  Millipore AB18901 

KGA Rabbit 1:1000 - -  Abcam ab9343 

Ki67 Rabbit 1:500 1:250 -  Abcam ab16667 
MAP2 Chicken 1:1000 1:1000 1:1000  Abcam ab5392 
MBP Mouse 1:1000 1:500 1:1000 AR Biolegend 808401 

NANOG Rabbit 1:150 - -  Abcam ab21624 

NeuN Rabbit 1:500 1:500 1:1000  Abcam ab104225 

NeuroFilament Chicken 1:1000 - -  Abcam ab4680 

Neurofilament 
Axonal Pan Mouse 1:5000 - -  Biolegend 

SMI-312-
R/837904 

Neurofilament 
Neuronal Pan Mouse 1:1000 - -  Biolegend 

SMI-311-
R/837801 

NG2 Rabbit - 1:100 -  Millipore AB5320 

O4 Mouse 1:200 - - IgM R&D MAB1326 

OLIG2 Rabbit 1:500 1:500 1:500 AR Abcam ab109186 

PLP Rabbit 1:200 - -  abcam ab105784 
SATB2 Mouse 1:100 - - AR Abcam ab51502 
SATB2 Rabbit - 1:200 - AR Abcam ab34735 

SOX10 Goat 1:200 - 1:500 AR Santa Cruz SC-17343 

SOX2 Rabbit 1:200 1:200 -  Millipore Ab5603 

STEM101 Mouse - 1:500 -  Takara AB-101 
STEM121 Mouse - 1:500 -  Takara AB-121 
STEM123 Mouse - 1:2000 1:2000  Takara AB-123 

TBR1 Rabbit - 1:300 -  Gifted  

Tmem119 Rabbit - - 1:200  Abcam ab18533 
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Electron microscopy (EM) 
For in vitro EM, lt-NES cell cultures (n = 8 wells) were frozen and cut into ultrathin 
sections with a diamond knife. Ultrathin sections were examined and photographed 
using a transmission electron microscope FEI Tecnai Bio-Twin 120 kv.  

ImmunoEM (iEM) 
For iEM in rat tissue, frontal 100 μm sections of the whole brain were cut on a 
Vibratome VT1000A (Leica, Germany). In Paper II, the sections were 
cryoprotected, freeze-thawed in liquid nitrogen, and incubated overnight in primary 
goat anti-GFP antibody (1:500, Novus Biologicals) at +4ºC. The tissue was then 
incubated at room temperature for 2 h with biotinylated rabbit anti-goat secondary 
antibody (1:200, DakoCytomation), and avidin-biotin-peroxidase complex (ABC) 
(Vector Laboratories), followed by 3,3′- diaminobenzidine tetrachloride (DAB) and 
0.015% hydrogen peroxide. Following the DAB reaction, sections were processed 
for iEM.  

DAB-immunostained sections of rat brain tissue and human organotypic cultures 
were postfixed in 1% osmium tetroxide in 0.1 M PBS, dehydrated in a graded series 
of ethanol and propylene oxide, and flat-embedded in Epon. Ultrathin sections were 
cut with a diamond knife. For post-embedding immunogold labeling of GFP or 
STEM121, ultrathin sections were incubated overnight in primary goat anti-GFP 
antibody (1:500, Novus Biologicals) or mouse anti-STEM121 antibody (1:500, 
Takara Bio Europe) at +4ºC. A secondary antibody (donkey anti-rabbit IgG 
conjugated to 12 nm colloidal gold; Jackson Laboratories) or (goat anti-mouse IgG 
conjugated to 15 nm colloidal gold, EMS) diluted 1:20 in 0.1% BSA in PBS was 
added for 1.5 h, then washed with PBS. Sections were then fixed with 2% 
glutaraldehyde, then washed with PBS, followed by dH2O. Sections were stained 
with uranyl acetate and lead citrate. Ultrathin sections were examined and 
photographed using a transmission electron microscope JEM-100CX (JEOL, 
Japan).  

In Paper IV, for pre-embedding immunogold labeling, human adult cortical tissue 
samples were blocked and permeabilized in PBS containing 2% NDS and 0.05% 
Triton X-100 for 30 min. They were then incubated overnight at +4°C with a 
primary goat anti-GFP antibody (1:150, Abcam) diluted in PBS with 2% NDS and 
0.05% Triton X-100, followed by PBS washes. A secondary Nanogold®-Fab' rabbit 
anti-goat antibody (1.4 nm gold-conjugated, 1:200, Nanoprobes) was applied for 2 
hours, and samples were washed again. Fixation was performed with 2% 
glutaraldehyde in PBS for 30 min, followed by washing with deionized water. Silver 
enhancement was carried out using the HQ kit (Nanoprobes) under darkroom 
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conditions for 8 min. After enhancement, samples were washed with deionized 
water and post-fixed in 0.2% osmium tetroxide in 0.1 M phosphate buffer for 30 
min on ice. They were then stained with 0.25% uranyl acetate in 0.1 N acetate buffer 
for 1 hour. Dehydration was performed through a graded ethanol series, followed 
by infiltration with ethanol/epoxy resin mixtures. Finally, samples were embedded 
in epoxy resin and polymerized at +60°C for two days. Ultrathin sections were cut, 
stained with lead citrate, and examined using a JEM-100CX transmission electron 
microscope (JEOL, Japan). 

RNA extraction and RT-qPCR 
RT-qPCR was performed on RNA extracted from: lt-NES cells at different time 
points of differentiation (D0, D4, D8, D12, and D15) and hES-iNs at 6 DIV. RNA 
extraction was performed with the RNeasy Mini Kit (QIAGEN) following the 
protocol described by the manufacturer. After extraction, RNA purity and 
concentration of samples were determined using a NanoDrop spectrophotometer 
(ND-1000). RNA (1 μg) was used for cDNA synthesis with qScript cDNA 
SuperMix (QuantaBio). TaqMan probes (Thermo Fisher Scientific, Table 3) were 
used, and RT-qPCR was run in triplicate samples on an iQ5 real-time cycler (Bio-
Rad) for Paper II or QuantStudio™ 1 Real-Time PCR System (ThermoFisher 
Scientific, Sweden) for Paper III, with GAPDH as the housekeeping gene.  

