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Abstract: Induced pluripotent stem cells (iPSCs) are a self-renewable pool of cells derived from an
organism’s somatic cells. These can then be programmed to other cell types, including neurons.
Use of iPSCs in research has been two-fold as they have been used for human disease modelling
as well as for the possibility to generate new therapies. Particularly in complex human diseases,
such as neurodegenerative diseases, iPSCs can give advantages over traditional animal models in
that they more accurately represent the human genome. Additionally, patient-derived cells can be
modified using gene editing technology and further transplanted to the brain. Glial cells have recently
become important avenues of research in the field of neurodegenerative diseases, for example, in
Alzheimer’s disease and Parkinson’s disease. This review focuses on using glial cells (astrocytes,
microglia, and oligodendrocytes) derived from human iPSCs in order to give a better understanding
of how these cells contribute to neurodegenerative disease pathology. Using glia iPSCs in in vitro
cell culture, cerebral organoids, and intracranial transplantation may give us future insight into both
more accurate models and disease-modifying therapies.

Keywords: astrocytes; microglia; oligodendrocytes; induced pluripotent stem cells; transplantation,
organoids; neurodegenerative disease; humanized models

1. Introduction

Previously only relegated to the support cells of the central nervous system, glial
cells—astroglia, microglia, and oligodendrocytes—often took a back seat to neurons in
terms of relative importance in neuroscience. Lately, however, researchers are discovering
the central role they play in the brain, particularly when it comes to complex human
disorders such as neurodegenerative diseases. With the ability to produce human glia
in vitro, we have been able to study how these cells might contribute to disease aetiology
and gain further insight into future therapy. Specifically, this review discusses how glial
cells derived from induced pluripotent stem cells (iPSCs) are being used to better model
the most common human neurodegenerative diseases, as well as a look towards how
transplantation of iPSCs can work as both a model and a therapeutic strategy.

1.1. Glial Cells and Their Main Functions

When glial cells were first discovered they were seen only as a passive, structural
cell group. These nerve adhesive cells were named glia after the Greek word meaning
´glue´ and only in further studies were the diversity and multifunctional properties of
these cells unveiled. The glial cells can be divided into four major groups: 1) astrocytes,
2) microglia, 3) oligodendrocytes and 4) NG2+ progenitor cells (NG2, nerve/glial antigen
2). In this review, we will concentrate on the first three. The ratio of these different cell
types has regional variation, but current understanding is that for each nerve cell there
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is approximately one glial cell, thus they make up almost half of the cells in the central
nervous system (CNS) [1]. Most of the cells of the CNS have a common neuroepithelial
origin [2] and in early stages of embryogenesis, these cells start to differentiate into neural
progenitors. Progenitor cells then divide and differentiate first into neurons and then at a
late stage of embryogenesis into oligodendrocytes and astrocytes. Microglia originate from
the embryonic yolk sac and differentiate in early embryogenesis together with neurons,
making them the first mature glial cells in the CNS [3,4].

Astrocytes (Figure 1) are the most abundant glial cells: depending on brain region
and calculation method, the estimation is 20–60% of all the cells in the CNS [5]. Astrocytes
are a diverse cell population to such an extent that, for the multiple different forms, a
consensus regarding nomenclature and definitions was needed [6]. Morphologically, these
cells are complex and can adjust to the changes in their surroundings [7–9]. They provide
the structural support of the CNS and their long thin processes surround both synapses and
blood vessels, creating non-overlapping territories. These contacts enable them to perform
a variety of functions, including maintaining homeostasis, transferring nutrients, water,
and oxygen to the neurons, and providing neurotrophic support. Astrocytes can regulate
the composition and volume of the extracellular space by controlling ion concentration
(e.g., Ca2+, K+), uptake of neurotransmitters, and water movement [7]. They can affect
the consistency and function of the blood–brain barrier (BBB) and control the cerebral
blood flow in response to neuronal activity [6]. These functions enable astrocytes to
move perivascular fluids across the brain and contribute to brain waste management.
This phenomenon is called the glymphatic–lymphatic fluid transport system [10,11]. It is
especially effective at removing waste products during sleep [12,13], and the sleep–wake
cycle is connected to astrocyte signaling [14]. The uptake and clearance of neurotransmitters
(ex. GABA, glutamate) are important for the continuance of neurotransmission, and to
avoid a toxic accumulation of certain transmitters [15].

Figure 1. The cells of the central nervous system (CNS). Neurons (yellow) are at the core of the CNS, and their primary
function is to deliver neuronal signals. The different glial cells—astrocytes (green), oligodendrocytes (pink), and microglia
(blue)—support neuronal function.

The perisynaptic processes (PAPs) are thin processes of astrocytes that take part in
promoting synaptogenesis and modulating the plasticity and density of synapses [7,16].
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The tripartite synapse refers to communications between neurons and astrocytes, where
astrocytes regulate synaptic transmission. In tripartite synaptic activity, astrocytes respond
to neurotransmitters by releasing Ca2+, which releases gliotransmitters that, in turn, control
neuronal excitability and synaptic transmission [16]. Importantly, astrocytes react to CNS
damage from pathological processes such as neuroinflammation, trauma, and ischemia
through reactive astrogliosis [6,7,17].

In reactive astrogliosis, astrocytes go through biochemical, morphological, metabolic,
and physiological changes, resulting in gain of new functions or modulations in the existing
homeostatic ones [6]. Astrocytes upregulate the expression of glial fibrillary acidic protein
(GFAP), vimentin, and nestin [17]. The cellular processes become shriveled, and the
astrocytes change their excretion of proteases, cytokines, and growth factors. Depending
on the magnitude of the astrogliosis, it can lead to the formation of a glial scar from
substantially proliferating astrocytes. In mild astrogliosis, the cells do not proliferate but
rather alter their gene expression.

Microglia (Figure 1) make up approximately 5–10% of the cells of the CNS. They
are resident macrophages that provide immunosurveillance to the CNS [18]. They are
the first glial cells present in the developing brain and have a fundamental role in early
development [19]. During synapse maturation, microglia take part in synaptic pruning
when the turnover is the highest [20]. They also rigorously survey the myelinated tracts
during development [21]. To give an idea of the mobility of these cells, a recent study
observed microglia visiting myelinating oligodendrocyte regions roughly every four hours.
They engulf myelin sheaths but not the oligodendrocytes themselves. Microglia are plastic
and quickly respond to their surroundings by, e.g., changing morphology from ramified—
resting or surveilling state—to ameboid, an activated state [22]. The ramified microglia
have round cell bodies with only a small cytoplasmic area and extensive branching pro-
cesses. If there are any pathological signals/molecules or abnormal signaling—or indeed
no signals—coming from the other surrounding CNS cells, the microglia turn into an
amoeboid, activated state, where the branches morph into thick pseudopodia.

Activated microglia are extremely mobile and move quickly towards the area of
interest, where they can release cytotoxic substances and undergo phagocytosis together
with manifesting anti-or pro-inflammatory responses. For example, they can engulf α-
synuclein released from neurons which may prevent neurodegeneration [23]. α-synuclein
is a presynaptic protein with a suggested role in neurotransmitter release in the healthy
brain and a strong relationship with several neurodegenerative diseases (e.g., Parkinson’s
disease (PD) and Alzheimer’s disease (AD)) [24–26]. In recent studies, microglia have also
been observed to play a role in maintaining neural circuit connectivity in the adult brain,
where an in vivo test with mice showed that depleting microglia increased neural circuit
connectivity [27].

Oligodendrocytes make up approximately 20–75% of the cells in the CNS, depending
on the region [5], and they are most numerous in the white matter. Myelin production
is the primary role of oligodendrocytes (Figure 1) [28]. The myelin sheath wraps around
axons, improving neural conductivity. The myelin sheath is not a static structure as de-
and remyelination sculpts the circuits forming memories and enabling learning [28,29].
However, the role of oligodendrocytes is not limited to myelin production, they also take
part in supporting, modulating, and regulating neurons. They give axons metabolic support
by expressing monocarboxylic acid transporter 1 (MCT1), a glycolytic substrate transporter
that functions as a major supplier of lactate to axons and neurons [30]. Oligodendrocytes
produce factors that promote neuronal survival and increase axon length (e.g., glial cell-
derived neurotrophic factor, GDNF) [31]. They also inhibit neurite growth and stabilize
neuronal connectivity. Oligodendrocytes also respond to oxygen levels in the brain through
hypoxia-inducible factor (HIF) signaling and drive angiogenesis in the white matter [32].
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1.2. Induced Pluripotent Stem Cells (iPSCs) to Generate Glia

The cells to produce iPSCs can be harvested from any source, but they will only model
the organism they have been harvested from [33–35]. To study human diseases, human
iPSCs are required since, despite some evolutionarily conserved similarities, rodent and
human brains differ from each other [36]. Human iPSCs are obtained from human somatic
cells which can be taken from, for example, a skin biopsy. This, therefore, bypasses some
of the ethical issues associated with utilizing human tissue for research purposes. The
differentiated somatic cells can be reprogrammed back into pluripotency through various
different methods [37,38]. In the most classical method, pluripotency genes—so-called
Yamanaka factors (Oct3/4, Sox2, c-Myc, and Klf4)—are introduced into adult fibroblasts
through retroviral transduction [38]. Currently, the most commonly used method to
generate iPSCs is via the non-integrating Sendai viral vector [39]. There have also been
many advances in iPSC generation and methods such as epigenetic regulation, microRNA
manipulation, and nonviral methods have arisen in recent years [40,41]. iPSCs can be
differentiated into various cell types, including neurons and glia, making them a powerful
tool to study human CNS cells in vitro (Figure 2). As will be discussed further below,
iPSCs have been successfully differentiated into astrocytes [42–44], microglia [45,46], and
oligodendrocytes [47–51] from both healthy subjects and patients. This process can then
be harnessed to study how these cells and their factors may contribute to disease in a
human-specific way, both in vitro and via transplantation in vivo.

Figure 2. Induced pluripotent stem cells (iPSCs) can be used to create a variety of different cell types,
including astrocytes, microglia, and oligodendrocytes.

In general, there are no disease-modifying therapies for complex human disorders.
Therefore, understanding mechanisms has been paramount in moving this research further.
The ability to generate iPSC-derived glia, combined with our increasing understanding of
glia involvement in human disease, can give us insight into understanding these condi-
tions in order to find cures. In addition to neurodegenerative diseases, neuropsychiatric
disorders are prime candidates for the use of iPSCs to study mechanisms. Similar to
neurodegenerative iPSC research, neuropsychiatric disorders have mainly used neurons
derived from patients, but recent studies have begun to use patient-derived iPSC glial cells
as well (reviewed in [52]). For example, astrocytes derived from Alexander disease patients,
cultured together with oligodendrocyte progenitor cells (also patient-derived), decreased
the number of these progenitor cells and led to fewer myelinating oligodendrocytes—a
main pathological hallmark of the disease [53]. Researchers using microglia and isolated
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synaptosomes derived from schizophrenic patients found increased engulfment of the
synapses by the microglia compared to healthy control-derived cells [54]. This was consid-
ered to mimic the increased synaptic pruning present in postmortem schizophrenic patient
brains. Along with using iPSC-derived glial cells to directly model these disorders, these
cells can be a useful source for gene expression analysis in order to elucidate involvement
of genes in human-specific conditions. A study using astrocytes derived from the skin
fibroblasts of violent offenders showed upregulation of genes already associated with
autism [55]. Studies such as this can give researchers a better understanding of which
genes could be involved in multifaceted human diseases.

It is clear that glia play a role in neuropsychiatric disorders and using patient-derived
cells more closely resembles the human condition. Additionally, glial cells are also heavily
implicated in neurodegenerative disease mechanism and using patient-derived iPSCs to
model these diseases is an important avenue of research, discussed in detail below.

2. Glia involvement in Neurodegenerative Diseases

Neurodegenerative diseases are an assortment of different disorders that are associated
with neuronal loss, cellular dysfunction, and pathological accumulation of proteins in the
brain. The symptoms of these diseases vary from motor to cognitive dysfunction. All
of the diseases listed below have evidence of glial cell involvement in the onset and
progression (Table 1). Many studies have observed neuroinflammation, reactive microglia
and astrocytes, as well as oligodendrocyte dysfunction in the patient brain. Using cells
harvested from patients with causative mutations, iPSC models can recapitulate the key
aspects of these diseases. Though studies utilizing glial cells derived from iPSCs are only
recently emerging.

