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2A. 1. Virtanen Institute for Molecular Sciences, The research on neurodegenerative disorders has long focused on neuronal pathol-
University of Eastern Finland, Kuopio, Finland ogy and used transgenic mice as disease models. However, our understanding of the
Correspondence chronic neurodegenerative process in the human brain is still very limited. It is
Email: jari koistinaho@uef.fi increasingly recognized that neuronal loss is not caused solely by intrinsic degenera-
tive processes but rather via impaired interactions with surrounding glia and other
brain cells. Dysfunctional astrocytes do not provide sufficient nutrients and antioxi-
dants to the neurons, while dysfunctional microglia cannot efficiently clear pathogens
and cell debris from extracellular space, thus resulting in chronic inflammatory pro-
cesses in the brain. Importantly, human glia, especially the astrocytes, differ signifi-
cantly in morphology and function from their mouse counterparts, and therefore
more human-based disease models are needed. Recent advances in stem cell technol-
ogy make it possible to reprogram human patients' somatic cells to induced pluripo-
tent stem cells (iPSC) and differentiate them further into patient-specific glia and
neurons, thus providing a virtually unlimited source of human brain cells. This review
summarizes the recent studies using iPSC-derived glial models of Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic lateral sclerosis and discusses the applica-
bility of these models to drug testing. This line of research has shown that targeting
glial metabolism can improve the survival and function of co-cultured neurons and

thus provide a basis for future neuroprotective treatments.
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that Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS) are all hallmarked by cytoplasmic
and extracellular insoluble protein deposits, metabolic abnormalities,

1 | INTRODUCTION gliosis, and synaptic/neuronal loss primarily affecting memory and

cognition-controlling limbic areas in AD, motor function-controlling
Neurodegenerative diseases represent an increasing burden on soci- dopaminergic system in PD, and the primary motor cortex and motor
ety, but despite the decades of research, we still incompletely under- neurons of the spinal cord in ALS. But what is the real cause and what
stand the disease mechanisms. Available treatments are symptomatic is the mere effect of the disease is not clear in most cases. While ini-
and, in most cases, do not have disease-modifying effects. We know tial research into neurodegenerative disorders concentrated on cell-
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intrinsic neuronal dysfunction, it is more recognized now that glia can
play a critical role in pathology development and progression. Notably,
some of the most studied disease-causing mutations are located in
genes exhibiting the highest expression in microglia in the human cen-
tral nervous system, including hexanucleotide repeat GGGGCC in
C9orf72 associated with ALS and familial frontotemporal dementia,
and LRRK2 G2019S mutation associated with PD [1]. Also, many of
the risk genes, identified by genome-wide association studies (GWAS)
for AD [2], PD [3], and ALS [4], have a strong expression in microglia
and astrocytes. For example, AD-associated GWAS genes belong to
immune response, phagocytosis/endocytosis, lipid metabolism, and
synaptic and axonal function pathways. The strongest genetic risk fac-
tor for AD is the ¢4 allele of lipid carrier APOE, which increases the
risk 4-fold on average. APOE has strong expression in mature human
astrocytes and is upregulated in plaque-associated microglia in
AD [5,6].

So far, the animal models have been the main tool for investigat-
ing the glial role in neurodegenerative disorders. Unfortunately, the
majority of findings from the animal models have had poor transla-
tional value in clinical studies. One of the major reasons for this trans-
lational failure is thought to be the fact that human glia, and
particularly astrocytes, are fundamentally distinct from rodent ones
with their inherent differences in structure, calcium signaling, and
metabolic processes [1].

Recent advances in stem cell technology make it possible to
reprogram patients' somatic cells to induced pluripotent stem cells
(iPSC) [7] and differentiate them further into disease-relevant cell
types. Two types of iPSC-based disease models are widely used:
patient-specific or gene-modified, where the causative mutation of
interest is introduced into healthy donor iPSC. In this review, we will
discuss the contribution of glial dysfunction to the pathogenesis of
neurodegenerative disorders with the focus on iPSC-derived cell

models and the use of these models in drug testing.