Table 3. Summary of probes used in RT-qPCR 
Target Expression Assay ID 
OLIG2 Oligodendrocyte linage HS00300164_s1 
MBP Mature oligodendrocytes HS00921945_m1 
DCX Neuroblasts HS00167057_m1 
GAPDH Housekeeping gene HS02786624_g1 
NANOG Pluripotency Hs02387400_g1 

HS00300164_s1 
BIIITUB Pan-neuronal Hs00964963_g1 
MAP2 Pan-neuronal Hs00258900_g1 
POU3F2 Upper-layer neurons Hs00271595_s1 
TBR1 Deep-layer neurons Hs00232429_m1 

 

Statistical analysis 
Statistical analysis was performed using Prism 9 or 10.1.1 software (GraphPad, 
Dotmatics). An unpaired t-test was used when data were normally distributed, 
whereas a Mann-Whitney U test was used when data did not pass the normality test. 
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When different independent groups were compared, a one-way ANOVA plus 
Tukey’s multiple comparison test was performed.  A two-way ANOVA followed 
by Sidak’s multiple comparison post hoc test was used to compare multiple groups. 
Significance was set at p < 0.05. Data are expressed as mean ± SEM (Papers I-III) 
or mean ± SD (Paper IV). 
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Summary of key results 

Figure 7. Overview of studies and experimental designs 
This section summarizes the key findings from the articles included in this thesis, all aimed at restoring 
the injured brain. In Paper I, organotypic slices of hACtx tissue are validated as a platform to test potential 
stem cell-based therapies. Papers II and III explored the potential of cortical neurons and OLs derived 
from human lt-NES cells, and cortical neurons derived from human ES cells for transplantation into the 
stroke-injured brain. Finally, Paper IV describes the rapid generation in vitro of a pure population of OLs 
followed by their transplantation in a human-to-human setting to evaluate their therapeutic value. hACtx, 
human adult cortical; lt-NES, long-term neuroepithelial stem; hiOLs, human induced oligodendrocytes; 
hESC, human embryonic stem cells; hES-iNs, human embryonic induced neurons; dMCAO, distal middle 
cerebral artery oclussion. Figure made with BioRender.  

Paper I Paper IIIPaper II & IV
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Generation of functional cortical neurons and 
myelinating OLs from human lt-NES cells using a 
cortical priming protocol (Paper II) 
In our previous study, we obtained some evidence for the presence not only of 
neurons but also of myelin-forming OLs in grafts, 6 months after intracerebral 
transplantation of cortically primed human lt-NES cells in a rat stroke model [98]. 
To assess whether lt-NES cells can form functional OLs in addition to neurons, we 
first differentiated them in vitro for 21 days using our cortical priming protocol, 
using the following small molecules: BMP4, Wnt3a and Cy [78]. We characterized 
the generated cells by protein and gene expression.  

We found that after 8 days, lt-NES cells started expressing immature neuronal 
markers like DCX and OL markers, OLIG2 (pan-OL marker) and MBP (myelin 
basic protein), both at protein and gene level (Figure 8A). By day 21 of 
differentiation, 5% of the cells were OLIG2 positive and 3% expressed CC1, a 
marker of mature OLs. About 1.5% of the lt-NES cells expressed O4, a marker of 
immature and mature OLs (Figure 8B). Importantly, MBP expression was found 
near the axonal marker Neurofilament, suggesting that OLs in the culture may 
contribute to axonal myelination. 

In order to provide further evidence that lt-NES cells-derived OLs have the ability 
to myelinate human axons in the culture system, we used EM. After 21 days, in 
addition to neurons [79], we observed a cell population exhibiting the ultrastructural 
features of mature OLs, i.e., irregularly shaped dark nucleus with clumped 
chromatin near the inner nuclear membrane. The cytoplasm was electron-dense and 
contained short cisternae of rough endoplasmic reticulum with short mitochondria. 
Importantly, the lt-NES cell-derived OLs formed loose myelin sheaths around 
axons, which could be the initial stage of myelination (Figure 8C,D). These findings 
indicated that cortically fated lt-NES cells form myelinating OLs in 21 days.  
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Figure 8. Human lt-NES cells cortically primed give rise to myelinating oligodendrocytes (OLs) 
and mature neurons after 21 days of in vitro differentiation 
A. Flow cytometry analysis of O4+ cells after 21 days of differentiation. B. Temporal analysis of OLIG2
and MBP gene expression by RT-qPCR. C. Mature lt-NES cell-derived OL and neuronal proceses shown
by EM. D. lt-NES cell-derived axon wrapped by myelin generated by lt-NES cell-derived OL. Scale bars,
500 nm. Data shown as mean ± SEM.

Generation of functional cortical neurons from hES cells 
through transcription factor programming (Paper III) 
We previously found that a 2-week induction of NGN2 expression in hES cells gives 
rise to mature neurons expressing the neuronal marker MAP2 and with morphology 
similar to adult human cortical neurons [92]. To explore the potential use of hES-
iNs for transplantation with the aim of restoring neuronal circuitries, we first 
performed a detailed characterization of the differentiation stage of the cells at the 
time point chosen for transplantation (7 days).  

85% of the hES-iNs were positive for DCX and 63% expressed the mature neuronal 
marker NeuN at day 7 of programming (Figure 9A). Specifically, 24% of the cells 
expressed only DCX, 61% co-expressed both DCX and NeuN, and 2% solely 
expressed NeuN. Importantly, we found no expression of pluripotency markers and 
just less than 1% were Sox2 positive, suggesting the presence of a small population 
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of neural stem cells. Taken together, our data provide evidence that NGN2 
programming of hES cells gives rise to neurons at different stages of differentiation: 
immature neurons (DCX+/NeuN-), intermediate stage (DCX+/NeuN+), and a small 
population of mature neurons (DCX-/NeuN+).  
Regarding their phenotype, 95% of the generated hES-iNs expressed the excitatory 
neuronal marker, KGA. They also expressed markers characteristic of both upper 
cortical layers, such as BRN2 and SATB2, and deep layers, e.g., CTIP2. 
Interestingly, and in line with our previous results [92], around 94% of the cells co-
expressed upper and deep cortical layer markers (Figure 9B,C). 

Figure 9. hES-iNs generated by NGN2 overexpression gives rise to immature and mature neurons 
following 7 days of programming in vitro 
A, Quantifications of the expression of neuronal progenitor marker DCX and mature neuronal marker 
NeuN. B-C, Quantifications and representative confocal images of upper and deep cortical layer markers 
BRN2, CTIP2, SATB2 and colocalization of this markers. D, Whole-cell patch-clamp recordings of hES-
iNs at day 7. Representative voltage traces illustrates the ability of the cells to generate single (upper 
trace) or multiple (lower trace) action potentials (APs) in response to a 20 pA current step. Pie charts 
indicate the ratio of cells exhibiting single versus multiple APs upon depolarization. Scale bar, 50 μm. 
Data is represented as mean ± SEM. 

We then performed whole-patch clamp recordings to assess whether hES-iNs were 
functional at 7 days. hES-iNs exhibit all basic properties of functional neurons, i.e., 
the ability to fire APs and presence of both fast inward sodium and sustained 
outward potassium currents. 65% of the cells were able to generate multiple APs 
upon step or ramp current injection, while 35% only fired a single AP (Figure 9D). 
These observations indicate the occurrence of more and less mature neuronal 
populations simultaneously. We also observed spontaneous AP firing at resting 
membrane potential in 40% of those with multiple APs. No spontaneous synaptic 
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activity was detected in any of the recorded cells at this time point. Taken together, 
our electrophysiological analysis suggests that hES-iNs have acquired certain 
neuronal characteristics, they are still young and not yet synaptically integrated after 
7 days of programming.  

Generation of myelinating OLs from human lt-NES cells 
with transcription factor programming (Paper IV) 
As a continuation of the inspiring results obtained in Paper II, to improve the yield 
of OLs with the aim of generating a pure source of myelinating cells from human 
lt-NES cells, we tested different induction protocols. To induce OL lineage, we 
overexpressed OLIG2 and SOX10, transcription factors involved in OL 
specification [113], using a tet-ON system combined with antibiotic selection (Tet-
ON-Olig2-hygro and Tet-ON-Sox10-puro). We first overexpressed OLIG2, as 
undifferentiated lt-NES cells express SOX10 [158]. After 7 days of induction, the 
induced cells displayed neuronal morphology and expressed neuronal markers such 
as DCX, Tuj1 and MAP2. Tuj1 was expressed by 97% of the cells, while less than 
1% expressed O4. On the other hand, overexpression of only SOX10 gave rise to 
42% of Tuj1-positive cells and 30% of O4-positive cells. Our results show that the 
sole expression of OLIG2 or SOX10 is not sufficient for efficient OL specification. 