Table 1. Table of the most common neurodegenerative diseases with their major properties and how glial cells are involved
in each disease.

Disease Known
Mutations

Pathological
Protein

Common
Symptoms

Astrocyte
Involvement

Microglia
Involvement

Oligodendrocyte
Involvement

Alzheimer’s
disease

APP, PSEN1,
PSEN2,

APOEε4 allele
(risk factor)

Amyloid-β, tau

Memory
impairment,

disorientation,
delirium and

dementia

Reactive
astrocytes ↑,

neuroprotection ↓,
synaptogenesis ↓,

altered
phagocytosis

[56–60]

Microgliosis ↑
[57,59,61–63]

Differentiation ↓,
death ↑,

oligodendrocyte
size ↓,

myelinating
oligodendrocytes

↓ [59,64]

Amyotrophic
lateral

sclerosis

SOD1, C9ORF72,
FUS, TARDBP,

VAPB, FIG4,
OPTN, VCP,

SQSTM1/p62,
SIGMAR1,

UBQLN2, TBK1,
PDIA1, PDIA3,

CCNF

TDP-43

Progressive
weakness of

muscles,
spasticity,

difficulties in
speaking,

breathing and
swallowing,

fatal

Reactive
astrogliosis ↑,

neuroprotection ↓,
synaptogenesis ↓,

phagocytosis ↓
[17,56,65,66]

Microglial
activation ↑
(cross-talk

between both
astrocytes and
oligodendro-

cytes), secretion
of toxic factors ↑

[17,65,67,68]

Progenitor cell
NG2+

proliferation ↑,
abnormal

morphology ↑,
neurotoxic

interactions ↑,
differentiation ↓,

death ↑
[69,70]

Creutzfeld–Jacob
disease

PRNP; several
mutations, e.g.,
P102L, P105L,
D178N, V180I,
E200K, V203I

Prion protein

Dementia,
amnesia,

personality
changes, fatal

Reactive
astrocytes ↑,

emperipolesis
(oligodendrocyte

engulfment)
[71–76]

Reactive
microglia↑
[71,75,77]

Interaction with
reactive

astrocytes,
emperipolesis

(astrocytes
engulf oligoden-

drocytes)
[72,74]

Huntington’s
disease HTT huntingtin

Abnormal
involuntary
movements,
psychiatric
symptoms,
cognitive
decline

Reactive
astrogliosis ↑,

neuroprotection ↓,
synaptogenesis ↓,

phagocytosis ↓
[15,56,78–80]

Microgliosis↑,
phagocytosis ↑

[15,79,81]

Remyelination ↓,
differentiation ↓,

death ↑
[82–84]
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Table 1. Cont.

Disease Known
Mutations

Pathological
Protein

Common
Symptoms

Astrocyte
Involvement

Microglia
Involvement

Oligodendrocyte
Involvement

Parkinson’s
disease

PARK
mutations;

LRRK2, PARK2
PARK7, PINK1,

SNCA

α-synuclein

Rigidity, tremor,
fatigue,

depression, pain,
and

cognitive
problems

Reactive
astrocytes ↑:

neuroprotection ↓,
synaptogenesis ↓,
phagocytosis ↓,

Ca2+ release from
ER ↑,

mitochondrial
function ↓,

mitochondrial
respiration ↓,
α-synuclein
clearance ↓
[56,85–87]

Reactive
microgliosis↑,

phagocytosis ↑,
proinflammatory

cytokines ↑
[86,88–90]

Differentiation ↓,
death ↑

[91]

Spino-
cerebellar ataxia

group of ~30
diseases,

e.g., SCA1, SCA2,
TMEM240, TGM6

expanded polyQ
peptides

Balance
impairment,
coordination

problems, speech
impediment, can

be fatal

Reactive
astrogliosis ↑,

proinflammatory
cytokines ↑

[92,93]

Reactive
microgliosis ↑,

release of
proinflammatory
cytokines ↑ [92]

Demyelination ↑
(toxic gain of

function
mutation) [94]

Spinal
muscular
atrophy

SMN1, SMN2,
TRPV4, UBA1,

DYNC1H1,
PLEKHG5,

IGHMBP2, GARS,
FBXO38

SMN protein
depletion

Muscle
weakness,

muscle atrophy,
fasciculations,

impaired
speaking,
breathing,

swallowing, and
walking,

(childhood form)
fatal

Reactive
astrogliosis ↑,

proinflammatory
cytokines ↑,
basal Ca2+↑,

ATP stimulation
response↓, Notch

signaling
dysregulation ↑

[95–97]

Reactive
microgliosis,

proinflammatory
cytokines ↑,
suspected
synaptic

stripping caused
by enhanced
phagocytosis

[95,96]

Differentiation ↓,
dysfunction ↑,
precursor cell
proliferation ↓

[96,98]

↑ = increased; ↓ = decreased.

AD is the leading cause of dementia worldwide (Table 1) and human iPSC-derived
cells have been used extensively to study aspects of the disease in vitro. Disease-associated
AD astrocytes have been identified from single-nucleus RNA sequencing (snRNA-seq) [57],
where, e.g., massive gliosis was observed upon AD initiation. Astrocytes derived from
iPSCs from AD patients with the PSEN1 ∆E9 mutation, manifest with increased amyloid-
β (Aβ) production and oxidative stress [60], altered metabolism of fatty acids [99] and
Ca2+ [60], together with reduction in lactate secretion [60]. The iPSC PSEN1 ∆E9 AD
astrocytes use less glycolysis for energy production and were much more oxidative than
the control cells, thus elevating the levels of intracellular oxygen species that are toxic
to neurons [60]. iPSC-derived AD microglia, generated from patients with either spo-
radic AD [63] or isogenic lines from healthy donors with risk gene APOEε4 edited with
CRISPR/Cas9 [100], are more immunoreactive compared to control cells. This finding
is supported by snRNA-seq data from human AD brains and non-demented control
brains [57,62]. They display altered phagocytosis (e.g., elevated general (sporadic AD
model) [63] or impaired Aβ phagocytosis (APOEε4) [100]), and upon lipopolysaccharide
(LPS) treatment, enhanced cytokine production (IL-6, IL-10, TNF-α, IFN-γ [63]). iPSC-
derived oligodendrocytes have not yet been used to model AD, although changes in the
oligodendrocyte differentiation and myelination have been associated with the disease, and
several AD risk genes have important roles in oligodendrocyte biology [59,64]. For exam-
ple, decreased myelination, reduced oligodendrocyte size, and death of oligodendrocytes
have been depicted both in postmortem AD brain and in vivo mouse studies [64].

The molecular mechanisms behind amyotrophic lateral sclerosis (ALS) (Table 1) are
still somewhat unknown, but the non-cell autonomous processes are becoming more
evident. Reactive astrocytes have been identified surrounding the degenerating motor
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neurons in ALS [17]. iPSC-derived astrocytes from ALS patients carrying the G4C2 repeat
expansion in the C9orf72 gene, cultured together with motor neurons, cause motor neurons
to lose their excitability and action potential output [66], where astrocyte dysfunction
precedes these motor neuron perturbations. A mutation in the C9orf72 gene is common
for both ALS and frontotemporal dementia. Astrocytes contribute to the neurotoxicity by
excreting toxic factors such as effectors of necroptosis, reactive oxygen species, proinflam-
matory cytokines and inflammatory mediators [17,66]. ALS also manifests with progressive
microgliosis, and microglial dysfunction appears to be one of the earliest occurrences in
disease progression [65]. Microglial dysfunction is proximal to motor neurons and precedes
symptom onset and astroglial dysfunction. Using iPSC-derived microglia-like cells, derived
from patients with the C9orf72 genetic mutation, the cells show increased inflammatory
responses, and upon Aβ or synaptoneurosome exposure, disturbed phagocytosis [68]. The
oligodendrocyte progenitor cells, NG2+ cells, are wildly proliferating at the end stage of
ALS, with the proliferation rate growing 20-fold; however, this oligodendrogenesis does
not lead to oligodendrocyte accumulation [69]. In terms of neurodegeneration in ALS,
oligodendrocytes contribute to motor neuron death by excreting soluble neurotoxic factors
and through cell-to-cell contacts [70]. A significant decrease in motor neuron survival was
observed 4 days after they were grown in ALS-oligodendrocyte conditioned media. When
growing iPSC-derived ALS oligodendrocytes, from patient iPSCs with sporadic ALS or
ALS with a SOD1D90A, TDP43G298S, C9ORF72, or FIG4C27T mutation, together with
healthy motor neurons, 72 hours post plating the motor neurons started to manifest with an
axonal beading phenotype and the cell survival decreased by 50–60%. Additionally, ALS
oligodendrocyte lactate production starts to reduce at three weeks post plating—they pro-
duce less lactate overall compared to control and express lower levels of MCT1 transcript,
both features that are important to neuronal energy metabolism.

One of the most well-known prion diseases is Creutzfeld–Jacob disease (CJD) (Table 1),
where there is evidence of both reactive astrocytes and microglia [71,75]. In CJD, astrocytes
have a complex role and the reactive state has a distinct phenotype from other neurode-
generative diseases [71]. Interestingly, the reactive astrocytes appear to have disease
progression delaying properties, where disabling the astrocyte morphosis to a reactive
state accelerated the disease progression and resulted in early microglial dysfunction [71].
According to findings made from studies performed with iPSC-derived astrocytes (cells
from healthy donors), the cellular susceptibility to prion infection is dependent on an
appropriate CNS cellular phenotype [76]: astrocytes accumulate prion proteins when the
CJD inoculum and cell PRNP codon 129 genotype matches. There are also peculiar findings
in relation to astrocyte and oligodendrocyte interactions associated with CJD, when the
disease progresses to a more severe state, the reactive astrocytes engulf oligodendrocytes
in a process called emperipolesis [72,74]. Evidence of glial cell association with CJD has
been found [75] but to date not many studies have been performed with iPSCs.

Huntington’s disease (HD) (Table 1) is a hereditary neurodegenerative disease. The
HD astrocytes appear to progressively lose their normal functions as mutant huntingtin pro-
tein accumulates [78]. Several observations have been made using iPSCs: iPSC-derived HD
astrocytes (iPSCs derived from patients with HTT mutations) fail to support maturation of
iPSC neurons as well as the control astrocytes [80], neuronal electrophysiological activity is
dampened in HD astrocyte-control neuron co-cultures as a result of impaired Ca2+ modula-
tion, and these HD astrocytes are unable to protect the neurons against glutamate-mediated
toxicity. Previous studies have found that glutamate transporters are downregulated in
HD astrocytes, and this impairs the natural glutamate uptake via astrocytes which disrupts
the normal neurotransmission and has neurotoxic effects [15]. The HD astrocytes are essen-
tially reactive astrocytes. Recent studies have indicated that microglial activation precedes
astrocyte activation, showing that microglia also play a key role in HD onset and progres-
sion [15,56,79]. White matter alterations have been documented in HD human and mice
studies together with oligodendrocyte dysfunction and impaired remyelination [82–84].
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However, in general, HD has not been extensively studied using iPSC-derived glial cells,
as the main focus has been on the iPSC-derived neuronal cells [101].

PD is the second most common neurodegenerative disorder (Table 1). Neuroin-
flammation is seen as one of the key features of PD [56,85,86]. Indeed, iPSC-derived
astrocytes (from patients with the LRRK2 G2019S mutation) morph into reactive astro-
cytes after an inflammatory stimulus and respond with a stronger inflammatory response
compared to control, e.g., by releasing more proinflammatory cytokines [87]. These PD
astrocytes also have disturbances in metabolism, mitochondrial function and respiration,
loss of neurotrophic factor secretion, downregulation of glutamate intake, and distur-
bances in Ca2+ homeostasis [87,102]. iPSC LRRK2 G2019S astrocytes upregulate the expres-
sion of α-synuclein [87], a presynaptic protein of which aggregates form Lewy bodies in
PD [24,25]. Control neurons cultured together with PD LRRK2 G2019S astrocytes start to
show signs of neurodegeneration—similar to the ALS co-culture studies—and accumulate
α-synuclein [102]. In PD, the microglia lose some of their beneficial physiological functions
and gain detrimental inflammatory functions [88]. It was shown that iPSC-derived LRRK2
G2019S microglia are more immunoreactive than the controls (isogenic or healthy) [89].
When an immune stimulus was given (IFN-γ or LPS), the PD microglia decreased their
motility but increased their phagocytosis and metabolic activity. These PD microglia
were also seen to have defects in the transcription factor NF-κB p65 nuclear translocation.
NF-κB p65 plays a key role in processes such as cell survival, inflammation, immunity,
differentiation, and apoptosis. When applying iPSC-derived LRRK2 G2019S PD microglia
conditioned media to neurons, clear signs of an inflammatory environment were seen
and neurite elongation was affected [89]. Early involvement of oligodendrocytes in the
onset of PD has been suggested in genome wide association studies [91], but studies using
iPSC-derived oligodendrocytes are lacking.