2 | BASICCHARACTERIZATIONS OF AD,
PD, AND ALS

AD is the most common cause of dementia. Its main hallmarks include
progressive cognitive and memory decline, deposition of amyloid-p
(Ap) in the hippocampal and cortical areas, the formation of intracellu-
lar neurofibrillary tangles consisting of hyperphosphorylated tau pro-
tein, selective synaptic and neuronal loss, as well as the proliferation
of astrocytes and microglia. The accumulation of Af oligomers, espe-
cially Ap42, is toxic for neurons and is believed to be the initial trigger
of AD pathology. The strongest evidence for the critical role of A is
the familial form of AD caused by mutations in APP and PSEN1 and
2 genes increasing the production of A, especially AB42. Since Ap
plays physiological roles in synapse formation [8], and its secretion
positively correlates with neuronal activity [9,10], it is not surprising
that the formation of AB deposits occurs in the areas of life-long syn-
aptic remodeling. However, there is a lot of person to person variation

in how much AB is accumulated over the lifetime and in the rate of
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Information on the role of human glial cells in neurodegen-
erative diseases is likely to accelerate development of novel

therapies for these diseases.

aging-associated cognitive decline, and the reasons for that are poorly
understood. AB42 is also proposed to play a role in immune defenses
[11] and be overproduced in the brain in response to an invading
pathogen, such as herpes simplex virus type | or periodontal patho-
gens [12]. A deficient glial response might lead to a chronic neurode-
generative process. Regardless of the mechanism, the accumulation of
aggregated AP in the brain is followed by a decrease in glucose con-
sumption, especially in aerobic glycolysis [13] and fatty acid metabo-
lism [14]. These metabolic changes are taking place prior to the
obvious brain atrophy.

Pathologically, PD involves a loss of dopaminergic (DA) neurons
in the substantia nigra (SN) and subsequent loss of dopamine in the
striatum, leading to the development of motor symptoms. An
aberrantly-folded protein «-synuclein has emerged as a hallmark of
PD, being present in Lewy bodies and Lewy neurites. Moreover,
a-synuclein aggregates are also prominent in astrocytes. The molecu-
lar mechanisms underlying DA neurons' selective vulnerability, espe-
cially in SN pars compacta, remain poorly understood. Earlier
investigations identified several highly penetrant monogenic rare
mutations, including SNCA and LRRK2, responsible for autosomal-
dominant PD forms. G2019S mutation in the LRRK2 gene, which
enhances LRRK2 activity and impairs endolysosomal trafficking, is of
particularly great interest due to its high incidence. Another common
genetic risk factor for PD is a mutation in GBA1, increasing the risk by
20-30%. GBA1 encodes glucocerebrosidase, a lysosomal enzyme
involved in the metabolism of glycosphingolipids.

Similarly to AD, energy metabolism is impaired in PD patients
[15]. Transcriptomics analyses have shown that the most prominent
pathways altered in PD include DA metabolism, oxidative stress, pro-
tein degradation, and neuroinflammation as well as mitochondrial
function, vesicular transport, and synaptic transmission [16].

ALS is characterized by the degeneration of the upper and lower
motor neurons in the motor cortex and spinal cord, resulting in paraly-
sis of voluntary muscles. Although survival is variable, respiratory fail-
ure usually leads to death in 3-4 years after disease onset. Less than
10% of ALS cases have a family history, caused by mutations in at
least 16 genes, among them in SOD1, C9orf72, FUS, TARDBP (TDP-
43), and OPTN [17]. The expansion of a hexanucleotide repeat
GGGGCC in C90rf72 is the most common genetic cause of ALS. Over
95% of ALS cases exhibit cytoplasmic accumulation of TDP-43 pro-
tein aggregates with prion-like function [18]. A number of studies
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using metabolomics, transcriptomics, and lipidomics in ALS models
and human patients indicate significant metabolic dysregulation,
including glucose, purine, pyrimidine, lysine, and glycerophospholipid

metabolism pathways [19-22].

