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Abstract: Extracellular amyloid-beta deposition and intraneuronal Tau-laden neurofibrillary tangles
are prime features of Alzheimer’s disease (AD). The pathology of AD is very complex and still not
fully understood, since different neural cell types are involved in the disease. Although neuronal
function is clearly deteriorated in AD patients, recently, an increasing number of evidences have
pointed towards glial cell dysfunction as one of the main causative phenomena implicated in AD
pathogenesis. The complex disease pathology together with the lack of reliable disease models have
precluded the development of effective therapies able to counteract disease progression. The discovery
and implementation of human pluripotent stem cell technology represents an important opportunity
in this field, as this system allows the generation of patient-derived cells to be used for disease
modeling and therapeutic target identification and as a platform to be employed in drug discovery
programs. In this review, we discuss the current studies using human pluripotent stem cells focused
on AD, providing convincing evidences that this system is an excellent opportunity to advance in
the comprehension of AD pathology, which will be translated to the development of the still missing
effective therapies.

Keywords: human induced pluripotent stem cells (hiPSCs); disease modeling; Alzheimer’s disease;
microglia; astrocytes; oligodendrocytes; 3D cultures; brain organoids

1. Introduction

Alzheimer’s disease (AD) is a highly debilitating and fatal neurodegenerative condition affecting
the elderly population for which, to date, there is no known cure. AD accounts for more than two-thirds
of dementia cases (currently 50 million worldwide and it will almost triple by 2050); thus, this brain
disease is considered a major and increasing global health challenge [1]. The tissue proteopathic features
of AD include the accumulation of aggregated amyloid-beta (A3) peptides and hyperphosphorylated
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Tau (p-Tau) leading to parenchymal and vascular amyloid plaques and to intraneuronal neurofibrillary
tangles, respectively [2,3]. These protein lesions are accompanied by microglial and astroglial activation,
dystrophic neurites, and synaptic damage followed by neuronal death. Most AD cases are sporadic
and not linked to causative mutations; however, a significant number of genes associated with disease
risk have been found (reviewed in [4]). Among these susceptibility genes, the APOE4 variant and
the recently described mutations in the triggering receptor expressed by myeloid cells 2 gene (TREM2)
have a substantial impact on AD predisposition [5]. Less than 1% of AD cases are autosomal dominant
familial AD caused by mutations in APP, PSEN1, or PSEN2, all involved in A3 generation [6].

The amyloid cascade hypothesis considers the abnormal aggregation and accumulation of A}
as the primary driving-force in AD pathogenesis [7]. However, all compounds targeting A have
failed so far throughout clinical trials [8], revealing a higher and still unsolved complexity for AD
pathology. Over the last years, neuroinflammation has been posited as one of the main factors involved
in AD pathology. In addition to astrogliosis (astroglia presenting a reactive state, widely reported as
a feature present in AD brain; reviewed in [9]), microglia, which are resident innate immune cells in
the brain, have acquired a relevant role in the disease [10]. Activated microglia accumulate around
neuritic Ap plaques, with many genes associated with AD risk being predominantly expressed in
these cells (reviewed in [11-16]). Nonetheless, the precise role (detrimental or protective but with
defective function) of these glial cells in AD pathogenesis is still not fully elucidated and may depend
on disease stage and brain region. Emerging evidences support microglial dysfunction rather than an
exacerbated neurotoxic microglial response in sporadic AD development [17].

The current knowledge on AD pathology has been built mostly by employing transgenic murine
models overexpressing mutant human APP, PSEN1, or PSEN2, which have contributed to unraveling
pathogenic pathways implicated in the disease [18]. Nonetheless, the poor translation of therapies
developed in mouse models to AD patients reveals the lack of concordance between both systems,
which have evidenced the urgent need for human-derived models to assure a better translation of
biomedical research to the clinic. In this sense, the scarce access to human viable brain samples and
the limited expansion of brain cells ex vivo have strongly limited the development of AD patient-derived
models to study the disease. The advent of human-induced pluripotent stem cells (hiPSCs), which
allows the reprogramming of a somatic cell (usually skin fibroblasts or blood leukocytes) towards
a pluripotent stem cell (resembling embryonic stem cells) able to divide almost indefinitely and to
give rise to almost any cell of the body, has opened a new paradigm in disease modeling, specially
to neurodegenerative diseases (reviewed in [19]). The complexity of AD pathology, where most of
the brain cell types are implicated, have precluded the development of studies aiming to unravel
disease mechanisms employing hiPSCs. Nonetheless, over the last years, several studies have used
hiPSC-derived neurons and glial cells for disease modeling, assessment of pathogenic pathways
implicated in AD, and evaluation of candidate drugs in human-derived platforms in an effort to better
assure the translation of discoveries towards the cure of AD.