Spinocerebellar ataxias (SCAs) (Table 1) are a collection of neurodegenerative diseases.
Most of the hereditary SCAs are characterized by abnormal expansion in the sequence cod-
ing polyglutamine (polyQ) peptides and by the polyQ aggregates in the cerebellum [93,103].
There is evidence of early astrocyte and microglia activation in SCA1 [92], which can be seen
in the increased levels of proinflammatory cytokines IL-6, TNFα, and MCP-1. Glutamate-
treated neurons, derived from iPSCs from patients with SCA2 and SCA3, downregulate
the glutamate receptor genes and dysregulate intracellular Ca2+ [93]. The studies in vivo
from SCA7 mice suggest a link to Bergmann glia, protoplasmic astrocytes in the cerebel-
lum, that produce neurodegeneration by impairing glutamate transport [104]. In a SCA3
mouse model, oligodendrocytes show early transcriptional changes, toxic gain-of-function
mutations, and demyelination [94]. The implementation of iPSC models to study SCA has
not been fully utilized and the findings regarding glial involvement with these diseases
have mostly been done with in vivo rodent models [92,94,104,105].

Loss or functional inactivation of the gene survival motor neuron 1 (SMN1) causes
spinal muscular atrophy (SMA) (Table 1). The disease phenotype is considered as non-
motor neuron-autonomous and strong glia involvement has been observed as well as
general neuroinflammation, where proinflammatory cytokines secreted by both astrocytes
and microglia are elevated (IL-6, IL-1β, TNFα) [95,96]. Astrocytes have been seen to
contribute to the pathogenesis of SMA in particular [95]. The iPSC-derived SMA (from
patients with SMN2 or SMN1) astrocytes manifest with morphological and cellular changes
that can be observed prior to onset of motor neuron loss [106]. They have disrupted Ca2+

signaling where the basal Ca2+ is significantly increased but the Ca2+ response to ATP
significantly decreased compared to control. The ERK1/2 pathway, which can lead to
apoptosis when activated by Ca2+, is upregulated in iPSC-derived SMN1/SMN2 SMA
astrocytes [106]. These astrocytes express low levels of SMN protein and have signifi-
cantly shorter cellular processes [95,106]; low levels of SMN protein lead to progressive
astrocyte activation (evidenced by expression of markers for reactive astrocytes (GFAP
and vimentin)). The SMA iPSC astrocyte cultures also produced and secreted less GDNF
than control iPSC astrocyte cultures [106]. Without GDNF, astrocytes fail to promote the
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survival of spinal motor neurons leading to apoptosis. Most microglia and oligodendrocyte
associated SMA studies have been done using in vitro models [96]. The microglia have
been seen to obtain a more proinflammatory morphology and have enhanced phagocytosis,
leading to a process called synaptic stripping. In terms of oligodendrocyte involvement,
myelin basic protein (MBP) and NG2 expression were found to be lower in the spinal cords
of SMN∆7 mice compared to control [98]. NG2 expression is essential for oligodendrocyte
differentiation and proliferation of the oligodendrocyte progenitor cells. This phenomenon
was also reported to occur prior to motor neuron degeneration: the cells with low NG2
expression levels had high Notch expression, as the low levels of NG2 failed to inhibit
Notch activation. Notch signaling is a master regulator of neural development. When
activated, it disrupts the precursor cell differentiation to myelinating oligodendrocytes, but
it also affects the differentiation and proliferation of astrocytes [107].

The above neurodegenerative diseases have glial dysfunction followed by death of
neurons in common. In many studies, the neuronal damage is traced back to an inflamma-
tory microenvironment where reactive astrocytes are one of the main causes of this damage.
Microglia are in a constant surveillance state and quickly react to their surroundings. Ac-
cording to prior studies, reactive microglia are needed to induce reactive astrocytes [56].
Reactive astrocytes lose their ability to uphold neuronal survival and outgrowth, lose
their synaptogenesis and phagocytosis ability, and become powerfully neurotoxic. This
reactive state then induces neuron and oligodendrocyte death. Reactive astrocytes have a
high expression of complement component C3. In a recent study, to visualise the reactive
C3 positive astrocytes in different neurodegenerative diseases, in situ hybridization and
immunochemistry were performed on postmortem tissue from patients with AD, ALS,
HD, multiple sclerosis (MS), and PD. Reactive astrocyte markers GFAP, S100β, and C3 la-
beled positive astrocytes were found in regions traditionally associated with the respective
diseases, and further qPCR analysis confirmed this finding.

3. 3D Brain Organoids as Models of Neurodegenerative Disease

A major barrier which hinders the study of neurodegenerative diseases is the inacces-
sibility of relevant biological material: human brain tissue. Early research was restricted to
histological samples obtained postmortem from symptomatic patients and healthy con-
trols [108]. However, neurodegenerative diseases are progressive in nature: pathological
changes in the brain can occur decades before the onset of clinical symptoms, diagnosis by
a physician, and death [109–112]. While advances in biomedical imaging have expanded
our ability to study the brain in living subjects [112,113], brain biopsy remains an inva-
sive and high risk procedure. Thus, brain tissue samples from living patients continue
to remain extremely limited. For this reason, developing disease models that facilitate
observation and sample collection throughout the course of the disease—from onset to
advanced pathology—is key to elucidating the degenerative processes underlying these
diseases. They are also critical for exploration and evaluation of potential treatments and
medications.

Due to the difficulty of studying the molecular biology of neurodegenerative diseases
in living patients, much effort has been put into developing animal models for studying
disease pathology and for evaluating drug candidates. However, developing preclinical
models of the two most prevalent neurodegenerative diseases, AD and PD, has proved es-
pecially challenging [114]. Preclinical models of AD have proved to be unreliable predictors
of therapeutic effectiveness in human subjects, and drug candidates for AD have an excep-
tionally high failure rate of 99.6% in clinical trials [115]. This indicates a desperate need for
improved disease models which are capable of more accurately representing the disease
biology in humans. Creation of iPSCs has revolutionized in vitro study of human disease
by granting access to a virtually unlimited supply of human cells. However, conventional
2D cell cultures cannot recreate the intricate cell architecture and microenvironment of
human brain tissue.
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Cerebral organoids derived from iPSCs, first described by Lancaster et al. [116], have
shown potential to overcome the inaccessibility of human brain tissue (Figure 3). The
cerebral organoids generated by Lancaster et al. contain a variety of brain regional iden-
tities and display the characteristic layering of progenitors, precursor cells, and neurons
seen in the developing human brain. Brain organoids are a promising novel platform for
compound screening applications, as they can be produced in large quantities sufficient for
high-throughput experiments. However, heterogeneity and random occurrence of different
brain regions in cerebral organoids limit their utility as robust disease models [116]. To
address this issue, various strategies for guiding the development of the organoid tissue
towards a specific regional fate have been developed [117–121]. Heterogeneity will remain
an issue for “handmade” organoids, as manual pipetting and handling will introduce
variability within and between organoid batches. For experiments requiring highly ho-
mogenous samples, fully automated processes that minimize human error and batch effect
are desired [122]. Optimization of differentiation conditions and automation, while still
very active areas of research, have led to the creation of more homogenous, brain region-
specific organoids capable of recapitulating key molecular hallmarks of neurodegenerative
diseases.

Figure 3. Left side: iPSC-derived brain organoids from a healthy human subject can be used to specifically model the brain
microenvironment, including studying interactions between a variety of cell types. Additionally, modifications such as
integration of microglia and endothelial cells provides opportunities to further elucidate functions of these cells in vitro.
Right side: Using brain organoids derived from the cells of a human patient is a powerful tool to study disease mechanisms.
Typical features of neurodegenerative diseases can be modelled in brain organoids, namely plaque formation, glia activation,
and neuronal dysfunction. BBB=blood–brain barrier.
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In addition to neurons, brain organoids give rise to both astrocytes and oligoden-
drocytes [118,121,123–125]. As discussed, glial cells—the caretakers of the CNS—are
increasingly recognized as key contributors to neurodegenerative diseases (Table 1). The
co-occurrence of neurons and glia in brain organoids makes them an attractive model for
studying the non-cell autonomous mechanisms of neurodegeneration. However, microglia
are inherently absent in brain organoids induced with dual-SMAD inhibition, which di-
rects the iPSCs towards a neuroectodermal fate. This inhibits the emergence of microglia
progenitors, which originate from the mesodermal lineage and migrate from the embry-
onal yolk sac to the brain [126]. Brain organoids also lack endothelial cells and thus are
not vascularized. To “complete” the brain organoid model, separately differentiated en-
dothelial cells, microglia-like cells or mesodermal progenitors must be integrated into the
organoid. Interestingly, functional microglia-like cells expressing Iba1 have been reported
to occur spontaneously in brain organoids generated without SMAD inhibitors [127]. Dur-
ing brain development, microglia are known to modulate synaptic remodelling and have
been shown to promote functional maturation of neurons and cortical networks in cere-
bral organoids [128,129]. Transplanted microglia exhibit chemotactic attraction towards
neuronal tissue, followed by migration and extension of processes resembling the ramified
(“surveillant”) microglia present in the CNS. Upon injury, organoid-resident microglia
assume ameboid morphology and migrate towards the injured site, demonstrating in vivo-
like functionality [45]. Attempts at creating vascularized organoids have relied on in vivo
transplantation and invasion of host vessels into the organoid [130,131], but this is not
ideal as patient iPSC-derived vessels are more desirable. Pham et al. [132], have reported
successful integration of endothelial cells into organoids, while Wörsdörfer et al. [133]
generated vascularized organoids with Iba1+ microglia by introducing mesodermal pro-
genitors. In addition, Cakir et al. [134] demonstrated perfusion of blood vessels generated
via induced ETV2 expression. The addition of functional vasculature in brain organoids
could overcome two significant issues: firstly, providing perfusion throughout the organoid
could prevent necrotic cores, which are a pervasive problem in larger organoids. Secondly,
functional coupling between vessels, astrocytes, and neurons could serve as an excellent
platform for modeling BBB function and the neurovascular unit.

Remarkably, cerebral organoids derived from iPSCs of a patient with familial AD
(fAD) have been observed to replicate key pathological hallmarks of AD, such as formation
of Aβ aggregates, hyperphosphorylated tau, and increased apoptosis. It is especially
notable that AD pathology emerges organically in patient-derived organoids without
the need to induce overexpression of fAD genes [135–137]. Raja and colleagues noted
that Aβ pathology precedes tau aggregation in organoids. Their findings were consistent
across multiple fAD iPSC lines and AD pathology was ameliorated by treatment with
γ-secretase and BACE1 inhibitors. It is likely that the 3-dimensional (3D) extracellular
space present in organoid cultures facilitates concentration and subsequent aggregation
of plaque-forming proteins [135,138]. The ability of cerebral organoids to form mature
neuronal networks enables interrogation of functional defects in fAD. PSEN1/2 and APP
fAD organoids display asynchronous calcium transients, increased neuronal activity and
hyperexcitability [137,139]. Presence of the APOEε4 allele is the most notable genetic risk
factor for sporadic AD, but the exact molecular mechanism behind this remains elusive. In
contrast to fAD organoids, in which pathology arises relatively early, Lin et al. [100] report
delayed emergence of AD pathology in brain organoids harboring the APOεE4 allele. This
also provides evidence for the involvement of astrocytes in sporadic AD, which is further
corroborated by reduced Aβ uptake and cholesterol accumulation in APOEε4 astrocytes.
Zhao et al. [140] have reported a similar increase in phospho-tau load in APOEε4 organoids
compared to APOEε3 organoids, where increased phospho-tau was already evident in
four-week-old AD and APOEε4 organoids.