We then combined the overexpression of OLIG2 and SOX10 for 7 and 10 days. We 
used a fixed concentration of OLIG2 lentivirus and tested two different 
concentrations of SOX10, corresponding to MOIs of 0.001 and 0.0025. We also 
cultured hiOLs in the presence or absence of a cocktail of maturation factors (SAG, 
PDGF, AA, T3, NT3 and IGF-1), extensively used in the literature for OL 
production [68, 113]. 

After 7 days of induction, we confirmed the expression of OLIG2 and SOX10 in all 
culture conditions and we could observe that 80% of the human lt-NES cells 
expressed O4 without differences in percentage between the different induction 
protocols (Figure 10A). Similarly, by day 10, the percentage of O4+ cells remained 
at 80%. Taking advantage of the cytoplasmic nature of the O4 staining, we assessed 
the morphological diversity of OLs in our culture and classified them into three 
subtypes: non-ramified, mid-ramified, and highly ramified (for criteria, see 
Methods) (Figure 10B). At day 10 of programming, 3% of OLs exhibited highly 
ramified morphology except for the condition with high expression of SOX10 and 
the presence of maturation factors, where the percentage reached around 8%. To 
evaluate OL maturity, we performed MBP staining (Figure 10C) and observed a 
pattern consistent with our morphological analysis, where MBP was slightly 
increased in conditions with high SOX10 and added factors. It must be highlighted 
that all MBP+ cells displayed a highly ramified morphology. Other myelin-
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associated proteins, such as PLP, and mature OL marker CC1 were found across all 
four culture conditions, suggesting that part of the generated OLs might be mature 
at this time-point.  

 

Figure 10. Overexpression of OLIG2 and SOX10 in human lt-NES cells generates mature 
oligodendrocytes (OLs) in vitro capable of interacting with neuronal axons 
A, Percentages of O4+ cells analyzed by flow cytometry using different programming protocols for 7 days. 
B-C, Representative confocal images of non-, mid- and highly ramified O4+ cells (B) and cells positive to 
myelin basic protein (C). Scale bar in C, 40 μm. D, Representative confocal images of co-cultures of 
hiOLs with induced excitatory neurons at day 21 of programming. Arrows show OL processes in close 
proximity to neurofilament marker (NF). Scale bar in D, 20 μm. Data is presented as mean ± SD.  

To assess the functionality of the generated OLs, we co-cultured hiOLs subjected to 
7 days of programming with human neurons derived from two different sources: 
hES cells and human lt-NES cells. Since grafted OLs in a potential future 
therapeutic setting must have the ability to myelinate diverse neuronal populations 
in the brain, co-cultures were conducted with both excitatory neurons, generated by 
overexpression of NGN2 in hES and human lt-NES cells (previously described 
above, [159]), and inhibitory neurons, generated from hES cells through small 
molecule differentiation [155]. After 7 days in co-culture (day 14 of hiOLs 
programming), we found neuronal projections and hiOLs processes in close 
proximity. Through live cell imaging, we could observe high motility in culture, 
extending processes towards multiple neuronal projections and surrounding them. 
Some initially non-myelinated axons were ensheathed by hiOLs processes in less 
than 24 hours. Co-cultures of hiOLs and lt-NES-iNs at day 21 of reprogramming 
showed areas in which OL processes (labelled with GFP) were aligned with axons 
(stained by neurofilament) (Figure 10D). Our results indicate that overexpression of 
OLIG2 and SOX10 promotes the generation of both pre-myelinating and mature, 

B O4/DAPI

Low Sox10 High Sox10
0

20

40

60

80

100

O4 Cells D7

%

A

C MBPMBP

WoF

WF

EGFP-hES-iNGFP-hES-iN O4 MergedMergedD

D

GFPGFP//NFNF//DAPIDAPI GFP-hiOLsGFP-hiOLs NFNF MergedMerged

*

*

B

D

O4O4//DAPIDAPI

64



65 

myelin-expressing OLs, that interact with human-derived axons, suggesting 
potential myelination of axons in vitro.  

Effect of grafted stem cell-derived OLs and cortical 
neurons in the stroke-injured brain 

Transplantation of OLs into the stroke-injured brain (Paper II) 
Previously, we have found that 6 months after transplantation 40% of the grafted 
human lt-NES cells expressed the OL marker SOX10 and most importantly, human-
derived MBP was observed close to the transplant suggesting that graft-derived OLs 
could contribute to remyelination [98]. For this reason, we explored whether 
intracerebrally transplanted, cortically fated human lt-NES cell-derived progenitors 
could remyelinate axons after stroke. Rats were subjected to cortical stroke, 
implanted with cortically primed human lt-NES cells close to the injury after 48 h, 
and sacrificed 6 months later. In all the animals, the stroke-induced neuronal loss, 
as determined by lack of NeuN (marker of mature neurons) immunoreactivity, was 
restricted to the cortex (mostly somatosensory cortex [S1FF and S1BL] and motor 
area [M1]), sparing subcortical structures [98].  

Since we detected OLIG2+ cells of human origin in the corpus callosum (CC), we 
hypothesized that part of the transplanted lt-NES cell-derived progenitors had 
become OLs and contributed to the remyelination. We found that, at 6 months after 
transplantation, around 20% of the STEM101+ cells in the core of the graft 
expressed OLIG2 and about 20% expressed CNPase, a marker for pre-myelinating 
and myelinating OLs (Figure 11A,B). We also observed human-derived cells 
expressing the mature OL marker, CC1, with varying density through the graft. 
Hardly any grafted cells expressed neuron-glial antigen 2 (NG2), a marker for 
OPCs.  

To provide further evidence for the formation of mature myelinating OLs, we 
performed ultrastructural analysis 6 months after transplantation of GFP+ cortically 
fated human lt-NES cells in stroke-affected animals. Most GFP+ cells were located 
in the peri-infarct area, while some were found in the CC and contralateral cortex. 
Some GFP+ cells exhibited the morphology of mature myelinating OLs: dark 
electron-dense rectangular-shaped cytoplasm, heterogeneous nuclear chromatin 
pattern, and short and wide endoplasmic reticulum cisternae organized in the 
vicinity of the nucleus (Figure 11C). By iEM, we demonstrated that graft-derived 
human OLs are able to myelinate host axons as gold particles were found within the 
membranous sheets of myelin (i.e., graft-derived myelin) (Figure 11D). These 
findings provide evidence that 6 months after transplantation into the stroke-injured 
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somatosensory cortex, cortically fated lt-NES cells give rise to mature myelinating 
OLs. 