3 | ASTROCYTES

Astrocytes originating from neuroectoderm play a major role in
maintaining tissue homeostasis and regulating brain metabolism.
Astrocytes support neuronal activity by providing growth factors and
nutrients, including lactate, recycling neurotransmitters, primarily glu-
tamate, and regulating the ionic composition of the extracellular
space. Astrocytes can also both secrete and uptake AB and a-syn-
uclein. There is accumulating evidence that astrocyte metabolism is
impaired in neurological conditions; hereby, the astrocytes cannot
support efficiently neuronal synaptic activity and exert neurotoxic
effects. This effect has been more extensively studied in the models
of ALS.

Exposure of iPSC-derived motor neurons originating from healthy
human individuals to sporadic ALS post-mortem tissue extracts con-
taining aggregated TDP-43 induced intraneuronal TDP-43 aggrega-
tion, thus causing neurotoxicity [23] (Figure 1 A). Interestingly, a co-
culture with healthy astrocytes had a neuroprotective effect by reduc-
ing neuronal TDP-43 aggregation. TARDBP (TDP-43) mutant astro-
cytes exhibited subcellular mislocalization of TDP-43 and increased
cell death but did not have neurotoxic effects on co-cultured healthy
control motor neurons [24] (Figure 1 A). On the other hand, iPSC-
derived astrocytes carrying ALS-associated mutations in SOD1 or
C9orf72 displayed both cell-intrinsic abnormalities as well as neuro-
toxic effects on healthy control motor neurons [25-28], which was
confirmed by the generation of isogenic control astrocytes in one
study [26]. The neurotoxic effects of ALS astrocytes have been attrib-
uted to impaired response to EphB1 released by injured neurons [25],
dysregulation of neuronal voltage-activated Na +and K+ currents
[26], premature acquisition of senescent phenotype and down-
regulation of antioxidant molecules [27], and increased expression of
connexin 43 gap junction protein [28]. Additionally, the astrocytes
carrying SOD1 A4V or FUS H517Q mutation were able to drive
upregulation of multidrug resistance transporter ABCB1 (P-Glycopro-
tein) in healthy control endothelial cells via the NF-xB pathway [29],
thus potentially regulating molecular transport across the blood-brain
barrier.

However, the most evident proof of concept for the deleterious
phenotype of ALS astrocytes is the recent study using the transplan-
tation of human sporadic ALS astrocytes into the mouse spinal cord
[30] (Figure 1 B). In this study, transplanted ALS astrocytes displayed
a neuroinflammatory phenotype, resulting in the degeneration of host
motor neurons, followed by the appearance of motor deficits.

Similarly to ALS, it is becoming increasingly evident that the loss
of DA neurons in PD does not arise from an intrinsic degenerative

mechanism only but involves the interaction of neurons with neigh-

B2 boring glial cells (Figure 2). Healthy human astrocytes rescued the DA
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neurons exposed to a mitochondrial stressor, rotenone or potassium
cyanide, by restoring the mitochondrial function and dynamics [31].
However, the studies on iPSC-derived astrocytes carrying PD-
associated mutations LRRK2 G2019S and GBA1 N370S have
suggested that PD astrocytes have impaired ability to degrade
a-synuclein [32-34] and can induce a-synuclein accumulation, neurite
dystrophy, and cell death in co-cultured neurons [35]. Our laboratory
has demonstrated that PD astrocytes exhibit metabolic abnormalities,
disturbed Ca?* homeostasis, impaired mitochondrial function, and an
increased release of cytokines upon inflammatory stimulation [34].
Increased levels of polyamines and polyamine precursors and
decreased levels of lysophosphatidylethanolamine reported in PD
astrocytes [34] have also been observed in PD patients [36,37]. The
activation of chaperone-mediated autophagy (CMA) reduced the toxic
effects of PD astrocytes on co-cultured neurons in one study
(Table 1) [35].