Midbrain organoids (MOs) are an attractive model for PD. Organoids patterned to-
wards the midbrain are enriched in dopamine (DA) neurons, which are functionally mature
and express midbrain-specific markers such as EN1, FOXA2, LMX1A, and TH [121,141,142].
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Neuromelanin inclusions characteristic of the human substantia nigra pars compacta have
been observed after two months in culture [141]. MO DA neurons have been shown to
be susceptible to neuronal death caused by the known neurotoxins 6-hydroxydopamine
(6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [118,123,143]. MOs
derived from iPSCs carrying the known PD risk mutation LRRK2-G2019S have been shown
to demonstrate aberrant accumulation and deposition of α-synuclein, which was success-
fully ameliorated by LRRK2 kinase inhibitor treatment [123]. MOs derived from a patient
with idiopathic PD (iPD) also replicate molecular features of the disease: Chlebanowska
et al. [144] found significantly reduced TH expression in iPD MOs compared to healthy
controls. TH expression in iPD MOs plateaued at 27 days and decreased at later time points,
whereas increasing levels of TH were observed in healthy MOs throughout the experiment.
In addition, expression of early midbrain neuronal markers FOXA2 and LMX1A were
markedly lower in iPD MOs.

Cerebral organoids exhibit similar developmental events as the fetal human brain [116,
125,145–147], which indicates that they could be excellent models for neurodevelopmental
disorders. Principal component analysis by Jo et al. [141] of gene expression in gener-
ated MOs, prenatal midbrain, and adult midbrain indicated that MOs are more prenatal
midbrain-like than adult midbrain-like. In contrast, the most common neurodegenerative
diseases, AD and PD, are highly prevalent in the elderly population. Recapitulating the
ageing brain in an inherently immature organoid is a challenge which may limit their
usefulness as models of advanced neurodegenerative diseases. Strategies for inducing
ageing-like effects in iPSC-derived neurons via oxidative stress [148,149] or overexpression
of progerin [150] have been described. Somewhat surprisingly, the immature nature of cere-
bral organoids has provided valuable insight into dysfunctions of neurogenesis in AD. It
appears that mutant PSEN1 expedites neuronal differentiation by reducing Notch signaling,
which results in diminished populations of neural progenitor cells in fAD organoids [151].
Premature neuronal differentiation and subsequent progenitor depletion has also been
observed in sporadic AD organoids [152]. In addition, Meyer and colleagues provided
evidence that APOEε4 induces dysregulation of the transcriptional repressor REST, lead-
ing to upregulation of neuronal differentiation genes in sporadic AD neural progenitors.
Similarly, PINK1 knockout MOs display reduced numbers of Tuj1/TH double positive
cells but no reduction in Tuj1+ cells compared to control MOs, indicative of impaired DA
neuron differentiation [153]. Mutations in PINK1 have been associated with early-onset PD.
The curious connection between impaired neurogenesis and onset of neurodegenerative
disease warrants further investigation.

Cerebral organoids derived from iPSCs are a promising way forward for studying
neurodegenerative diseases, where instead of a single cell population in the culture dish,
something more akin to the whole brain environment is achieved. This is a useful strategy
to model human disease more accurately in vitro. Additionally, the ability to test exogenous
material on these models and how it may contribute to disease state, as well as transplanting
these organoids to animals, are important avenues of future research.

4. In Vivo Transplantation of iPSCs in Neurodegenerative Diseases

More than 40 years ago, researchers transplanted human fetal tissue to rodent [154,155]
and non-human primate [156,157] PD models, resulting in fetal DA cells surviving in the
brains of these animals and behavioural improvements. This led to clinical trials in Parkin-
son’s patients where injection of embryonic DA cells to the putamen of patients survived,
reinnervated the striatum, and resulted in symptom benefit in several recipients [158–160].
Despite only modest improvement in some patients and the presence of Lewy bodies
(α-synuclein rich pathological hallmark of PD [25]) in grafted neurons [161,162], survival
and integration of these cells to the human brain demonstrate a strong positive outcome
from these trials. As such, there are currently ongoing trials using embryonic stem cells in
PD (preclinical study of one ongoing trial [163]), although this review will focus further on
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iPSC studies. With the advent of iPSCs, research on potential therapies as well as human
disease modelling shows great promise going forward.

Having a readily available and replenishable pool of cells that can be differentiated
into various cell types without the ethical issues associated with using human fetal tissue
continues to be a powerful tool to model disease and test drugs on. Along with PD, several
lines of research have aimed to replace dead or damaged cells in the respective rodent
model of disease in order to bring a stem cell-based disease-modifying therapy to the clinic.
For example, transplantation of human iPSCs differentiated to neural stem cells in rodent
models of spinal cord injury [164–166] and ischemic stroke [167–169] have been successful.
These cells survive, differentiate, migrate, and result in functional recovery in some cases.
However, not all studies have demonstrated positive results [170]; a study of wild-type
mice with spinal cord injury and receiving immunosuppression therapy did not show long-
term survival of the cells and there was no evidence of functional recovery in the model.
This demonstrates the need for both longer follow-up times as well as using conditions
that more closely mimic how a real-world therapy would be carried out. Additionally, of
high concern in the field of stem cells in general has been the issue of tumorgenicity once
they are transplanted to the target organ. As such, it has been shown that transplantation
of undifferentiated iPSCs can result in tumorigenic outcomes [171,172]. Therefore, the step
to differentiate these cells to neural stem cells or progenitors before injecting them into the
brain is a critical step in the process.

In addition to the above-mentioned brain diseases, neurodegenerative diseases are
potential candidates for stem cell transplants. As alluded to above, PD is the furthest along
in this regard. IPSCs derived from human patients were first differentiated to DA neurons
and then successfully transplanted to a rat model of PD where they survived, began to
grow axons, and led to functional recovery [173] (Table 2). It was also demonstrated
that iPSCs derived from idiopathic patients versus healthy individuals did not differ
in their ability to survive and function in the rat brain, indicating that a patient’s own
cells could be used to differentiate and transplant [174]. Human iPSC transplant has
been successful in a non-human primate model of PD [175] and, last year, a study was
published with a human patient [176]. In the human case, cells were derived from the
patient, differentiated to DA neuron progenitors, and transplanted to the putamen without
immunosuppression. The cells seemed to survive and result in some functional recovery—
although the long-term outcome remains to be seen. The implications of using a patient’s
own cells could be incredibly important going forward, as there would be no need for
immunosuppression and less concern of rejection. However, cells will still need to undergo
strict good manufacturing practice and testing. There are currently ongoing clinical trials
using iPSCs for Parkinsonian patients [177,178].

Table 2. Table of preclinical transplant studies performed in rodents using human-derived induced pluripotent stem cells
(iPSCs) in neurodegenerative diseases, both as a therapy and to model disease.

Transplant as Therapy

Disease Cell Source Cell Type Model Injection Site
Post-

Transplantation
Follow-Up Time

Outcomes Reference

PD Sporadic
patients DA neurons 6-OHDA rats Striatum 16 weeks

Motor
asymmetry

reduced
[173]

AD Human cell
line

Cholinergic
neurons

Transgenic
APP mice HPC 45 days Improved

spatial memory [179]

ALS Healthy
humans Motor neurons Transgenic

SOD1 mice
Systemic and

intrathecal 50 days
Improved

motor
behaviour and survival

[180]

ALS Human cell
line Astrocytes

Transgenic
SOD1 mice Spinal cord 40 days

Improved
motor

behaviour and survival
[181]

HD Juvenile
patients

GABAergic
neurons

Quinolinic acid
rats Striatum 12 weeks Behavioural

improvement [182]
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Table 2. Cont.

Transplant as Model

Disease Cell Source Cell Type Mouse Injection Site
Post-

Transplantation
Follow-Up Time

Outcomes Reference

AD FTD patient Cortical
neurons

Neonatal ID
APP/PSEN1

mutant
Frontal
cortex 8 months

AD pathology in
transplanted

neurons
[183]

AD AD patient
Excitatory and

inhibitory
neurons

Adult APOEε3
or APOEε4
transgenic HPC 7 months AD phenotype in

neurons [184]

AD Human cell
lines Microglia

Adult
humanized ID

5xFAD
transgenic

Cortex,
HPC 9 months AD phenotype in

microglia [185]

ALS
ALS patients
and healthy

controls
Astrocytes Adult SCID

mice Spinal cord 9 months Loss of motor neurons,
motor deficits [186]

Abbreviations: 5XFAD = 5 familial Alzheimer’s disease mutations; 6-OHDA = 6-hydroxydopamine; AD = Alzheimer’s disease; ALS = amy-
otrophic lateral sclerosis; APP = amyloid precursor protein; DA = dopamine; FTD = frontotemporal dementia; HD = Huntington’s disease;
HPC = hippocampus; ID = immunodeficient; PD = Parkinson’s disease; PSEN1 = presenilin 1; SCID = severe combined immunodeficient;
SOD1 = superoxide dismutase 1.

Along with PD, there have been successful transplants of iPSCs as therapy in rodent
models of AD, ALS, and HD (Table 2). Transgenic mice used to model AD via overexpres-
sion of the familial APP mutation [187] were transplanted with neuronal precursors to be
differentiated into cholinergic neurons that were derived from human iPSCs [179]. The
cells, injected bilaterally to the mouse hippocampus, developed into cholinergic neurons
that survived and improved spatial memory compared to the transgenic mice that did not
receive the transplants. In ALS, transgenic rats carrying the human SOD1(G93A) mutation
(associated with a familial form of ALS [188]) were transplanted with neural progenitor
cells to the spinal cord which resulted in the majority of progenitors differentiating to
mature neurons at 60 days. Some of these cells began to resemble motor neurons in their
morphology [189]. In terms of a possible therapeutic application, another study using the
SOD1 mouse model used both intrathecal and systemic administration of human iPSCs as
opposed to intracranial or spinal cord injection [180]. The authors differentiated cells to
neural stem cells that were preferentially selected for factors enabling them to cross the BBB.
Transgenic mice had neural stem cells present in the spinal cord in both administration
paradigms, whereas the wild-type did not—the authors hypothesized that the BBB is more
permeable in this model. Importantly, the mice had improvement in motor behaviour,
extended survival, reduced gliosis, and an increase in number of motor neurons compared
to the vehicle treatment. This study gives proof-of-concept to less invasive procedures for
transplanting iPSCs which avoids potentially complicated brain surgery, particularly in
conditions where the BBB may be compromised (ex. stroke). In addition to AD and ALS,
iPSCs have shown success in HD. iPSCs derived from a juvenile HD patient were differenti-
ated to neural precursor cells and injected into the striatum of quinolinic acid lesioned rats
(toxin model of HD) [182]. Behavioural improvements were observed in the rats as well as
mature neurons in the striatum, some of which developed a GABAergic phenotype. The
authors observed that the differentiated neurons in culture did not form aggregates, nor
did the rats at the conclusion of the experiment (12 weeks post-transplantation). However,
when the authors examined a separate cohort of wild-type, non-lesioned mice at 33 and
40 weeks post-transplantation, they found aggregate pathology. The authors speculated
that this finding could be due to the longer time period the cells were in the brain versus
in the culture dish, as neurodegenerative diseases develop over long timescales (years,
instead of days or weeks). Along with this, it could be that the whole brain environment of
an organism incurs differential effects on aggregation outcome. These results should be
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taken into account when developing a potential therapy: iPSCs in the dish do not mimic
timescale or brain-environment interactions when it comes to aggregate formation and
consideration needs to be taken about the source of cells used for derivation. This may put
a damper on the use of autologous cells from a patient for therapy, unless they are first
tested in vivo at further time points and/or have been edited for mutations (ex. by using
CRISPR technology).

It should be emphasized that the above transplant studies use human iPSCs in animal
models, but there have also been studies with iPSCs derived from rodents and transferred
to rodents, such as in traumatic brain injury [190,191], SMA [192], and HD [193,194]. The
former is likely more clinically relevant, however, both in terms of therapy and modelling
disease.