Figure 11. Intracortical transplantation of lt-NES cell-derived progenitors into the stroke injured 
somatosensory cortex give rise to mature myelinating oligodendrocytes (OLs) after 6 months 
A-B,Representative confocal images of the transplantation area showing the expression of pan-
oligodendrocyte marker OLIG2 (A) and immature and mature oligodendrocyte marker CNPase (B). Scale
bar, 20 μm. C, Representative immuno-electron microscopy images showing GFP/DAB positive cells in
the corpus callosum with the morphology of mature myelinating OLs (cytoplasm highlighted in yellow and
processes in green). Scale bar, 2 μm. D, Electron microscopy image of compact myelin sheaths
containing GFP+ immunogold particles (green circles) showing myelination by the grafted cells. Scale
bar, 0.1 μm. Arrows indicate colocalization of OLIG2 or CC1 with the human nuclear marker STEM101.
Nuclear staining is included in merged panel (Hoechst). m, mitochondria.

Transplantation of hES-iNs into the stroke-injured brain (Paper III) 
In our previous study, we demonstrated that hES-iNs transplanted onto hACtx slices 
survived and differentiated into functional neurons within 4 weeks and some 
expressed the upper-layer cortical marker SATB2 [92].   

To assess the survival and differentiation of the hES-iNs following intracortical 
transplantation into rats with cortical ischemic stroke, animals were subjected to 
dMCAO. MRI was performed 24 hours later to confirm the location of the lesion, 
which was restricted to the somatosensory cortex in all animals. At 48 hours post-
dMCAO, hES-iNs programmed for 7 days were transplanted in close proximity to 
the damaged cortex, and animals were sacrificed 1 and 3 months later.  

Characterization of grafted hES-iNs after intracortical transplantation in the 
dMCAO model 
Grafts predominantly expressed the immature neuronal marker DCX and only a few 
grafted cells expressed the mature neuronal marker NeuN 1 month after 
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transplantation. In contrast to these findings, 3 months after transplantation grafted 
cells expressed markers of both immature (DCX) and mature (NeuN) neurons 3 
months after transplantation. Cells expressing these markers were heterogeneously 
distributed within the transplant core, as some areas only expressed DCX, whereas 
others solely expressed NeuN. A minority of grafted cells co-expressed DCX and 
NeuN, suggesting that they were still in an intermediate stage of maturation. These 
findings demonstrate progressive maturation of the graft over time.  

To assess the proliferative status of the graft, we stained for Ki67, a proliferation 
marker, and STEM101, a human-specific nuclear marker. While at 1 month post-
transplantation numerous Ki67-positive cells were observed within the graft, we 
distinguished two different patterns of Ki67 expression at 3 months after grafting: 
sparse expression or high proliferative islets, which corresponded with the more 
immature neuronal areas (Ki67+DCX+). Regarding other neural cell types, fewer 
than 1% of the grafted cells expressed markers for astrocytes, and about 1% 
expressed the OL lineage marker OLIG2.   

 

Figure 12. Grafted hES-iNs differentiate into layer-specific cortical neurons 3 months after 
tranplantation into the rat stroke-injured cortex 
A-G, Representative confocal images showing co-expression of the human nuclear marker STEM101 
with the upper cortical layer markers BRN2 (A,E) and SATB2 (B); and deep cortical layer markers CTIP2 
(C,F) and TBR1 (D) in the core of the transplantation. G, High magnification conofcal image showing 
grafted hES-iNS (STEM101) co-expressing CTIP2 (deep) and BRN2 (upper). Scale bar A-D, low 
magnification 500 μm. Scale bar in E-G high magnification, 10 μm.  
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To further characterize the transplant, we analyzed whether the grafted cells 
expressed layer-specific cortical markers that recapitulate the architecture of the 
cerebral cortex 3 months after grafting. Within the transplant core, hES-iNs 
expressed either upper cortical layer markers (BRN2 or SABT2, Figure 12A,B,E) 
or deep cortical layer markers (CTIP2 and TBR1, Figure 12C,D,F).  Surprisingly, 
cells with the same cortical marker were arranged in layers and spatially separated 
within the graft. In contrast to what we observed in vitro, only a few grafted hES-
iNs co-expressed markers for upper and deep cortical layers (Figure 12G).  

Synaptic integration of grafted hES-iNs into the stroke-injured brain 
We next examined the projections of grafted hES-iNs 3 months post-transplantation 
to identify their target regions. Many graft-derived fibers reached the peri-infarct 
area, the ipsilateral cortices, throughout the CC and a few reached the contralateral 
somatosensory cortex. In addition, a few fibers were detected in the caudate-
putamen, septum, and internal capsule. 

Figure 13. Grafted hES-iNs send wide spread axonal projections, establish functional synapses 
with host neurons and are myelinated by host oligodendrocytes (OLs) in the stroke-damaged rat 
brain 
A-C, Presence of human fibers (STEM121) in the periinfarct area (A), contralateral (B) and corpus
callosum (C) (left). iEM images showing hES-iNs axons myelinated by host OLs in the ipsilateral (A) and
contralateral (B) somatosensory cortex; and corpus callosum (C) (right). D, Asymetric synapses in host
dendritic spines (ds) connected with grafted hES-iNs (at). Ctx, cortex; CC, corpus callosum; m,
mitochondria. Gold particles are marked with green circles. Scale bar A-C fluorescence, 100 μm. Scale
bars A-C EM, 0.1 μm. Scale bar D, 0.1 μm.
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To determine if the axons derived from the grafted hES-iNs had become myelinated 
and established synaptic connections with host neurons, we performed iEM. In 
agreement with immunostainings, human STEM121+ axons were observed in the 
CC and ipsilateral and contralateral cortices. Human-derived axons exhibited 
ultrastructural features similar to those of host axons and were myelinated by 
STEM121- host OLs (Figure 13A-C). The hES-iN-derived axon terminals had 
established characteristic synapses with host dendritic spines in the ipsi- and 
contralateral cortex. Most (89.4%) STEM121+ synaptic contacts displayed the 
ultrastructural characteristics of asymmetric excitatory/glutamatergic synapses. The 
STEM121+ presynaptic terminals had docked synaptic vesicles at the presynaptic 
membrane, indicating the functional activity of synapses (Figure 13D). Taken 
together, these results demonstrate that hES-iNs can differentiate into subtypes of 
cortical neurons and integrate structurally after grafting into stroke-injured rat 
cortex.  

Effect of stem cell transplantation on endogenous myelination and 
oligodendrogenesis (Paper II-III) 
To study the overall distribution of axonal demyelination following stroke, we 
quantified the expression of MBP as a measure of myelin density. The ischemic 
insult led to reduced MBP expression in the dorsal striatum, as well as in the middle 
and lateral regions of the CC and its thickness and peri-infarct areas. Transplantation 
of cortically primed lt-NES cells resulted in increased MBP expression in the middle 
part of the CC and dorsal striatum compared with non-grafted rats. However, the 
thickness of CC remained unchanged between the stroke-affected groups.  

It's been previously described that after a stroke, there is an increase of endogenous 
oligodendrogenesis [103]. With this purpose, we analyzed the effect of lt-NES cells 
and hES-iNs transplantation on the number of OLs in the corpus callosum after 
ischemic stroke. More OLIG2+ cells were found in the middle part of the corpus 
callosum in animals subjected to stroke compared with sham-treated animals. In 
transplanted rats, the increase of OLIG2+ cells was even more pronounced. The 
majority of OLIG2+ cells did not co-express the human nuclear marker STEM101 
in both transplantations. However, in lt-NES cell-derived grafts, some human cells 
were also found, even if they contributed only to a fraction of the total number of 
OLIG2+ cells.  
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Adult human cortex as an ex vivo model for human stem 
cell transplantation  
Characterization of cultured organotypic slices of adult human cortical tissue 
Organotypic cultures of hACtx offer the possibility to test and validate drugs or 
different treatments, as stem cell-based therapies. For details on the processing and 
culture of this tissue, see Paper I.  