IPSC-derived astrocytes have also been generated to study the
toxic effects of mutant glia in AD. As mentioned above, the strongest
genetic risk factor for AD is the APOE ¢4 allele. The primary function
of APOE protein in the brain is to mediate lipid traffic between astro-
cytes and neurons. APOE ¢4/ ¢4 iPSC-derived astrocytes secrete less
APOE, exhibit intracellular accumulation of cholesterol, display
impaired clearance of extracellular Ap42, and provide less metabolic
support to neurons in co-culture [38,39] (Figure 3). These results are
in accordance with recent single-cell transcriptomics data from human
patients showing reduced expression of APOE gene in AD astrocytes
[5,6]. Even more evidence for the deleterious effects of APOE e4
expression in astrocytes comes from the study on brain organoids that
allow generating a more in vivo-like 3D environment for the cells. At
two months, the organoids contain mostly neurons and neural precur-
sors, while at six months, there is a significant proportion of mature
astrocytes. The six-month-old APOE €4/ e4 organoids, but not the
two-month-old, exhibited a significantly higher level of Ap42 and
phospho-tau accumulation than €3/ €3 organoids, thus indicating that
astrocyte dysfunction may have contributed to a higher level of AD-
like pathology [38].

Our laboratory has reported the generation of astrocytes from
three familial AD patients (PSEN1 AE9) and two isogenic controls [40],
and found an increased secretion of AB42, and a number of abnormal-
ities in calcium signaling, glycolysis, fatty acid oxidation, production of
reactive oxygen species, and glutathione secretion in these familial
AD astrocytes [40-42]. The findings suggest that these astrocytes do
not efficiently utilize energy resources and cannot provide adequate
metabolic support to neurons. Indeed, a co-culture of healthy human
neurons with diseased astrocytes impaired neuronal calcium
responses to glutamate and y-aminobutyric acid (GABA) as compared
to the co-culture with healthy human astrocytes [40]. The treatment
with sulforaphane, a compound isolated from cruciferous vegetables,
induced Nuclear factor erythroid 2-related factor 2 (Nrf2) pathway,
normalized basal level glycolysis, decreased basal level Ap42 secretion
as well as ameliorated inflammatory response to pro-inflammatory
cytokines TNFa and IL1p in PSEN1 mutant iPSC astrocytes [41].
Another compound GWO0742, a synthetic ligand agonist of PPARB/S,
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normalized fatty acid oxidation and increased CPT1A gene expression
in these cells without affecting glycolysis [42]. Interestingly, a very
recent study has shown that glycolysis-derived L-serine production is
impaired in astrocytes in an AD mouse model [43]. Deficient L-serine
production by astrocytes contributed to cognitive defects that could
be rescued by supplementation with L-serine in the diet. Immunoreac-
tivity of PHGDH, a rate-limiting enzyme of the L-serine biosynthesis
pathway, was significantly decreased in human AD brains in that
study. It has also been shown that enhancing glycolysis can have a
neuroprotective effect in PD models and clinical databases [44]. On
the whole, these studies suggest that metabolic abnormalities in dis-
eased human astrocytes can be corrected by pharmacological
treatment.

There is also an indication that FTD- and AD-associated tau
mutation can cause astroglial dysfunction, adversely affecting the co-
cultured neurons [45]. The co-cultures of healthy neurons with FTD
astrocytes were more sensitive to rotenone exposure than the co-
cultures with control isogenic astrocytes. Mutant tau astrocytes
upregulated a number of genes, especially the ones mediating endocy-
tosis and cell-matrix interactions.