While iPSCs are a promising avenue for replacing neurons in neurodegenerative
diseases, finding a disease-modifying therapy for these complex disorders is a difficult
endeavour. Using animals to model multifaceted human diseases that generally do not
develop naturally in them and incorporate a wide variety of pathological events and out-
comes, is at best complicated and at worst futile. As mentioned above, it is well-known
that drugs tested in animal models of human brain diseases often fail in the clinic [195–198]
and this is related to issues of reproducibility and validity of the models [199–201]. In other
words, whether the model you are using is working in different labs with minor modifica-
tions, and whether the model is truly reporting what you say it is. Having a robust and
consistent protocol that is not prone to small changes (ex. different equipment used) and is
fully and accurately reported in the literature are ways of ensuring reproducibility between
labs. Model validity depends highly on outcome measures, for example, researchers must
be careful when translating rodent physiology to humans. These are some of the important
aspects of translational research to focus on when using animals to model human disease.
One direction the field of neurodegenerative diseases is taking relates to utilising iPSCs
to model disease in 2D and 3D cell culture as detailed above. The next step is then using
these human iPSCs to model neurodegenerative diseases in rodents (Figure 4) in order to
achieve a “humanized” model—a model that more closely resembles the human condition.

Figure 4. In animal models using iPSCs, progenitor cells are derived from a patient’s somatic cells
and differentiated to neuronal or glial precursors. These cells are then transplanted to the rodent
brain and studied in situ in order to make a humanized model of disease.
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To date, the most work towards a humanized model of neurodegenerative disease
using iPSC transplants has been done in AD, where human iPSCs are transplanted to
transgenic mice to create a chimeric human-mouse model. In the first published study of
its kind, the authors differentiated human iPSCs into cortical precursors and transplanted
them to wild-type or transgenic neonatal mice [183]. The transgenic mice expressed
human AD mutations APP as well as presenilin 1 (PSEN1) [202] and were crossed with
immunodeficient mice to facilitate the graft. The progenitors differentiated to cortical
neurons and integrated to the mouse brain as well as showed the presence of Aβ plaques.
Interestingly, along with the transgenic mouse host tissue, the human neurons showed
clear signs of AD pathology: neuroinflammation around the plaques and dystrophic
neurites at 4 months post-transplantation, and pathological forms of tau at 8 months post-
transplantation. Additionally, in contrast to the mouse host tissue, the transplanted neurons
had changes in synaptic markers at 4 months and showed neuron loss at 6 months post-
transplantation. Finally, the authors showed that the transplanted human neurons take on
a similar transcriptomic profile to human AD brain samples. Taken together, these results
indicate that the differentiated iPSCs transplanted to the transgenic mouse model may
recapitulate the features of AD in humans in contrast to using the mouse alone to model
the disease. In another study [184], the iPSCs were generated from isogenic APOEε3/3
and APOEε4/4 lines, genetic variants that can confer a low or high risk to develop AD,
respectively [203]. These cells were then differentiated in to neurons and transplanted to
the hippocampi of both transgenic mouse lines with human APOEε3 or APOEε4 knocked
in (7-month-old mice). Along with survival and functional integration of the neurons in
the mice, the authors showed that APOEε4/4 neurons transplanted to APOEε4 mice had
gene transcriptional profiles indicating synaptic dysfunction and dysregulated calcium
homeostasis, and these neurons produced more Aβ aggregates compared to the neurons
transplanted to the APOEε3 mice. An additional interesting finding from the study was that
the microglia of the APOEε4 mice showed fewer Aβ aggregates from both the APOEε3/3
and APOEε4/4 neurons. This could indicate that the endogenous microglia in the mice with
the AD-prone mutation are less efficient at taking up human-derived aggregates.

As it has become increasingly clear that glial cells, along with neurons, play an equally
central role in neurodegenerative diseases (Table 1), and that brain environment is impor-
tant for how differentiated and transplanted iPSCs function in vivo, recent studies have
looked at transplanting glial progenitors to the rodent brain. Previous studies have shown
that iPSCs can not only be differentiated into neuronal progenitors, but specifically glial
cells as well. Human iPSCs that were differentiated into oligodendrocyte progenitors and
transplanted to the mouse brain resulted in both oligodendrocytes and astrocytes that
were integrated, functional, and successfully rescued a model of congenital hypomyelina-
tion [204]. In another ALS study using the mouse SOD1 model, the authors transplanted
neural stem cells that were rich in glia and found that the cells survived and differentiated
into astrocytes in the spinal cord, as well as improved motor function and survival [181].

In addition to using glial cells as a transplant therapy, human iPSCs from ALS patients
and healthy controls were differentiated to astrocyte progenitors and injected into the
spinal cord of ~2-month-old severe combined immunodeficient (SCID) mice [186]. The
cells were assessed 9 months post-transplant and found to be mostly positive for GFAP as
well as being larger and possessing more processes (compared to the endogenous mouse
astrocytes), and these astrocytes contacted the endogenous blood vessels and surrounded
neurons. The authors studied whether the astrocytes differentiated from patient cells
versus non-ALS cells differed when transplanted to the mouse spinal cord. Astrocytes
from sporadic ALS patients showed characteristics of being more reactive and having more
pathological aggregates compared to the non-ALS transplanted astrocytes. Additionally,
the mice transplanted with the patient cells lost motor neurons (preceded by loss of
non-motor neurons) compared to the healthy cell transplanted mice and showed motor
impairments in grip strength and gait. This study demonstrates the importance of the
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origin of the cells used for the transplant and a model such as this is useful to further study
mechanism of how these cells’ endogenous properties lead them to develop disease.

Studies are now starting to focus on using microglia progenitors differentiated from
iPSCs. Microglial activation (or reactive microgliosis) is a common feature of not only
acute brain injury but neurodegenerative diseases as well (Table 1). Whether activation of
microglia in these diseases is a cause or a consequence of protein aggregation or neuronal
dysfunction/death remains to be elucidated, making it a central question across fields. As
microglia have been shown to interact with the abnormal aggregates often present in many
neurodegenerative diseases [205] and regulate neurogenesis [206], both the underlying
mechanism of microglia in neurodegenerative disease as well as their utility as therapy are
incredibly pertinent.

Studying microglia reactivity in vitro as discussed in previous sections can be useful;
however, it comes with the caveat that these cells are susceptible to their environment [207].
Therefore, transplantation may incur the advantage of having the whole brain environment.
Human iPSCs differentiated into microglia precursors, as evidenced by expression of
CD11b and CD45, were transplanted to the lateral ventricles of transgenic immunodeficient
neonatal mice that also carry human transgenes for CSF1, IL3, KITL, and CSF2 [208]. These
mice were used since their immunodeficiency, combined with a host environment that
favours human immune cells, are ideal for transplantation of microglia. The precursors
were shown to turn into mature microglia: at 2 months post-transplantation the cells,
located in the striatum and cortex, were positive for P2RY12, Iba1, and TMEM119, as well
as becoming more morphologically distinct. The authors also compared how the microglia
fared in the rodent brain versus in culture. They found that the microglia transplanted to
the brain resembled primary human microglia more closely in gene expression, whereas
microglia that remained in the dish more closely mimicked a disease state. Additionally,
when the mice that received the transplanted microglia were stimulated with LPS, the cells
took on a more “activated” state. This study demonstrated that it is possible to transplant
microglial progenitors to the mouse brain and that these develop into mature microglia
that are more similar to human microglia. Another study showed similar results [209]. The
authors also transplanted microglia precursors derived from human iPSCs to postnatal
day 0 mice (immunodeficient and expressing human CSF1); in this case, they were injected
above and into the hippocampus. At 6 months post-transplantation, mature microglia
cells expressing TMEM119 and P2RY12 and with longer processes and more complex
morphology, were found throughout the mouse brain. Examining the functionality of
these cells showed that they pruned synapses, contacted blood vessels, and phagocytosed
oligodendrocytes—this was evident from 3 weeks up until 6 months post-transplantation.
A thorough comparison of gene expression patterns of these microglia was also performed,
and similarly to the above study, the cells showed strong resemblance to adult human
microglia. Interestingly, the gene expression profile of these microglia revealed that they
express human neurodegenerative disease-relevant genes differentially to mouse microglia:
MS, AD, and PD genes were more highly expressed. Lastly, the authors tested whether
the cells would respond to demyelination and found upregulated expression of genes also
observed in MS patients. The success of these studies is an important proof-of-concept in
transplantation of immature microglia to the brains of neonatal mice.

In relation to neurodegenerative diseases, one study has transplanted human iPSC-
derived microglia to an AD mouse model. In 2019, Hasselmann and colleagues [185]
transplanted microglia progenitors to postnatal day 1 humanized immunodeficient mice as
in the above-mentioned studies. These also differentiated into mature microglia, resembled
human microglia in their transcriptomic profile, and became activated after injection of
LPS, as above. Further, the microglial cells took on different morphologies depending on
their brain location, and functional studies showed that they were actively surveying the
environment, responding to acute injury via extension of processes, as well as phagocy-
tosing debris of degenerating neurons. With the success of these experiments, the authors
expanded the studies by using a genetic AD mouse (the 5xFAD model, which has five
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familial mutations of AD [210]) crossed with humanized immunodeficient mice in order to
study how the transplanted human microglia respond to amyloid plaques. Importantly,
the microglia precursors were injected bilaterally to the cortex and hippocampus of adult
(3-month-old) mice and aged for 9 months. The microglial response to Aβ was character-
ized by downregulation of P2RY12, responsible for microglia chemotaxis, upregulation of
markers associated with the microglial response to disease: APOE, CD9, CD11C, MERTK,
and TREM2, as well as becoming amoeboid in shape and in some cases phagocytosing the
fibrillar form of the protein. The transcriptomic analysis also revealed a differential gene
expression profile that was specific to the human microglia response to Aβ. The authors
then took two examples to perform immunofluorescence staining with and compared
this to brain sections from human AD patients. They found that the expression of these
two genes in the transplanted microglia was similar to that of the endogenous microglia
staining pattern in the patient brain. This study clearly showed that the transplantation of
microglia derived from human iPSCs to a mouse model of neurodegenerative disease has
the potential to give insight into the human condition.

5. Conclusions

Using iPSCs to understand glial cell involvement in human neurodegenerative dis-
eases, including AD and PD where they are heavily implicated in mechanism, will continue
to be crucial for future research. The advent of 3D brain organoids derived from iPSCs
has also become a major area of research in recent years, since modelling the brain mi-
croenvironment is necessary to understand the complexities of human disease. This will
be particularly important for glia as these cells interact with neurons and other CNS
components such as the BBB to achieve a fully functioning system. In general, it is clear
that human-derived cells are important for studying neurodegenerative disorders, which
cannot be modelled with complete accuracy in animals alone. The next logical step has,
therefore, been transplanting differentiated iPSCs directly into the brains of animals. Since
glial cells are sensitive to their environment, transplantation to the living brain may be
important in further studying how they contribute to disease pathogenesis. The ability of
these grafted cells to take on a more human-like disease state when transplanted to the
rodent brain is a promising way forward to elucidate mechanism of neurodegenerative
diseases, for which the causes are still unknown. Further, if glial cells become dysfunctional
in neurodegenerative disease and contribute to disease pathology, replacing them could be
utilised as a future therapy.

These three ways of modelling disease have also given researchers further information
in regard to how much human cells differ from rodent cells, from gene expression to
function. By studying single or particular populations of iPSC-derived cells taken from the
dish, or isolated from organoids or rodent brain, we can begin to gain knowledge on how
these cells may change their gene expression in response to disease. Additionally, their
response to both acute pathology and long-term function can be studied over time, the
latter of which is particularly important in neurodegenerative disease. Since cells derived
from animals may not fully recapitulate key features of diseases that are only observed in
humans, using cells derived from human tissue without the associated ethical issues or
limitations on the amount is an incredibly useful research tool.

With glial cells making up approximately half of the cells in the CNS, it is surprising
that they have only relatively recently received more attention. Astrocytes, microglia, and
oligodendrocytes have been shown to not only interact with neurons and the surrounding
environment, but each other as well. Therefore, future research will need to focus on
not just individual cell types, but on the intricate interplay between all of the cells in
the brain in order to elucidate the mechanisms of neurodegenerative diseases. As we
are still only beginning to understand how each type of glial cell contributes to major
neurodegenerative diseases, researchers will also need to delve deeper into how these cells
become dysfunctional in order to find future therapies. Glia are clearly involved in the
development of the CNS as well as functioning as critical support cells for neurons. Many
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neurodegenerative diseases have the common property that neurons are lost in a particular
region, and it is often still unclear why that area is vulnerable to cell death while others
are not. With the vast roles of glia in regulating cell growth, maturation, pruning, and also
providing metabolic and trophic support, it is logical that their potential dysfunction can
fundamentally affect neuron survival and proper functioning. Additionally, astrocytes and
microglia become reactive and likely overactive in a disease state, and this should continue
to be a primary research focus, as this is also occurring in many diseases.