Healthy hACtx tissue is obtained from patients with temporal lobe epilepsy and 
processed. To study and characterize the starting point of the host tissue as it is 
important for further experiments, a few slices were fixed after 24 hours in culture. 
The analysis of different neural cell populations, such as neurons (Figure 14A), OLs, 
and astrocytes showed optimal preservation of the tissue.  

Next step, we wanted to assess how the culture conditions affect the neuronal 
viability in human tissue. Organotypic slices were cultured for 2 weeks, after which 
staining for neuronal markers and functionality assessments were performed. The 
expression of NeuN and MAP2 was still present in the tissue (Figure 14B) and 
whole-cell patch clamp recordings showed that overall, the cells were slightly less 
active than in fresh tissue. The majority of the cells were still able to fire at least 
one, if not multiple, Aps (Figure 14D,E), and fast inward sodium and slow outward 
potassium currents were present upon step current injections in voltage-clamp 
mode. Taken together, these recordings indicated that the neurons in organotypic 
cultures were relatively healthy and exhibited typical neurophysiological intrinsic 
properties.  

Nonetheless, after 4 weeks in culture, the expression of MAP2 decreased by more 
than 90% and NeuN expression was visually unaffected (Figure 14C). 
Electrophysiological analysis showed that a couple of neurons were able to fire a 
single AP, while the majority were unable to generate any (Figure 14F,G). Inability 
to fire AP corresponded with small inward sodium currents, indicating that sodium 
conductance was compromised. However, passive membrane properties, such as 
membrane resistance and resting membrane potential, were still comparable with 
the values reported in fresh adult human cortical tissue [160], indicating that the 
neurons are still alive and relatively viable, although not very active. Taken together, 
our data indicate that the architecture of the adult human cortical tissue is largely 
preserved, but the functionality of the neuronal network is decreased after 4 weeks 
in culture.   

Transplantation of stem cell-derived progenitors 
After characterizing the host tissue, transplantation of the lt-NES cell-derived 
progenitors was performed. The GFP-lt-NES cells were differentiated for 7 days 
and grafted into 1-week cultured hACtx tissue. The results were compared with 

70



71 

those of previous transplantations in tissue that was poorly preserved due to a longer 
time window between resection and plating. In an optimal system, 4 weeks after ex 
vivo transplantation, grafted GFP+-lt-NES cells exhibited extended neurites and 
extensive and complex arborizations throughout the whole organotypic culture. The 
poorly preserved tissue did not allow for successful transplantation due to the poor 
host connectivity. Barely any grafted cells survived; moreover, debris and 
nonspecific labeling of antibodies on dead cells were broadly observed throughout 
the human slice. In the case of successful transplantation, the cells became not only 
morphologically but also functionally active mature neurons with repetitive and 
often spontaneous APs, fast inward sodium and slow outward potassium currents, 
and a certain level of synaptic activity, indicating functional integration of the graft 
with the host tissue 4 weeks post-grafting.  

Figure 14. Characterization and electrophysiological properties of human adult cortical (hACtx) 
neurons after 2 and 4 weeks in organotypic culture 
A-C, Representative confocal images of hACtx tissue organotypic slices showing mature neuronal
marker NeuN and dendrite mzarker MAP2 after being in culture for 24 hours (A), 2 weeks (B) and 4
weeks (C). Nuclear staining (Hoechst) is included in merged panel. Scale bars A-C, 50 μm. Scale bar B,
20 μm.  D,E, Whole-cell patch-clamp recordings of two examples of cortical neurons recorded after 2
weeks of culture with single (D) or multiple (E) action potentials (APs). APs were induced by a 250 pA
step current injection at resting membrane potential (RMP). F,G, Examples of patch-clamp recordings of
cortical neurons 4 weeks after being in culture. The cell is not able to fire APs at step (F) while another
cell was able to generate a single AP at step (G). Arrows indicate colocalization.
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Lt-NES cells-derived OLs myelinate host axons in human adult cortical 
tissue (Paper II) 
We used this platform to determine whether grafted human lt-NES cells-derived 
progenitors, which differentiate to functional neurons after transplantation in hACtx 
tissue [79], also give rise to mature OLs that can myelinate axons in the adult human 
cortical environment.  

We first evaluated the preservation of OLs in the cortical tissue during the 
organotypic culture. OLIG2, CNPase, and CC1 were expressed in acute tissue, and 
MBP expression displayed the characteristic aligned axonal distribution observed 
in the adult human cortex. After 4 weeks in culture, expression of OLIG2, CNPase, 
and CC1 was unaffected; however, overall MBP expression was reduced compared 
with acute tissue.  

 

Figure 15. Human lt-NES cell-derived progenitors survive and become mature myelinating 
oligodendrocytes (OLs) 4 weeks after ex vivo transplantation into human adult organotypic 
(hACtx) tissue organotypic slices 
A, Overview of grafted GFP+ human lt-NES cell-derived progenitors 4 weeks after transplantation. B, 
Confocal image showing GFP+ lt-NES cell-derived progenitors express mature OL marker, CC1, 4 weeks 
after transplantation ex vivo. C,D, Immuno-electron microscopy images showing grafted derived myelin 
(green) wrapping human axons (blue) in the hACtx organotypic cultures. Nuclear marker (DAPI) is 
included in merged image. m, mitochondrion. Arrows indicate colocalization. Scale bars A-B, 50 μm. 
Scale bar C-D, 0.1 μm.  
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To assess the capacity of cortically fated GFP+ lt-NES cells to differentiate into 
myelinating OLs in the adult human cortical environment, they were transplanted 
onto organotypic slice cultures (Figure 15A). Approximately 40%–50% of the GFP+ 
cells co-expressed OLIG2. Importantly, colocalization of GFP+ cells with either 
CNPase or CC1 was also found (Figure 15B), indicating the presence of both 
immature and mature graft-derived OLs.  

We finally determined if the grafted human GFP+ lt-NES cell-derived OLs had 
formed myelin sheaths. iEM demonstrated the presence of individual or clusters of 
GFP+ immunogold particles within the membranous sheets of myelin (signifying 
graft-derived myelin) surrounding non-GFP-labeled host axons (Figure 15C,D). 
These results provide strong evidence that lt-NES cell-derived OLs can myelinate 
human-derived axons after transplantation into adult human cortical tissue.  

hiOLs myelinate host axons in adult cortical tissue (Paper IV) 
To assess the capacity of the transcription factor programmed hiOLs to survive, 
differentiate and become myelinating in an adult human ex vivo system, GFP-
labeled hiOLs programmed for 7 days were transplanted onto hACtx organotypic 
slices and characterized 4 weeks after grafting.  