Interestingly, a very recent study using 3D co-culture of control
unmodified iPSC-derived neurons and astrocytes embedded in silk
sponge scaffold [46] has reported that low-grade human herpes sim-
plex virus type 1 (HSV-1) infection can induce AD-like pathology,
including the formation of amyloid plaques and gliosis, and antiviral
medication with valaciclovir decreased pathological signs. This finding
provides evidence for the theory of pathogen-induced AD pathology.

4 | OLIGODENDROCYTES
Similarly to astrocytes, oligodendrocytes are the cells of neu-
roectodermal origin. The primary function of oligodendrocytes was
long considered to be the production of myelin, which ensheathes
neuronal axons and enables fast signal transmission. However, it is
increasingly recognized now that oligodendrocytes are indispensable
in providing nutrients, especially lactate, to long neuronal axons [47].
Studies indicate significant demyelination in both white and gray mat-
ter in ALS [48] and AD patients [49]. Also, some microstructural mye-
lin changes have been observed in PD patients [50]. It was believed
that demyelination is mostly occurring due to intrinsic neuronal
pathology. However, transgenic mouse studies have indicated that oli-
godendrocyte dysfunction exacerbates neuronal degeneration [47].
Several protocols for the generation of iPSC-derived oligodendro-
cytes have been established, with some producing up to 70% of O4
positive cells [51]. However, only a handful of studies have been pub-
lished so far investigating the role of human oligodendrocytes in neu-
rodegenerative conditions (apart from multiple sclerosis, which is not
discussed in this review). Two studies have indicated that oligoden-
drocytes derived from human sporadic and familial ALS patients dif-
[52,53]. However, ALS

oligodendrocytes of various genetic backgrounds exerted toxic effects

ferentiate and maturate normally

on motor neurons through conditioned medium and in co-culture,

killing about 50% of motor neurons on average [52]. All ALS oligoden-
drocytes, except the ones carrying C9orf72 expansion, produced sig-
nificantly lower levels of lactate as compared to healthy controls. The
addition of lactate and the knock-down of human SOD1 in oligoden-
drocyte progenitors protected motor neurons treated with ALS
oligodendrocyte-conditioned medium, with the exception of C9orf72
expansion, and also slightly protected the neurons in co-culture with
ALS astrocytes. Thus, the toxic effects of C90orf72 expansion in oligo-
dendrocytes may have a different mechanism than other common
ALS-associated mutations.

Similarly to the ALS study, iPSCs carrying an FTD-associated tau
mutation generated normal-looking oligodendrocytes [54]. However,
these oligodendrocytes were more sensitive to rotenone-induced oxi-
dative stress. It is known that astrocytes can affect myelination, but
the mechanisms are not very clear. A recent study has shown that
human iPSC-derived astrocytes carrying a mutation in GFAP inhibit
the proliferation of iPSC-derived oligodendrocyte progenitors in co-
culture and reduce their ability to myelinate nanofibers [55].

Overall these studies provide evidence that in neurodegenerative
disorders oligodendrocytes get dysfunctional and provide inadequate
metabolic and structural support to neuronal axons, although more

research is clearly needed.

5 | MICROGLIA

Microglia are endogenous brain cells of myeloid origin constituting
approximately 5-15% of the adult CNS population with predominance
in the white matter [56]. Microglia help to maintain and restore tissue
homeostasis and regulate synaptic remodeling and neurogenesis.
However, in neurological conditions, microglia get overwhelmed and
do not respond appropriately to stimuli anymore, thus impairing neu-
ronal function. Many known AD-associated risk genes are expressed
in microglia, including TREM2, APOE, PLCG2, CR1, CD33, CHI3L1, CLU,
and ABI3 [2,57].

Recently, several relevant protocols for the differentiation of
iPSC-derived microglia-like cells have been published and extensively
reviewed by Speicher and coworkers [58]. So far, there are no studies
of parallel comparison of various microglia differentiation protocols
regarding the achieved human microglia phenotype. However, the
protocols by Dr. Blurton-Jones' group [59,60] and Haenseler and
coworkers [61] have reported the highest yield and purity.