Another important aspect of glial cells, though out of the scope of this review, is that
during development they can act as neural stem cells or progenitors of other types of glia.
In most injury cases, once a neuron dies it is not regenerated. However, surrounding glia
at the site of injury, particularly reactive astrocytes, may provide stem and progenitor
cells that can be directed towards neuronal fate (this concept reviewed in [211]). Though
reprogramming these cells in the living brains of mammals is complicated, involving viral
methods to direct these cells to neurons, provision of trophic support, and ensuring that
they integrate properly to the network, it has been achieved (reviewed in [212]). This
technique shows promise in that it bypasses the issue of immune rejection as the patient’s
own cells already present in the brain are utilised.

In conclusion, two major aspects are evident: glia are important when it comes to
neurodegenerative disease mechanism and having a sustainable pool of cells derived from
both healthy human subjects and diseased patients gives researchers a valuable tool to
study these cells in human disease. Though models alone are not a silver bullet to cure
neurodegenerative diseases, they can give us much-needed knowledge to bring us closer
to a future therapy.

Author Contributions: K.A. and Š.L. curated the overall review. K.A.: wrote in vivo transplantation
part and edited and commented on all text and accompanying figures and tables. J.N.: wrote glia
introduction and iPSC glia parts and made Figure 1 and Table 1. S.K.: wrote organoids part and made
Figures 2–4, Š.L. commented on the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded through grants to Š.L. from the Finnish Parkinson Foundation (Š.L.),
Sigrid Jusélius Foundation (Š.L.) and Janne and Aatos Erkko Foundation (Š.L.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Figure 1 was modified from images from Servier Medical Art, licensed under a
Creative Common Attribution 3.0 Generic License.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Herculano-Houzel, S. The Glia/Neuron Ratio: How It Varies Uniformly across Brain Structures and Species and What That

Means for Brain Physiology and Evolution. Glia 2014, 62, 1377–1391. [CrossRef] [PubMed]
2. Jetha, M.K. Adolescent Brain Development Implications for Behavior; Elsevier: Amsterdam, The Netherlands, 2012.
3. Ginhoux, F.; Lim, S.; Hoeffel, G.; Low, D.; Huber, T. Origin and Differentiation of Microglia. Front. Cell. Neurosci. 2013, 7, 45.

[CrossRef]
4. Li, Q.; Barres, B.A. Microglia and Macrophages in Brain Homeostasis and Disease. Nat. Rev. Immunol. 2018, 18, 225–242.

[CrossRef] [PubMed]
5. Bartheld, C.S.; Bahney, J.; Herculano-Houzel, S. The Search for True Numbers of Neurons and Glial Cells in the Human Brain: A

Review of 150 Years of Cell Counting. J. Comp. Neurol. 1911 2016, 524, 3865–3895. [CrossRef] [PubMed]
6. Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhäuser, C.; Volterra, A.; Carmignoto,

G.; Agarwal, A.; et al. Reactive Astrocyte Nomenclature, Definitions, and Future Directions. Nat. Neurosci. 2021. [CrossRef]
7. Schiweck, J.; Eickholt, B.J.; Murk, K. Important Shapeshifter: Mechanisms Allowing Astrocytes to Respond to the Changing

Nervous System During Development, Injury and Disease. Front. Cell. Neurosci. 2018, 12, 261. [CrossRef] [PubMed]
8. Seifert, G.; Steinhäuser, C.; Schilling, K. Astrocyte Dysfunction in Neurological Disorders: A Molecular Perspective. Nat. Rev.

Neurosci. 2006, 7, 194–206. [CrossRef] [PubMed]

http://doi.org/10.1002/glia.22683
http://www.ncbi.nlm.nih.gov/pubmed/24807023
http://doi.org/10.3389/fncel.2013.00045
http://doi.org/10.1038/nri.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29151590
http://doi.org/10.1002/cne.24040
http://www.ncbi.nlm.nih.gov/pubmed/27187682
http://doi.org/10.1038/s41593-020-00783-4
http://doi.org/10.3389/fncel.2018.00261
http://www.ncbi.nlm.nih.gov/pubmed/30186118
http://doi.org/10.1038/nrn1870
http://www.ncbi.nlm.nih.gov/pubmed/16495941


Int. J. Mol. Sci. 2021, 22, 4334 20 of 28

9. Blackburn, D.; Sargsyan, S.; Monk, P.N.; Shaw, P.J. Astrocyte Function and Role in Motor Neuron Disease: A Future Therapeutic
Target? Glia 2009, 57, 1251–1264. [CrossRef]

10. Iliff, J.J.; Lee, H.; Yu, M.; Feng, T.; Logan, J.; Nedergaard, M.; Benveniste, H. Brain-Wide Pathway for Waste Clearance Captured
by Contrast-Enhanced MRI. J. Clin. Investig. 2013, 123, 1299–1309. [CrossRef]

11. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al. A
Paravascular Pathway Facilitates CSF Flow Through the Brain Parenchyma and the Clearance of Interstitial Solutes, Including
Amyloid β. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef]

12. Hauglund, N.L.; Kusk, P.; Kornum, B.R.; Nedergaard, M. Meningeal Lymphangiogenesis and Enhanced Glymphatic Activity in
Mice with Chronically Implanted EEG Electrodes. J. Neurosci. 2020, 40, 2371–2380. [CrossRef] [PubMed]

13. Mestre, H.; Mori, Y.; Nedergaard, M. The Brain’s Glymphatic System: Current Controversies. Trends Neurosci. Regul. Ed 2020, 43,
458–466. [CrossRef] [PubMed]

14. Bojarskaite, L.; Bjørnstad, D.M.; Pettersen, K.H.; Cunen, C.; Hermansen, G.H.; Åbjørsbråten, K.S.; Chambers, A.R.; Sprengel, R.;
Vervaeke, K.; Tang, W.; et al. Astrocytic Ca2+ Signaling Is Reduced during Sleep and Is Involved in the Regulation of Slow Wave
Sleep. Nat. Commun. 2020, 11, 3240. [CrossRef] [PubMed]

15. Palpagama, T.H.; Waldvogel, H.J.; Faull, R.L.M.; Kwakowsky, A. The Role of Microglia and Astrocytes in Huntington’s Disease.
Front. Mol. Neurosci. 2019, 12, 258. [CrossRef]

16. Perea, G.; Navarrete, M.; Araque, A. Tripartite Synapses: Astrocytes Process and Control Synaptic Information. Trends Neurosci.
Regul. Ed 2009, 32, 421–431. [CrossRef] [PubMed]

17. Pehar, M.; Harlan, B.A.; Killoy, K.M.; Vargas, M.R. Role and Therapeutic Potential of Astrocytes in Amyotrophic Lateral Sclerosis.
Curr. Pharm. Des. 2017, 23, 5010–5021. [CrossRef] [PubMed]

18. Colonna, M.; Butovsky, O. Microglia Function in the Central Nervous System During Health and Neurodegeneration. Annu. Rev.
Immunol. 2017, 35, 441–468. [CrossRef] [PubMed]

19. Andoh, M.; Koyama, R. Microglia Regulate Synaptic Development and Plasticity. Dev. Neurobiol. 2021. [CrossRef] [PubMed]
20. Paolicelli, R.C.; Bolasco, G.; Pagani, F.; Maggi, L.; Scianni, M.; Panzanelli, P.; Giustetto, M.; Ferreira, T.A.; Guiducci, E.; Dumas, L.;

et al. Synaptic Pruning by Microglia Is Necessary for Normal Brain Development. Sci. Am. Assoc. Adv. Sci. 2011, 333, 1456–1458.
[CrossRef] [PubMed]

21. Hughes, A.N.; Appel, B. Microglia Phagocytose Myelin Sheaths to Modify Developmental Myelination. Nat. Neurosci. 2020, 23,
1055–1066. [CrossRef]

22. Heindl, S.; Gesierich, B.; Benakis, C.; Llovera, G.; Duering, M.; Liesz, A. Automated Morphological Analysis of Microglia After
Stroke. Front. Cell. Neurosci. 2018, 12, 106. [CrossRef] [PubMed]

23. Choi, I.; Zhang, Y.; Seegobin, S.P.; Pruvost, M.; Wang, Q.; Purtell, K.; Zhang, B.; Yue, Z. Microglia Clear Neuron-Released
α-Synuclein via Selective Autophagy and Prevent Neurodegeneration. Nat. Commun. 2020, 11, 1386. [CrossRef]

24. Bendor, J.T.; Logan, T.P.; Edwards, R.H. The Function of α-Synuclein. Neuron Camb. Mass 2013, 79, 1044–1066. [CrossRef]
25. Spillantini, M.G.; Jakes, R.; Schmidt, M.L.; Lee, V.M.-Y.; Trojanowski, J.Q.; Goedert, M. α-Synuclein in Lewy Bodies. Nat. Lond.

1997, 388, 839–840. [CrossRef]
26. Twohig, D.; Nielsen, H.M. α-Synuclein in the Pathophysiology of Alzheimer’s Disease. Mol. Neurodegener. 2019, 14, 23. [CrossRef]
27. Liu, Y.-J.; Spangenberg, E.E.; Tang, B.; Holmes, T.C.; Green, K.N.; Xu, X. Microglia Elimination Increases Neural Circuit

Connectivity and Activity in Adult Mouse Cortex. J. Neurosci. 2021, 41, 1274–1287. [CrossRef] [PubMed]
28. Xin, W.; Chan, J.R. Myelin Plasticity: Sculpting Circuits in Learning and Memory. Nat. Rev. Neurosci. 2020, 21, 682–694. [CrossRef]

[PubMed]
29. Bacmeister, C.M.; Barr, H.J.; McClain, C.R.; Thornton, M.A.; Nettles, D.; Welle, C.G.; Hughes, E.G. Motor Learning Promotes

Remyelination via New and Surviving Oligodendrocytes. Nat. Neurosci. 2020, 23, 819–831. [CrossRef]
30. Lee, Y.; Morrison, B.M.; Pellerin, L.; Magistretti, P.J.; Rothstein, J.D.; Li, Y.; Lengacher, S.; Farah, M.H.; Hoffman, P.N.; Liu, Y.; et al.