Characterization of grafted hiOLs and myelination capacity 
We identified graft-derived GFP+ cells distributed throughout the tissue, showing a 
complex morphology and arborization 1 month after transplantation (Figure 16A). 
To confirm that the transplanted cells kept their OL identity after transplantation, 
we checked for the expression of OLIG2 and SOX10. OLIG2 was expressed in the 
vast majority of the grafted cells, while SOX10 expression was only present in about 
20%. Importantly, we could observe some colocalizations of GFP+ cells with CC1, 
showing the presence of mature graft-derived OLs. To validate the immuno-
histochemical results, we performed ultrastructural characterization of the grafted 
cells. Using iEM, we found that GFP+ immunogold-labeled cells exhibited the 
morphology characteristic of mature myelinating OLs such as uneven distribution 
of chromatin, granular endoplasmic reticulum organized in stacks, and microtubules 
were numerous, particularly in the processes, where they were aligned 
longitudinally.  

Importantly, GFP+ immunogold-labeled processes formed myelin sheaths around 
host axons. We observed host axons at initial and intermediate stages of myelination 
by GFP+ processes (Figure 16B,C), as well as axons enclosed by compact myelin 
sheaths (Figure 16D). 
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Figure 16. Human lt-NES cell-induced OLs (hiOLs) survive and differentiate into mature 
myelinating oligodendrocytes after transplantation into human adult cortical (hACtx) organotypic 
cultures 
A, Overview of grafted GFP+ hiOLs 4 weeks after transplantation. B-D, Representative immuno electron 
microscopy images showing host axons (yellow) at different stages of myelination by GFP+ hiOLs 
processes (green). B,C, intermediate stage of myelination. D, Compact myelin sheaths. m, mitochondria. 
Scale bars, 50 μm.  

 

 

 

 

 

 

 

 

 

 

A GFP-hiOLs GFP-hiOLs / / HoHo B

C

D

74



 75 

Discussion and future perspectives 

This thesis describes the use of cortical neurons and OLs derived from stem cells to 
restore the damaged brain, along with a human-based platform to bridge the gap 
between preclinical and clinical studies. We report four main findings. First, 
structurally and functionally well-preserved hACtx organotypic cultures serve as a 
valuable ex vivo platform for the assessment of stem cell-based therapies. Second, 
human lt-NES cells derived from hiPS cells, primed toward a cortical phenotype, 
differentiate into functional cortical neurons and myelinating OLs that survive and 
myelinate host axons after transplantation into the rodent stroke-injured cortex and 
hACtx organotypic cultures. Third, by forcing the expression of OLIG2 and SOX10, 
involved in OLs specification, human lt-NES cells can be quickly and efficiently 
reprogrammed into OLs within 7 days, which can myelinate human axons after 
grafting into hACtx tissue slices. Fourth, NGN2-programmed hES cells give rise to 
excitatory neurons at different stages of maturation in vitro, which, after 
intracortical grafting, into the stroke-lesioned cortex, matured into layer-specific 
cortical neurons, sent widespread projections to the host brain, were myelinated by 
host OLs and established efferent synaptic connections with host neurons. 

Targeting the cerebral cortex: a stem cell-based therapy 
for post-stroke regeneration 
Neurodegenerative disorders are characterized by the death of neurons, causing 
neurological impairments [5]. In a clinical study, it has been shown that lesions in 
the cerebral cortex are associated with long-lasting neurological deficits in a 
majority of stroke patients [14]. Supplying the cerebral cortex with hPS cell-derived 
neurons is a warranted therapy that could have a major impact on the functional 
recovery, and it has been hypothesized that functional recovery after stroke can 
improve if the transcallosal pathways are reconstructed, restoring interhemispheric 
communication via transplantation of a rich population of transcallosal projection 
neurons [161].  

In this thesis, in Paper III, using a protocol for the overexpression of NGN2 in hES 
cells without mouse glia coculture, we found at day 7 that approximately 95% of 
the cells were of excitatory phenotype and co-expression of upper and deep cortical 
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layer markers was found in 95% of the cells. In contrast, previous protocols have 
shown that the sole overexpression of NGN2 or in combination with neural 
induction generated mainly upper cortical layer neurons after 3 weeks [89, 162]. 
These variations may be attributed to methodological differences in our protocol, 
such as coculture with mouse glia and the timing of their addition. Nonetheless, our 
findings are consistent with those from Miskinyte and collaborators, who reported 
that single 8-week hES-iNs, cocultured with mouse glia, expressed both upper and 
deep cortical layer makers, which resembled the expression profile of human fetal 
cortical cells [92]. Comparable results in mouse neural precursors [163] further 
suggest that hES-iNs are primed towards cortical neurons of diverse subtypes. 
Moreover, overexpression of NGN2 together with either SATB2 or CUX1, to 
further differentiate them towards upper or deep cortical layer neurons, did not show 
any differences in their morphology, molecular signature or electrical activity when 
compared to only NGN2 overexpression [92]. These findings suggest that additional 
cues are required to achieve specificity towards a defined cortical layer. 

Concerning functional maturation, 65% of the NGN2-programmed hES-iNs 
generated multiple action potentials on day 7 with our protocol, while protocols 
involving neural induction take up to 2 months and the combination of 
overexpression of NGN2 and neural induction takes up to 14 days [86, 162]. To 
date, our protocol for the generation of cortical neurons is the fastest in terms of 
neuronal maturation and functionality. Nonetheless, the electrophysiological 
properties of the programmed hES-iNs at day 7 indicate they are still young neurons, 
making this an optimal time point for transplantation, as the early developmental 
stage often leads to higher graft survival and integration into host circuitries when 
compared to mature neurons [164].  

Transplantation of hPS cell-derived cortical progenitors, generated via neural 
induction, has been previously reported. 2 months post-transplantation into the 
injured visual or somatosensory cortex, grafts were mainly immature and 
proliferative and only a small percentage expressed the mature neuronal marker 
NeuN [78, 95]. Our transplantation study, in Paper III, is the first one with 
transcription factor-programmed cortical neurons generated. In line with previous 
findings, hES-iNs grafts after 1 month were predominantly immature and by 3 
months, 40% of the graft was composed of immature neurons and around 35% of 
mature neurons. It is important to consider the persistence of immature neurons in 
the graft, as, in principle, it may limit their contribution to neuronal circuit repair. 
However, evidence from other cell sources indicates that graft maturation can occur 
over time [78, 98].  

Reconstructing the cerebral cortex cytoarchitecture is crucial for restoring the 
neuronal connectivity with other brain regions. In 3-month hES-iNs grafts 
transplanted into the stroke-injured cortex, numerous transplanted cells expressed 
either upper or deep cortical layer markers organized in a layer-specific manner, 
suggesting some level of organization within the graft. By contrast, transplantation 
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of hiPS cell-derived cortical progenitors into the healthy cortex showed no evident 
cytoarchitecture organization 3 months after transplantation. Nonetheless, by 5 
months, clear segregation of the upper and deep cortical layers was observed [165]. 
On the contrary, hES or hiPS cell-derived cortical progenitor transplantations into 
the damaged cortex of adult rodents displayed no segregation of cortical neurons 6 
months after grafting [78, 95, 98]. Interestingly, we have previously reported that 
NGN2-programmed hES-iNs co-expressed both upper and deep cortical layer 
markers after 2 months in culture [92], contrary to what we observed in vivo. Our 
findings suggest that the lack of specific cortical layer neurons generated in vitro 
may be attributed to the absence of extracellular signaling cues that are inherently 
provided by the in vivo environment.  