Despite some differences in protocols used, several studies have
shown that the APOE ¢4 allele impaired the function of iPSC-derived
microglia/macrophage-like cells as compared to the APOE €3 allele.
APOE £4/¢4 microglia-like cells upregulated genes involved in immune
response, response to oxygen-containing component and response to
an external stimulus, and downregulated genes involved in the move-
ment of cellular component and cell development [38] (Figure 3). Also,
APOE ¢4/ ¢4 cells displayed impaired uptake of extracellular AB42,
impaired chemokinesis, impaired phagocytosis of zymosan-coated
beads, and deficits in both mitochondrial respiratory capacity and gly-

colytic capacity [38,62] (and our unpublished data) when compared to
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APOE €3/¢e3 cells. Similar metabolic deficits were observed in iPSC-
derived microglia-like cells carrying the missense TREM2 mutations
associated with different forms of dementia, including AD, FTD, and
Nasu-Hakola disease [63,64]. These deficits could be partially rescued
by treatment with pioglitazone, a potent agonist of PPARy [64], and
are consistent with Nanostring transcriptomics analysis of parietal
cortex of human AD patients showing that the brains carrying TREM2
R47H mutation displayed elevated expression of genes involved in
oxidative stress and lipid metabolism, along with a decreased expres-
sion of the genes involved in autophagy, growth-factor signaling, and
neural connectivity [65]. Also, another immunohistochemical study
showed the accumulation of autophagosomes inside microglia in AD
brains with TREM2 mutations [66]. The effect is likely mediated
through impaired mTOR signaling [67,68] and PLCy2 [69]. In a very
recent study, iPSC-derived microglia carrying protective P522R muta-
tion in PLCy2 [57] exhibited enhanced cholesterol metabolism [69].

When APOE e4/¢4 microglia-like cells were studied in parallel
with the microglia carrying familial AD mutations in APP and PSEN1
genes, familial AD microglia exhibited only a mild phenotype, compris-
ing lower cytokine responses to inflammatory stimuli, higher uptake
of fluorescent AB42, and normal mitochondrial metabolism [62]. This
indicates that there is no primary microglial pathology in familial AD.

Since it is widely acknowledged that microglial behavior differs
significantly between in vivo and in vitro conditions, the transplanta-
tion of microglial precursors into the mouse brain was proposed to
offer a more relevant study model. There have been four studies so
far [70-73] reporting the transplantation of human embryonic stem
cell or iPSC-derived microglial progenitor cells into the brains of new-
born immunodeficient mice. The mice used express the human form
of CSF1, which is necessary for human microglial survival [74]. By two
months post-transplantation, numerous ramified human iPSC-derived
microglia (xenomicroglia) were observed in the striatum, cortex, and
hippocampus [70-73], and exhibited gene expression pattern similar
to ex vivo human microglia from previous studies but distinct from
in vitro differentiated microglia. These promising results suggest that
xenomicroglia could provide valuable insights into the role of human
microglia in neurodegenerative disorders. Notably, the response of
xenomicroglia to oligomeric Ap42 and fibrillar Ap42 deposits differed
from that of endogenous mouse microglia [70,73]. In the AD trans-
genic mouse model, TREM2 R47H mutant xenomicroglia displayed a
lower association with amyloid plaques as compared to isogenic con-
trol microglia, thus confirming a dysfunction of TREM2 mutant
cells [70].

Overall, iPSC studies show that AD-associated microglia exhibit
metabolic and immune dysfunction rather than bona fide inflamma-
tory phenotype.