Oligodendroglia Metabolically Support Axons and Contribute to Neurodegeneration. Nat. Lond. 2012, 487, 443–448. [CrossRef]
[PubMed]

31. Wilkins, A.; Majed, H.; Layfield, R.; Compston, A.; Chandran, S. Oligodendrocytes Promote Neuronal Survival and Axonal
Length by Distinct Intracellular Mechanisms: A Novel Role for Oligodendrocyte-Derived Glial Cell Line-Derived Neurotrophic
Factor. J. Neurosci. 2003, 23, 4967–4974. [CrossRef] [PubMed]

32. Yuen, T.J.; Silbereis, J.C.; Griveau, A.; Chang, S.M.; Daneman, R.; Fancy, S.P.J.; Zahed, H.; Maltepe, E.; Rowitch, D.H.
Oligodendrocyte-Encoded HIF Function Couples Postnatal Myelination and White Matter Angiogenesis. Cell 2014, 158, 383–396.
[CrossRef]

33. Boué, S.; Paramonov, I.; Barrero, M.J.; Izpisúa Belmonte, J.C. Analysis of Human and Mouse Reprogramming of Somatic Cells to
Induced Pluripotent Stem Cells. What Is in the Plate? PLoS ONE 2010, 5, e12664. [CrossRef] [PubMed]

34. Lorenzo, I.M.; Lorenzo, I.M.; Fleischer, A.; Fleischer, A.; Bachiller, D.; Bachiller, D. Generation of Mouse and Human Induced
Pluripotent Stem Cells (IPSC) from Primary Somatic Cells. Stem Cell Rev. 2013, 9, 435–450. [CrossRef]

35. de Figueiredo Pessôa, L.V.; Bressan, F.F.; Freude, K.K. Induced Pluripotent Stem Cells throughout the Animal Kingdom:
Availability and Applications. World J. Stem Cells 2019, 11, 491–505. [CrossRef]

36. Hodge, R.D.; Bakken, T.E.; Miller, J.A.; Smith, K.A.; Barkan, E.R.; Graybuck, L.T.; Close, J.L.; Long, B.; Johansen, N.; Penn, O.; et al.
Conserved Cell Types with Divergent Features in Human versus Mouse Cortex. Nat. Lond. 2019, 573, 61–68. [CrossRef] [PubMed]

http://doi.org/10.1002/glia.20848
http://doi.org/10.1172/JCI67677
http://doi.org/10.1126/scitranslmed.3003748
http://doi.org/10.1523/JNEUROSCI.2223-19.2020
http://www.ncbi.nlm.nih.gov/pubmed/32047056
http://doi.org/10.1016/j.tins.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32423764
http://doi.org/10.1038/s41467-020-17062-2
http://www.ncbi.nlm.nih.gov/pubmed/32632168
http://doi.org/10.3389/fnmol.2019.00258
http://doi.org/10.1016/j.tins.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19615761
http://doi.org/10.2174/1381612823666170622095802
http://www.ncbi.nlm.nih.gov/pubmed/28641533
http://doi.org/10.1146/annurev-immunol-051116-052358
http://www.ncbi.nlm.nih.gov/pubmed/28226226
http://doi.org/10.1002/dneu.22814
http://www.ncbi.nlm.nih.gov/pubmed/33583110
http://doi.org/10.1126/science.1202529
http://www.ncbi.nlm.nih.gov/pubmed/21778362
http://doi.org/10.1038/s41593-020-0654-2
http://doi.org/10.3389/fncel.2018.00106
http://www.ncbi.nlm.nih.gov/pubmed/29725290
http://doi.org/10.1038/s41467-020-15119-w
http://doi.org/10.1016/j.neuron.2013.09.004
http://doi.org/10.1038/42166
http://doi.org/10.1186/s13024-019-0320-x
http://doi.org/10.1523/JNEUROSCI.2140-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33380470
http://doi.org/10.1038/s41583-020-00379-8
http://www.ncbi.nlm.nih.gov/pubmed/33046886
http://doi.org/10.1038/s41593-020-0637-3
http://doi.org/10.1038/nature11314
http://www.ncbi.nlm.nih.gov/pubmed/22801498
http://doi.org/10.1523/JNEUROSCI.23-12-04967.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832519
http://doi.org/10.1016/j.cell.2014.04.052
http://doi.org/10.1371/journal.pone.0012664
http://www.ncbi.nlm.nih.gov/pubmed/20862250
http://doi.org/10.1007/s12015-012-9412-5
http://doi.org/10.4252/wjsc.v11.i8.491
http://doi.org/10.1038/s41586-019-1506-7
http://www.ncbi.nlm.nih.gov/pubmed/31435019


Int. J. Mol. Sci. 2021, 22, 4334 21 of 28

37. Silva, M.; Daheron, L.; Hurley, H.; Bure, K.; Barker, R.; Carr, A.J.; Williams, D.; Kim, H.-W.; French, A.; Coffey, P.J.; et al. Generating
IPSCs: Translating Cell Reprogramming Science into Scalable and Robust Biomanufacturing Strategies. Cell Stem Cell 2015, 16,
13–17. [CrossRef] [PubMed]

38. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell Camb. 2006, 126, 663–676. [CrossRef] [PubMed]

39. Ban, H.; Nishishita, N.; Fusaki, N.; Tabata, T.; Saeki, K.; Shikamura, M.; Takada, N.; Inoue, M.; Hasegawa, M.; Kawamata, S.; et al.
Efficient Generation of Transgene-Free Human Induced Pluripotent Stem Cells (IPSCs) by Temperature-Sensitive Sendai Virus
Vectors. Proc. Natl. Acad. Sci. USA 2011, 108, 14234–14239. [CrossRef]

40. Ji, P.; Manupipatpong, S.; Xie, N.; Li, Y. Induced Pluripotent Stem Cells: Generation Strategy and Epigenetic Mystery behind
Reprogramming. Stem Cells Int. 2016, 2016, 8415010–8415011. [CrossRef]

41. Al Abbar, A.; Ngai, S.C.; Nograles, N.; Alhaji, S.Y.; Abdullah, S. Induced Pluripotent Stem Cells: Reprogramming Platforms and
Applications in Cell Replacement Therapy. BioRes. Open Access 2020, 9, 121–136. [CrossRef] [PubMed]

42. TCW, J.; Wang, M.; Pimenova, A.A.; Bowles, K.R.; Hartley, B.J.; Lacin, E.; Machlovi, S.I.; Abdelaal, R.; Karch, C.M.; Phatnani, H.;
et al. An Efficient Platform for Astrocyte Differentiation from Human Induced Pluripotent Stem Cells. Stem Cell Rep. 2017, 9,
600–614. [CrossRef]

43. Shaltouki, A.; Peng, J.; Liu, Q.; Rao, M.S.; Zeng, X. Efficient Generation of Astrocytes from Human Pluripotent Stem Cells in
Defined Conditions. Stem Cells Dayt. Ohio 2013, 31, 941–952. [CrossRef]

44. Leventoux, N.; Morimoto, S.; Imaizumi, K.; Sato, Y.; Takahashi, S.; Mashima, K.; Ishikawa, M.; Sonn, I.; Kondo, T.; Watanabe, H.;
et al. Human Astrocytes Model Derived from Induced Pluripotent Stem Cells. Cells 2020, 9, 2680. [CrossRef]

45. Abud, E.M.; Ramirez, R.N.; Martinez, E.S.; Healy, L.M.; Nguyen, C.H.H.; Newman, S.A.; Yeromin, A.V.; Scarfone, V.M.; Marsh,
S.E.; Fimbres, C.; et al. IPSC-Derived Human Microglia-like Cells to Study Neurological Diseases. Neuron 2017, 94, 278–293.e9.
[CrossRef] [PubMed]

46. McQuade, A.; Coburn, M.; Tu, C.H.; Hasselmann, J.; Davtyan, H.; Blurton-Jones, M. Development and Validation of a Simplified
Method to Generate Human Microglia from Pluripotent Stem Cells. Mol. Neurodegener. 2018, 13, 67. [CrossRef]

47. Livesey, M.R.; Magnani, D.; Cleary, E.M.; Vasistha, N.A.; James, O.T.; Selvaraj, B.T.; Burr, K.; Story, D.; Shaw, C.E.; Kind, P.C.; et al.
Maturation and Electrophysiological Properties of Human Pluripotent Stem Cell-Derived Oligodendrocytes. Stem Cells 2016, 34,
1040–1053. [CrossRef] [PubMed]

48. Czepiel, M.; Balasubramaniyan, V.; Schaafsma, W.; Stancic, M.; Mikkers, H.; Huisman, C.; Boddeke, E.; Copray, S. Differentiation
of Induced Pluripotent Stem Cells into Functional Oligodendrocytes. Glia 2011, 59, 882–892. [CrossRef]

49. Ehrlich, M.; Mozafari, S.; Glatza, M.; Starost, L.; Velychko, S.; Hallmann, A.-L.; Cui, Q.-L.; Schambach, A.; Kim, K.-P.; Bachelin, C.;
et al. Rapid and Efficient Generation of Oligodendrocytes from Human Induced Pluripotent Stem Cells Using Transcription
Factors. Proc. Natl. Acad. Sci. USA 2017, 114, E2243–E2252. [CrossRef]

50. Terzic, D.; Maxon, J.R.; Krevitt, L.; Dibartolomeo, C.; Goyal, T.; Low, W.C.; Dutton, J.R.; Parr, A.M. Directed Differentiation of
Oligodendrocyte Progenitor Cells from Mouse Induced Pluripotent Stem Cells. Cell Transplant. 2016, 25, 411–424. [CrossRef]
[PubMed]

51. Assetta, B.; Tang, C.; Bian, J.; O’Rourke, R.; Connolly, K.; Brickler, T.; Chetty, S.; Huang, Y.-W.A. Generation of Human Neurons
and Oligodendrocytes from Pluripotent Stem Cells for Modeling Neuron-Oligodendrocyte Interactions. J. Vis. Exp. JoVE 2020.
[CrossRef]

52. Wang, M.; Zhang, L.; Gage, F.H. Modeling Neuropsychiatric Disorders Using Human Induced Pluripotent Stem Cells. Protein
Cell 2020, 11, 45–59. [CrossRef]

53. Li, L.; Tian, E.; Chen, X.; Chao, J.; Klein, J.; Qu, Q.; Sun, G.; Sun, G.; Huang, Y.; Warden, C.D.; et al. GFAP Mutations in Astrocytes
Impair Oligodendrocyte Progenitor Proliferation and Myelination in an HiPSC Model of Alexander Disease. Cell Stem Cell 2018,
23, 239–251.e6. [CrossRef]

54. Sellgren, C.M.; Gracias, J.; Watmuff, B.; Biag, J.D.; Thanos, J.M.; Whittredge, P.B.; Fu, T.; Worringer, K.; Brown, H.E.; Wang, J.; et al.
Increased Synapse Elimination by Microglia in Schizophrenia Patient-Derived Models of Synaptic Pruning. Nat. Neurosci. 2019,
22, 374–385. [CrossRef] [PubMed]

55. Tiihonen, J.; Koskuvi, M.; Lähteenvuo, M.; Virtanen, P.L.J.; Ojansuu, I.; Vaurio, O.; Gao, Y.; Hyötyläinen, I.; Puttonen, K.A.;
Repo-Tiihonen, E.; et al. Neurobiological Roots of Psychopathy. Mol. Psychiatry 2020, 25, 3432–3441. [CrossRef]

56. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Mnch, A.E.; Chung,
W.-S.; Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nat. Lond. 2017, 541, 481–487.
[CrossRef] [PubMed]

57. Habib, N.; McCabe, C.; Medina, S.; Varshavsky, M.; Kitsberg, D.; Dvir-Szternfeld, R.; Green, G.; Dionne, D.; Nguyen, L.; Marshall,
J.L.; et al. Disease-Associated Astrocytes in Alzheimer’s Disease and Aging. Nat. Neurosci. 2020, 23, 701–706. [CrossRef]
[PubMed]

58. Perez-Nievas, B.G.; Serrano-Pozo, A. Deciphering the Astrocyte Reaction in Alzheimer’s Disease. Front. Aging Neurosci. 2018, 10,
114. [CrossRef]

59. Penney, J.; Ralvenius, W.T.; Tsai, L.-H. Modeling Alzheimer’s Disease with IPSC-Derived Brain Cells. Mol. Psychiatry 2020, 25,
148–167. [CrossRef] [PubMed]

http://doi.org/10.1016/j.stem.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25575079
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1073/pnas.1103509108
http://doi.org/10.1155/2016/8415010
http://doi.org/10.1089/biores.2019.0046
http://www.ncbi.nlm.nih.gov/pubmed/32368414
http://doi.org/10.1016/j.stemcr.2017.06.018
http://doi.org/10.1002/stem.1334
http://doi.org/10.3390/cells9122680
http://doi.org/10.1016/j.neuron.2017.03.042
http://www.ncbi.nlm.nih.gov/pubmed/28426964
http://doi.org/10.1186/s13024-018-0297-x
http://doi.org/10.1002/stem.2273
http://www.ncbi.nlm.nih.gov/pubmed/26763608
http://doi.org/10.1002/glia.21159
http://doi.org/10.1073/pnas.1614412114
http://doi.org/10.3727/096368915X688137
http://www.ncbi.nlm.nih.gov/pubmed/25955415
http://doi.org/10.3791/61778
http://doi.org/10.1007/s13238-019-0638-8
http://doi.org/10.1016/j.stem.2018.07.009
http://doi.org/10.1038/s41593-018-0334-7
http://www.ncbi.nlm.nih.gov/pubmed/30718903
http://doi.org/10.1038/s41380-019-0488-z
http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.1038/s41593-020-0624-8
http://www.ncbi.nlm.nih.gov/pubmed/32341542
http://doi.org/10.3389/fnagi.2018.00114
http://doi.org/10.1038/s41380-019-0468-3
http://www.ncbi.nlm.nih.gov/pubmed/31391546