Consistent with previous studies, grafting hPS cell-derived cortical neurons into the 
stroke-injured brain, hES-iNs expended axonal projections to both ipsi- and 
contralateral hemispheres [98]. Regarding integration into the host circuitry, hES-
iNs grafts after 3 months form synapses with the host cortical neurons and are 
myelinated by host OLs. These grafts resemble those of cortical neurons generated 
via neural induction protocols at 6-8 months [95, 98]. These differences may be due 
to the method used for the generation of cortical neurons. Neural induction, through 
small molecules, follows embryonic development, where deep cortical layer 
neurons form first and could explain the slow maturation of the generated cells. On 
the other hand, transcription factor programming drives cells towards a mature state 
while bypassing certain developmental stages.  

Our findings in Paper III demonstrates that intracortical grafts generated through 
transcription factor programming of hES cells undergo faster and more organized 
cortical maturation compared to those derived from neural induction protocols 
Despite the outcomes in Paper III show the potential of hES-iNs as a stem cell 
source for transplantation, further behavioral assessments and functional 
characterization will be essential to evaluate their usefulness for clinical translation. 
It should be highlighted that the transcription factor programming protocol used in 
this paper predominantly generates cortical neurons, whereas small-molecule-based 
differentiation can give rise to a broader range of cell types, such as OLs, which are 
essential for the regeneration of the stroke-injured brains. The absence of 
myelinating cells in hES-iNs grafts could potentially be solved by co-transplanting 
these cells with stem cell-derived OLs to provide the injured brain with both 
neuronal and glial populations.  

Generally, neural differentiation protocols are used for the production of functional 
neurons, while human NPCs or stem cell-derived OPCs are used to generate 
myelinating OLs. The simultaneous generation of mature neurons and OLs in vitro 
is a challenge due to differences in their development timing [166]. Previous studies 
have shown that differentiation of hiPS cell-derived lt-NES cells into neuronal and 
glial linages produces mature neurons, while OL markers were expressed neither 
OL-like morphology nor axonal myelination was observed after 4 weeks in culture 
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[167]. On the contrary, Ehlrich and collaborators generated 70% OLs and 20% 
neurons after 28 days of overexpressing the transcription factors SOX10, OLIG2 
and NKX6.2 in hPS cell-derived NPCs with the addition of a cocktail of factors to 
fast-track OL differentiation [113, 168]. Similarly, exposing neuroectodermal-cell-
derived organoids to a cocktail of factors (T3, NT3, IGF, PDGFa and cAMP) yields 
29% neurons, 20% immature OLs and 40% myelinating OLs [168]. In Paper II of 
this thesis, we use hiPS cell-derived lt-NES cells as a cell source. They share 
characteristics with hPS cells such as stability, long-term expansion and the ability 
to generate neurons and glial cells. One main difference is that lt-NES cells lack 
tumorigenic potential, making them a great stem cell source for the generation of 
neural cells. We found that cortical priming of hiPS cell-derived lt-NES cells 
produced a low percentage of OLs (5%). Nevertheless, after 21 days of 
differentiation myelin-ensheathed human axons were observed, which is earlier than 
the previously mentioned protocols. In principle, the number of OLs in our cultures 
could be increased by adding some of the factors mentioned before.  

Current knowledge about myelination of axons from human stem cell-derived 
transplants after stroke is limited. However, there are several studies showing 
remyelination after OPC transplantation for other diseases such as MS or 
leukodystrophies [115, 169]. In the demyelinated spinal cord of rodents, grafting of 
hiPS cell-derived O4+ cells gives rise to 80% OLs and 2% neurons [113]. Similarly, 
94% OLs were observed after transplantation of hES cell-derived OPCs in the 
damaged spinal cord [170]. On the other hand, other hPS cell-derived grafts only 
gave rise to neurons. In Steinbeck and collaborators’ study, 80% of the grafted cells 
were neurons and no OL marker was found after the transplantation of human lt-
NES cells into the rodent motor cortex [93]. Likewise, 7-week grafts of hiPS cell-
derived lt-NES cells in the spinal cord-injured mice showed 75% of mature neurons 
and less than 1% were OLs [171].  

The simultaneous generation of neurons and OLs from human stem cell grafts in the 
context of stroke remains poorly understood. Intracortical transplantations of hiPS 
cell-derived NSCs in a pig model of cortical stroke gave rise to 75% neurons and 
25% OLs [172]. A previous study from our lab showed that 6 months after 
intracortical transplantation of human lt-NES cell-derived cortical progenitors into 
the rodent stroke-lesioned cortex, 40% of the grafted cells expressed SOX10 and 
human-derived myelin was observed [98]. We performed an extended OL 
characterization of these grafts showing that 6 months after transplantation, 40% of 
the cells became mature neurons and 20% became pre-myelinating and myelinating 
OLs, which are consistent with previous reported percentages. We demonstrate for 
the first time that grafted hPS cell-derived OLs are functional and capable of 
myelinating rodent host axons. Most importantly, we show the survival and capacity 
of myelination of these OLs following transplantation in an ex vivo model of hACtx 
tissue.  
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It is known that endogenous oligodendrogenesis increases after ischemic stroke, as 
a self-repair process [173]. We observed an increase on oligodendrogenesis in 
response to ischemic stroke, as reported previously [174].  In Papers II and III, 
transplantation of human lt-NES cell-derived cortical progenitors, as well as hES-
iNs, respectively enhanced endogenous oligodendrogenesis and increased axonal 
remyelination. In line with our findings, increased oligodendrogenesis has been 
observed after transplantation of other human stem cell types such as hiPS cell-
derived astroglia and hMSCs [102, 175]. This phenomenon is attributed to the so-
called bystander effect, as only a minor portion of the new OLs were grafted. 
Nonetheless, it should be considered that endogenous oligodendrogenesis and 
remyelination efficiency decline with age [176, 177], suggesting that replacing them 
with grafted OLs could be more accurate for remyelination in older patients, who 
are most often affected by stroke, and in primary demyelinating diseases these 
processes are impaired.  

Stem cell-based therapies that have reached the clinic for the treatment of stroke aim 
at stimulating plasticity and reducing inflammation [123, 178, 179]. Results from 
these trials have shown minor or no improvement at all. From a clinical perspective, 
a human stem cell source that has the capacity to repair the injured neural circuitries, 
remyelinate the damaged axons and increase neuronal plasticity can be a step 
towards an effective therapy not only for stroke patients but for other brain injuries. 
Still, significant work remains to select the optimal stem cell source for the 
generation of both neurons and glia needed to effectively reconstruct stroke lesions 
and accomplish functional recovery.  

Optimizing OLs generation for stem cell-based 
remyelinating therapies 
In demyelinating diseases, the myelin sheath that wraps the axons is damaged or 
lost. OLs, the CNS cells in charge of producing myelin, are directly affected through 
injury or death and their capacity for regeneration and remyelination of damaged 
axons is impaired. Over time, the loss of myelin and failure to repair contribute to 
axonal degeneration and progressive neurological deficits.  