Studies on microglial function have relied mainly on rodent
models and post-mortem studies of PD and ALS patient brains in
which microglial activation has been shown. Similarly to astrocytes,
microglia express genes associated with PD pathology (LRRK2, SNCA,
GBA1). No studies reporting significant defects in microglia-like cells
carrying PD-related mutations have been published so far. The studies

using iPSC-derived monocytes/macrophages have not reported
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strong phenotypes either [75,76], except in macrophages carrying
SNCA triplication mutations [77] and GBA1 mutation [78], both causing
impairment in phagocytosis and elevated production of inflammatory
cytokines. A very recent study using iPSC-derived macrophages and
microglia-like cells has shown that LRRK2 is upregulated by IFN-y
stimulation and is recruited to maturing phagosomes [75]. However,
LRRK2 G2019S macrophages did not show a significant abnormality
in this study.

ALS-associated C9orf72 is highly expressed in microglia in the
mouse brain, and its deficiency leads to the accumulation of lyso-
somes, increased ROS production triggered by phagocytosis of
zymosan-coated particles, and altered immune responses in macro-
phages and microglia, with aging-related neuroinflammation [79].
However, the protocols for iPSC-derived microglia were generated
only in the past few years, and so far, no abnormalities in ALS iPSC-

derived microglia or macrophages have been reported.

6 | CONCLUSION

Recent advances in stem cell technology have enabled the generation
of patient-specific brain cells, including neurons, astrocytes, oligoden-
drocytes, and microglia, thus providing novel platforms for modeling
human brain diseases and testing therapeutic compounds. The iPSC
models of AD, PD, and ALS have been useful to confirm metabolic
dysfunction in glial cells. However, in order to take full advantage of
iPSC-based models, several significant challenges need to be over-
come, including high line-to-line and lab-to-lab variation and immatu-
rity of the differentiated brain cells exhibiting a phenotype closer to
embryonic or neonatal rather than mature adult cells. It is essential to
make sure that what we see in the dish is the real patient-specific
phenotype and not an artifact. Engle and coworkers [80] have
suggested that the key to successful iPSC-based disease modeling is
the high quality of starting iPSCs and a sufficient number of lines (3-4
pairs of isogenic clones or 4-6 individuals per group). Also, the pheno-
type of the glial cells or neurons derived from the iPSC lines from
patients with a particular genetic brain disease needs to resemble and
have at least some of the features expected based on the studies of
brain biopsy, autopsy, or animal models. Since the generation of new
iPSC lines and their differentiation is still a laborious and costly pro-
cess, most studies reviewed above have failed to include the minimum
recommended number of iPSC lines per group. However, when stud-
ies using different lines and different protocols point to the same
direction and largely correlate with what we already know about the
diseases, this can give more confidence in the truthfulness of the
results. Thus, a way forward is the establishment of multi-center col-
laborations, allowing to test the same hypothesis in a substantially
higher number of different patient-derived lines simultaneously.

A critical part of disease modeling using iPSCs is to show non-
cell-autonomous effects of patient-derived glia on other types of
brain cells in 2D and 3D co-cultures. As discussed above, there are
relatively numerous studies reporting the toxic effects of diseased

astrocytes on neurons in 2D co-cultures. There are also some reports
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of incorporating human microglia-like cells into brain organoids, which
increased microglial maturity [59,62,63]. However, no clear disease-
related phenotypes have been published so far using this model. Thus,
more work is needed to develop co-cultures of neurons and different
glial types that would show disease-relevant phenotypes and be
adaptable for high-throughput screening of drugs.

A more advanced way to circumvent the immaturity of glia in cul-
ture and to show non-cell-autonomous effects is to transplant human
cells into immunodeficient mice. Both astrocyte [30] and microglial
precursors [70-73] have already been successfully transplanted. The
caveat here is that the surrounding cells are of mouse, and not human,
origin and some important interactions may be lacking. Further, the
transplantation of human brain organoids containing microglia into

mice could provide a novel tool for drug screening in vivo.
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Table 1 In vitro drug testing using human iPSC-derived glia

Compound

CMA
activator

Sulforaphane

GWO0742

Valaciclovir

Pioglitazone

Pathway

Chaperone-mediated
autophagy

NRF2

PPARB/S

Anti-viral

PPARy/p38MAPK

Model
LRRK2 G2019S astrocytes

PSEN1AE9 astrocytes

PSEN1AE9 astrocytes

HSV-1-infected neuron/astrocyte co-
culture

TREM2 R47H microglia

Effect observed

Intracellular a-synuclein |

Neurodegeneration |

Glycolysis T

ApB42 secretion |

Inflammatory cytokine production
!