In this review, we aim to compile and summarize the main studies reported to date employing
hiPSCs from AD patients to generate neurons, glia, or 3D/organoid cultures composed of several brain
cell types for AD modeling and/or drug screening efforts in an attempt to provide a better perspective
of performed and ongoing investigations in this devastating disease.

2. HiPSC-Derived Neurons for AD Modeling and Platform for Screening

Neuronal dysfunction is the main phenomenon linked with the symptoms of AD. In AD patients,
a prominent loss of synaptic connections occurs in almost all cortical areas examined, with synapse
loss providing the best pathologic correlate of early cognitive decline [20]. As a consequence, there
is a significant neuronal loss in AD patients, being more prominent in certain brain regions, directly
related to those areas showing Tau pathology at different stages of the disease [21]. Moreover, neuronal
vulnerability differs among different neuronal subpopulations, a phenomenon that is not always
reproduced by the different animal models available [22].
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2.1. Methods for the Generation of Neurons from hPSCs

Cortical neurons are the most relevant neuronal subtype for modeling AD. Protocols to generate
this type of neurons from human pluripotent stem cells (hPSCs) have tried to reproduce in vitro
the signals and cues occurring during in vivo neuronal development [23]. Initial approaches relied
on the generation of 3D embryoid bodies from which, following a default differentiation program,
neural lineage develops. Nonetheless, this approach led to poor purity, protracted differentiation,
and variable results in terms of neural precursor cell (NPC) generation. Chambers and colleagues in
2009 demonstrated that double chemical inhibition of the SMAD (Caenorhabditis elegans Sma genes and
the Drosophila Mad, Mothers against decapentaplegic) pathway converted PSCs into the neural lineage
in 8-12 days with a high efficiency when culturing the cells in adherent conditions. They reported
that further patterning of the cells with additional molecules and morphogens allowed for maturation
of the NPCs generated into different neuronal subtypes [24]. This approach was adopted by most of
the neuron-specific protocols developed afterwards.

In 2012, Shi and colleagues described a neuron-specific protocol for the generation of cortical
neurons following similar temporal events during in vivo development. After neural specification by
dual SMAD inhibition, their protocol relied on the purification and further expansion of NPCs. These
NPCs were further cultured and allowed to mature for up to 100 days, recreating cortical neurogenesis
and terminal neuronal maturation, with the generation of deep and upper layer cortical neurons in
a specified temporal manner, similar to that in vivo. This methodology allowed to generate in vitro
both excitatory and inhibitory cortical neurons resembling in vivo development [25]. In addition,
knowledge about the specific signals that predominate in different brain region and are responsible
for the generation and development of different neuronal subtypes has allowed the development of
specific protocols for the derivation of specific neuronal subtypes as dopaminergic [26], glutamatergic,
GABAergic, cholinergic, or motor neurons [27].

Despite their capacity to reproduce in vivo neurogenesis, dual SMAD inhibition-based protocols
require long differentiation schedules to generate neuronal subpopulations with different degrees
of maturity which, depending on the application, may represent a hurdle of the approach. By
the beginning of the 2010s, few groups described the direct conversion of functional neurons from
human fibroblasts, mediated by the overexpression of proneurogenic transcription factors (TFs) [28-30].
Based on this knowledge, the group of Stidhof and Wernig described the directed generation of
functional neurons from hPSCs in less than 2 weeks mediated by the exogenous overexpression
of the TF neurogenin 2 (NGN2). This approach allowed the generation of an almost 100% pure
and homogeneous excitatory neuronal population from both human embryonic stem cells (hESCs)
and hiPSCs which were electrophysiologically active and form synapses both in vitro and when
transplanted into in vivo models [31]. In addition, this approach is valid for disease modeling and for
assessing the deleterious mechanisms of teratogenic drugs [32]. Due to its robustness and efficiency,
this approach has been widely used as a method to generate cortical neurons for disease modeling,
as will be detailed below. Nonetheless, as it generates a homogeneous neuronal population, this
approach might mask phenotypic differences within different neuronal subpopulations, as may be
the case for AD.