OL generation protocols from hPS cells or human fibroblasts have been previously 
described, but they are either lengthy or inefficient in terms of yield [68, 83, 107, 
108, 113, 114]. In this thesis, in Paper IV, we present a consistent and highly 
reproducible protocol for the generation of human OLs from lt-NES cells via the 
overexpression of the transcription factors OLIG2 and SOX10. Using transcription 
factor programming, Garcia-Leon and collaborators, as well as Ehrlich and 
colleagues, have shown that the induction of SOX10 or a combination of SOX10, 
OLIG2 and NKX6.2, respectively in human NPCs gives rise to O4+ OLs after 10 
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days (50%) or 28 days (70%) [113, 114]. Similarly, we found that OLIG2 and 
SOX10 overexpression in lt-NES cells programs them toward OL lineage with 80% 
of the cells expressing O4 after just 7 days, being the fastest and most efficient 
protocol to date.  

Regarding maturation, we found expression of mature OLs markers, such as MBP, 
PLP and CC1, after 10 days of programming. When co-cultured with both hPS cell-
derived excitatory or inhibitory neurons, OLs processes were in close proximity to 
neuronal axons after 7 days, suggesting their myelination. Our findings show earlier 
maturation when compared with previous protocols that take 35 days to observe 
mature myelinating OLs [113, 114]. To improve the efficiency of generation of OLs, 
previous studies have relied on the addition of factors to enhance glial proliferation 
and differentiation (PDGFR, SAG, T3, AA, NT3, IGF-1) [113, 114]. Interestingly, 
with our protocol, the presence of a cocktail of maturation factors did not affect the 
efficiency of OL production. 

Intracerebral transplantation of OLs in preclinical models has shown great promise 
to repair the demyelinated brain and improve functional impairments [180, 181]. 
However, translating results from animal models to humans presents significant 
challenges. To strengthen clinical translation, the use of human adult tissue as a 
platform for allotransplantation can give insight into the mechanism of action of 
grafted OLs in a human environment. In Paper IV, we demonstrate that OLs 
generated from hPS cell-derived lt-NES cells survive, differentiate and myelinate 
human host axons after grafting into human adult organotypic slices. 

To date, only two clinical trials are ongoing to explore the therapeutic use of 
intracerebral transplantation of human stem cell-derived cells in MS patients [139, 
140]. Still, further investigation on the remyelination process of human axons by 
transplanted stem cell-derived OLs is needed. The findings presented in this thesis, 
Paper IV, hold significant implications for advancing stem cell-based therapies for 
demyelinating diseases towards clinical application.  

Bridging the gap: advancing toward clinical translation 
Most of the knowledge about stem cell transplantation in neurodegenerative 
disorders relies on the use of animal models. Even though these systems are highly 
valuable for assessing the effect of transplanted cells in the damaged host circuitry, 
most therapies fail when translated to the clinic due to clear differences between 
rodents and humans [141, 182]. In this thesis, in Paper I, we assessed hACtx tissue 
organotypic slices as an ex vivo platform.  

The use of organotypic cultures of hACtx tissue has become a useful tool to study 
the functional and morphological integration of grafted cells into adult human 
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neuronal networks. This model represents a cellular network that preserved 3D 
architecture, synaptic connectivity and microenvironment. Nonetheless, this system 
has some limitations that must be taken into account. When cutting, axons are 
dissected, inducing neuronal damage that will lead to microglia activation. Even if 
the tissue is considered healthy when resected from the brain, the neural cell 
behaviour in culture could be different due to the manipulation and preparation of 
the tissue slices [183, 184]. Although we observed microglia activation after 2 
weeks in culture due to the change of environment, neurons were still viable and 
functional, keeping their electrophysiological properties. Still, culture conditions 
can be optimized to ameliorate injury response after cutting [147].  

The present model holds certain advantages when compared with other 3D culture 
systems such as organoids. This tissue comes from a fully developed human brain, 
which means that the cellular composition and matrix are the same we find in the 
adult human brain [148, 150, 185]. While organoids are similar to fetal tissues, 
which is optimal for modelling developmental disorders, for example[186]. To 
study the potential of stem cell-based therapies for neurodegenerative diseases, 
which affect the adult population, organotypic cultures of human adult tissue is the 
best system to validate them. 
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Concluding remarks 

In this thesis, we show the production of myelinating OLs by two different methods 
from hiPS cell-derived lt-NES cells: small molecule differentiation, generating both 
cortical neurons and OLs; and transcription factor programming. Regardless of the 
generation protocol we have produced bona fide functional OLs based on the 
following findings: in vitro, the generated cells express OL markers such as O4, 
CNPase, CC1, MBP and PLP as shown by flow cytometry and 
immunocytochemistry (Papers II, IV) and EM showed the presence of mature OLs 
and myelin surrounding lt-NES cell-derived axons after 21 days in vitro (Paper II). 
In vivo, 6 months after transplantation into the stroke-injured rat cortex, 20% of the 
grafted cells became OLs and graft-derived myelin was observed in areas of 
demyelination (Paper II) and ex vivo, 1 month after transplantation into hACtx 
tissue organotypic slices, grafted cells presented ultrastructural characteristics of 
mature OLs as well as expression of mature OL markers (Paper II, IV). Most 
importantly, graft-derived myelin sheets were found surrounding human host axons 
in this human ex vivo system by iEM (Papers II, IV). One remaining challenge is 
to study the capacity of migration of the generated OLs towards demyelinated 
lesions, as it is important when moving towards clinical translation.  

In Paper III, we introduced a new hPS cell-derived neural cell source to be 
considered for stem cell-based therapies of the injured cortex. hES-iNs structurally 
integrate into host neuronal circuitries after transplantation into the stroke-injured 
rat brain, nonetheless, functional integration of this source is yet to be investigated. 

With the aim of bridging the gap between preclinical research and clinical 
application, in this thesis, we present a human adult ex vivo platform for validating 
stem cell-based therapies and demonstrate its utility to further investigate graft-host 
interactions (Paper I). This approach represents a promising strategy to advance the 
clinical translation of cell replacement therapies aimed at promoting functional 
recovery in the injured brain.  

Altogether, the findings presented in this thesis represent a step towards the clinical 
translation of transplantation of neural cells to promote functional recovery in 
neurodegenerative diseases.   



 84 

Figure 17. Schematic of studies included in this thesis 
Each row represents the main highlights of each paper. We used different starting material: human adult 
cortical (hACtx) tissue (Paper I), long-termn neuroepithelial stem (lt-NES) cells (Paper II, IV) and human 
embryonic stem (ES) cells (Paper III). hACtx tissue was sectioned to obatined organotypic slices which 
serve as a human ex vivo platform to test stem cell-based therapies in a human-to-human setting before 
translation to the clinic. lt-NES cells, cortically differenatiated,  produced mature cortical neurons and 
oligodendrocytes (OLs) that upon transplantation onto a stroke animal model and hACtx organotypic 
slices, matured and myelinated both, rat and human host axons. In the stroke animal model, 
transplantation increased the endogenous oligodendrogenesis. Transcription factor (TF) programming 
of lt-NES cells (OLIG2 and SOX10) produced a pure population of OLs within 7 days that myelinated 
human axons after transplantation onto hACtx organotypic slices. Induced neurons were generated from 
human embryonic stem (hES) cells (hES-iNs) that following transplantation into a stroke animal model 
survived, differentiated into cortical neurons, extended widespread projections, became myelinated by 
host oligodendrocytes, and established synapses with host neurons. Figure made with BioRender.  
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