Int. J. Mol. Sci. 2021, 22, 4334 22 of 28

60. Oksanen, M.; Petersen, A.J.; Naumenko, N.; Puttonen, K.; Lehtonen, Š.; Gubert Olivé, M.; Shakirzyanova, A.; Leskelä, S.; Sarajärvi,
T.; Viitanen, M.; et al. PSEN1 Mutant IPSC-Derived Model Reveals Severe Astrocyte Pathology in Alzheimer’s Disease. Stem Cell
Rep. 2017, 9, 1885–1897. [CrossRef]

61. Fakhoury, M. Microglia and Astrocytes in Alzheimer’s Disease: Implications for Therapy. Curr. Neuropharmacol. 2018, 16, 508–518.
[CrossRef] [PubMed]

62. Gerrits, E.; Brouwer, N.; Kooistra, S.M.; Woodbury, M.E.; Vermeiren, Y.; Lambourne, M.; Mulder, J.; Kummer, M.; Möller, T.; Biber,
K.; et al. Distinct Amyloid-β and Tau-Associated Microglia Profiles in Alzheimer’s Disease. Acta Neuropathol. 2021. [CrossRef]

63. Xu, M.; Zhang, L.; Liu, G.; Jiang, N.; Zhou, W.; Zhang, Y. Pathological Changes in Alzheimer’s Disease Analyzed Using Induced
Pluripotent Stem Cell-Derived Human Microglia-Like Cells. J. Alzheimers Dis. 2019, 67, 357–368. [CrossRef]

64. Nasrabady, S.E.; Rizvi, B.; Goldman, J.E.; Brickman, A.M. White Matter Changes in Alzheimer’s Disease: A Focus on Myelin and
Oligodendrocytes. Acta Neuropathol. Commun. 2018, 6, 1–10. [CrossRef] [PubMed]

65. Maniatis, S.; Äijö, T.; Vickovic, S.; Braine, C.; Kang, K.; Mollbrink, A.; Fagegaltier, D.; Andrusivová, Ž.; Saarenpää, S.; Saiz-Castro,
G.; et al. Spatiotemporal Dynamics of Molecular Pathology in Amyotrophic Lateral Sclerosis. Sci. Am. Assoc. Adv. Sci. 2019, 364,
89–93. [CrossRef] [PubMed]

66. Zhao, C.; Devlin, A.-C.; Chouhan, A.K.; Selvaraj, B.T.; Stavrou, M.; Burr, K.; Brivio, V.; He, X.; Mehta, A.R.; Story, D.; et al. Mutant
C9orf72 Human IPSC-derived Astrocytes Cause Non-cell Autonomous Motor Neuron Pathophysiology. Glia 2020, 68, 1046–1064.
[CrossRef] [PubMed]

67. Clarke, B.E.; Patani, R. The Microglial Component of Amyotrophic Lateral Sclerosis. Brain Lond. Engl. 1878 2020, 143, 3526–3539.
[CrossRef]

68. Lorenzini, I.; Alsop, E.; Levy, J.; Gittings, L.M.; Rabichow, B.E.; Lall, D.; Moore, S.; Bustos, L.; Pevey, R.; Burciu, C.; et al. Activated
IPSC-Microglia from C9orf72 ALS/FTD Patients Exhibit Endosomal-Lysosomal Dysfunction. bioRxiv 2020. [CrossRef]

69. Kang, S.H.; Li, Y.; Fukaya, M.; Lorenzini, I.; Cleveland, D.W.; Ostrow, L.W.; Rothstein, J.D.; Bergles, D.E. Degeneration and
Impaired Regeneration of Gray Matter Oligodendrocytes in Amyotrophic Lateral Sclerosis. Nat. Neurosci. 2013, 16, 571–579.
[CrossRef]

70. Ferraiuolo, L.; Meyer, K.; Sherwood, T.W.; Vick, J.; Shibi, L.; Frakes, A.; Miranda, C.J.; Braun, L.; Heath, P.R.; Pineda, R.
Oligodendrocytes Contribute to Motor Neuron Death in ALS via SOD1-Dependent Mechanism. Proc. Natl. Acad. Sci. USA 2016,
113, E6496–E6505. [CrossRef]

71. Hartmann, K.; Sepulveda-Falla, D.; Rose, I.V.L.; Madore, C.; Muth, C.; Matschke, J.; Butovsky, O.; Liddelow, S.; Glatzel, M.;
Krasemann, S. Complement 3 + -Astrocytes Are Highly Abundant in Prion Diseases, but Their Abolishment Led to an Accelerated
Disease Course and Early Dysregulation of Microglia. Acta Neuropathol. Commun. 2019, 7, 83. [CrossRef]

72. Liberski, P.P.; Brown, P.; Cervenakova, L.; Gajdusek, D. Interactions between Astrocytes and Oligodendroglia in Human and
Experimental Creutzfeldt–Jakob Disease and Scrapie. Exp. Neurol. 1997, 144, 227–234. [CrossRef] [PubMed]

73. Ugalde, C.L.; Lewis, V.; Stehmann, C.; McLean, C.A.; Lawson, V.A.; Collins, S.J.; Hill, A.F. Markers of A1 Astrocytes Stratify to
Molecular Sub-Types in Sporadic Creutzfeldt–Jakob Disease Brain. Brain Commun. 2020, 2, fcaa029. [CrossRef] [PubMed]

74. Shintaku, M.; Yutani, C. Oligodendrocytes within Astrocytes (“Emperipolesis”) in the White Matter in Creutzfeldt-Jakob Disease.
Acta Neuropathol. 2004, 108, 201–206. [CrossRef] [PubMed]

75. Monzón, M.; Hernández, R.S.; Garcés, M.; Sarasa, R.; Badiola, J.J. Glial Alterations in Human Prion Diseases: A Correlative Study
of Astroglia, Reactive Microglia, Protein Deposition, and Neuropathological Lesions. Med. Baltim. 2018, 97, e0320. [CrossRef]

76. Krejciova, Z.; Alibhai, J.; Zhao, C.; Krencik, R.; Rzechorzek, N.M.; Ullian, E.M.; Manson, J.; Ironside, J.W.; Head, M.W.; Chandran,
S. Human Stem Cell-Derived Astrocytes Replicate Human Prions in a PRNP Genotype-Dependent Manner. J. Exp. Med. 2017,
214, 3481–3495. [CrossRef]

77. Aguzzi, A.; Zhu, C. Microglia in Prion Diseases. J. Clin. Investig. 2017, 127, 3230–3239. [CrossRef] [PubMed]
78. Diaz-Castro, B.; Gangwani, M.R.; Yu, X.; Coppola, G.; Khakh, B.S. Astrocyte Molecular Signatures in Huntington’s Disease. Sci.

Transl. Med. 2019, 11, eaaw8546. [CrossRef] [PubMed]
79. Yang, H.-M.; Yang, S.; Huang, S.-S.; Tang, B.-S.; Guo, J.-F. Microglial Activation in the Pathogenesis of Huntington’s Disease.

Front. Aging Neurosci. 2017, 9, 193. [CrossRef]
80. Garcia, V.J.; Rushton, D.J.; Tom, C.M.; Allen, N.D.; Kemp, P.J.; Svendsen, C.N.; Mattis, V.B. Huntington’s Disease Patient-Derived

Astrocytes Display Electrophysiological Impairments and Reduced Neuronal Support. Front. Neurosci. 2019, 13, 669. [CrossRef]
81. Savage, J.C.; St-Pierre, M.-K.; Carrier, M.; El Hajj, H.; Novak, S.W.; Sanchez, M.G.; Cicchetti, F.; Tremblay, M.-È. Microglial

Physiological Properties and Interactions with Synapses Are Altered at Presymptomatic Stages in a Mouse Model of Huntington’s
Disease Pathology. J. Neuroinflamm. 2020, 17, 98. [CrossRef]

82. Wang, N.; Yang, X.W. Huntington Disease’s Glial Progenitor Cells Hit the Pause Button in the Mouse Brain. Cell Stem Cell 2019,
24, 3–4. [CrossRef] [PubMed]

83. Teo, R.T.Y.; Ferrari Bardile, C.; Tay, Y.L.; Yusof, N.A.B.M.; Kreidy, C.A.; Tan, L.J.; Pouladi, M.A. Impaired Remyelination in a
Mouse Model of Huntington Disease. Mol. Neurobiol. 2019, 56, 6873–6882. [CrossRef]

84. Casella, C.; Lipp, I.; Rosser, A.; Jones, D.K.; Metzler-Baddeley, C. A Critical Review of White Matter Changes in Huntington’s
Disease. Mov. Disord. 2020, 35, 1302–1311. [CrossRef] [PubMed]

85. Booth, H.D.; Hirst, W.D.; Wade-Martins, R. The Role of Astrocyte Dysfunction in Parkinson’s Disease Pathogenesis. Trends
Neurosci. Regul. Ed 2017, 40, 358–370. [CrossRef]

http://doi.org/10.1016/j.stemcr.2017.10.016
http://doi.org/10.2174/1570159X15666170720095240
http://www.ncbi.nlm.nih.gov/pubmed/28730967
http://doi.org/10.1007/s00401-021-02263-w
http://doi.org/10.3233/JAD-180722
http://doi.org/10.1186/s40478-018-0515-3
http://www.ncbi.nlm.nih.gov/pubmed/29499767
http://doi.org/10.1126/science.aav9776
http://www.ncbi.nlm.nih.gov/pubmed/30948552
http://doi.org/10.1002/glia.23761
http://www.ncbi.nlm.nih.gov/pubmed/31841614
http://doi.org/10.1093/brain/awaa309
http://doi.org/10.1101/2020.09.03.277459
http://doi.org/10.1038/nn.3357
http://doi.org/10.1073/pnas.1607496113
http://doi.org/10.1186/s40478-019-0735-1
http://doi.org/10.1006/exnr.1997.6422
http://www.ncbi.nlm.nih.gov/pubmed/9126175
http://doi.org/10.1093/braincomms/fcaa029
http://www.ncbi.nlm.nih.gov/pubmed/32954317
http://doi.org/10.1007/s00401-004-0880-9
http://www.ncbi.nlm.nih.gov/pubmed/15235800
http://doi.org/10.1097/MD.0000000000010320
http://doi.org/10.1084/jem.20161547
http://doi.org/10.1172/JCI90605
http://www.ncbi.nlm.nih.gov/pubmed/28714865
http://doi.org/10.1126/scitranslmed.aaw8546
http://www.ncbi.nlm.nih.gov/pubmed/31619545
http://doi.org/10.3389/fnagi.2017.00193
http://doi.org/10.3389/fnins.2019.00669
http://doi.org/10.1186/s12974-020-01782-9
http://doi.org/10.1016/j.stem.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30609397
http://doi.org/10.1007/s12035-019-1579-1
http://doi.org/10.1002/mds.28109
http://www.ncbi.nlm.nih.gov/pubmed/32537844
http://doi.org/10.1016/j.tins.2017.04.001


Int. J. Mol. Sci. 2021, 22, 4334 23 of 28

86. Kam, T.-I.; Hinkle, J.T.; Dawson, T.M.; Dawson, V.L. Microglia and Astrocyte Dysfunction in Parkinson’s Disease. Neurobiol. Dis.
2020, 144, 105028. [CrossRef]

87. Sonninen, T.-M.; Hämäläinen, R.H.; Koskuvi, M.; Oksanen, M.; Shakirzyanova, A.; Wojciechowski, S.; Puttonen, K.; Naumenko,
N.; Goldsteins, G.; Laham-Karam, N.; et al. Metabolic Alterations in Parkinson’s Disease Astrocytes. Sci. Rep. 2020, 10, 14474.
[CrossRef] [PubMed]

88. Lecours, C.; Bordeleau, M.; Cantin, L.; Parent, M.; Paolo, T.D.; Tremblay, M.-È. Microglial Implication in Parkinson’s Disease:
Loss of Beneficial Physiological Roles or Gain of Inflammatory Functions? Front. Cell. Neurosci. 2018, 12, 282. [CrossRef]

89. Panagiotakopoulou, V.; Ivanyuk, D.; De Cicco, S.; Haq, W.; Arsić, A.; Yu, C.; Messelodi, D.; Oldrati, M.; Schöndorf, D.C.; Perez,
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