Fatty acid oxidation 1

Ap deposition |

Astrocyte activation |

Maximal respiration 1
Glycolysis 1
Ap42 uptake 7

Reference

(35]

[41]

[42]
[46]

[64]
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Figure 1 A summary of recent iPSC based studies on ALS. A, iPSC-based co-culture studies support the involvement of astrocyte and
oligodendrocyte dysfunction in ALS. No study has reported so far disease-related phenotype in iPSC-derived microglia, although patient data and
mouse model data suggest that these cells play an important role in ALS pathogenesis. B, transplanted human ALS astrocytes induce ALS-like
symptoms in mice. TDP-43, transactive response DNA binding protein 43 kDa; EphB1, ephrin type-B receptor 1; Cx43, connexin 43; NFxB,
nuclear factor kappa B; SCID, severe combined immunodeficiency

Amyotrophic lateral sclerosis (ALS)

- N
A e ~. Astrocytes Motor neurons Oligodendrocytes
o | astocytes , -
o cytoplasmic TDP-43 | e toxic gain-of-function
S| aggregates : impaired support
<E | i *
=5\ esuvhvald /" function

A e e e e A S et

( astrocytes:

} * senescence

| ® secretion of antioxidants +

} e impaired response to EphB1
| * Cx43 expression t

} co-cultured neurons:

\

|

C90RF72
mutants

TDP-43 R
accumulation

* loss of voltage-activated Na*, ot # N
K*currents LP"‘ a5 [ lactate + |

o \,—::::::::::::::::/ Wy =z } co-culture / conditioned :

~ ~ s

=3/ co-culture: \ loss of muscle 2 |, il . I
©< | ¢ NFkB-dependent ABCB1 | innervation a1 neuronal mortality ¢ |
58 | upregulation in endothelial | TDP-43seeds ® il ?,‘gﬂf&g lactate & |
TP\ cels ) e astrocyte cell death 4 | “AieEtuRe

Transplantation

h human ALS
C5-C6 cervical astrocytes

enlargement

adult SCID
mouse
(8-10 weeks)

neuroinflammation &
motor deficits

e activated during PD
e |PSC-studies lacking




2| o Stem CrLLS

Figure 2 A summary of recent iPSC-based studies on PD. IPSC-based co-culture studies support the involvement of astrocyte dysfunction
in PD pathology. No study has reported so far disease-related phenotype in iPSC-derived microglia and oligodendrocytes, although patient data
suggest that these cells play an important role in PD pathogenesis. GBA1, glucocerebrosidase; LRRK2, leucine-rich repeat kinase 2; LPE,
lysophosphatidylethanolamine
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protein; PSEN1, presenilin 1; Ap, beta-amyloid; mTOR, mammalian target of rapamycin; HIF 1, hypoxia-inducible factor 1 alpha
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Figure 3 Recent iPSC-based studies suggest the involvement of both microglial and astrocyte dysfunction in AD-related neuronal
dysfunction and neuronal loss. TREM2, triggering receptor expressed on myeloid cells 2; APOE, apolipoprotein E; APP, amyloid precursor
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Patient

Neuronal dysfunction

Induced pluripotent stem cells (iPSC) created from fibroblasts or other easily accessible human cells can be differentiated into patient-specific glia
such as oligodendrocytes, astrocytes and microglia, and grown together with neurons in culture or in vivo for investigating the role and molecular

mechanisms of the glial cell in neurodegenerative diseases.
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