A summary of the most employed methodology for the derivation of hiPSC-derived neurons is
represented in Figure 1A.
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Figure 1. (A) The two most used approaches for the derivation of human pluripotent stem cell
(hPSC)-derived neurons are represented: dual SMAD (Caenorhabditis elegans Sma genes and the Drosophila
Mad, Mothers against decapentaplegic) inhibition-based protocols (above) and direct generation of
neurons by the exogenous overexpression of NGN2 (below). (B) The main phenotypes encountered in
neurons derived from iPSCs of AD patients are presented. hPSCs: human pluripotent stem cells; iPSCs:
induced pluripotent stem cells; bFGF: basic fibroblast growth factor; SMAD: Caenorhabditis elegans Sma
genes and the Drosophila Mad, Mothers against decapentaplegic; NGN2: neurogenin 2; NPCs: neural
precursor cells; AB: amyloid beta; AD: Alzheimer’s disease.

2.2. HPSC-Derived Neurons in AD and Drug Screening

As accumulation of A is a major specific hallmark of AD, studies on AD have widely focused on
the generation of hPSC-derived neurons from sporadic or familial cases with mutations in the genes
associated with A production (APP, PSEN1, or PSEN2) assessing whether aberrant accumulation
of A can be reproduced in vitro and assessing its functional consequences and/or suitability in
the platform for drug assessment. In 2011, Yagi and colleagues first described the generation of
induced pluripotent stem cells (iPSC)-derived neurons from familial AD (fAD) cases with mutations
in PSEN1 and PSEN2 genes, finding that these cells presented higher Af_4, production, which was
reduced when cells were treated with specific gamma-secretase inhibitors, suggesting the potential
of these cells to serve for identification and validation of candidate drugs [33]. A few months later,
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Israel and colleagues described the generation of iPSC-derived neurons from sporadic AD (sAD) and
fAD patients with a duplication in the APP gene (APP Dp) as well as from healthy controls (HCs).
Although they generated functional neurons from all subjects, they found that neurons derived from
the two fADs and from one sAD case showed aberrant secretion of Af1_4. In addition, this was
accompanied by higher levels of phosphorylated Tau protein and active glycogen synthase kinase-3b
(aGSK-3b) and with accumulation of large RAB5* endosomes, probably linked with the processing
of APP-derived peptides. In addition, they demonstrated that this platform responded to drugs,
as treating the generated neurons with beta-secretase inhibitors but not gamma-secretase inhibitors
caused significant reductions in phospho-Tau and aGSK-3b levels, suggesting a direct relationship
between APP proteolytic processing, but not A3, in GSK-3b activation and Tau phosphorylation in
human neurons [34]. Muratore and colleagues generated iPSC-derived neurons from fAD patients
with the London familial APP V717] mutation and found that, during in vitro maturation, cells
notably increased their levels of APP and A3 production, with an altered APP processing, leading to
the secretion of Af34, and Afsg isoforms. Notably, this was accompanied with an increase in total and
hyperphosphorylated Tau levels, which could be reversed using Af-blocking antibodies, therefore
linking A3 and Tau pathologies in iPSC-neurons [35]. Balez et al. reported that AD neurons showed
a hyperexcitable calcium signaling phenotype, elevated levels of nitrite, increased cytotoxicity and
apoptosis, reduced neurite length, and increased susceptibility to inflammatory stress, phenotypes
that were mostly reversed by short-term treatment with apigenin (a plant polyphenol), suggesting that
anti-inflammatory compounds may help in AD pathology [36].

Nonetheless, the studies described above were not able to reproduce the main pathogenic feature
present in AD brains, that is synaptic loss. Nieweg et al. using HC-derived glutamatergic and
GABAergic neurons found that exposing the cells to A3 for several days led to a reduction of synapses
and reduction of electrophysiological activity, without leading to cell death [37]. Similarly, Hu and
colleagues derived neurons from subjects with PSEN1 mutation, APP duplication, and chromosome 21
trisomy, and the secretome of generated neurons was injected into rat brains, finding that all of them
caused synaptic dysfunction, resulting in inhibition of hippocampal long-term potentiation mediated
by A peptides or extracellular Tau. Notably, in all cases, synaptotoxicity was relieved by antibody
blockade of the cellular prion protein, a sensor for protein misfolding [38].

Recently, Chang and colleagues derived neurons from fAD patients with APP D678H mutation
and reported aberrant accumulation of intracellular and secreted Af31_45 and A31_49 peptides, increased
activation of GSK3, hyperphosphorylation of Tau, impaired neurite outgrowth, downregulation
of synaptophysin, and increased caspase 1 activity. Notably, these phenotypes were not present in
an unaffected sibling. Treatment with the indole compound NC009-1 partially restored aberrant
phenotypes, supporting the fact that iPSC-derived neurons can be employed for the assessment of
candidate drugs [39]. Yang and colleagues generated PSENT mutant AD-derived neurons and found,
apart from higher levels of Af34; and Tau phosphorylation, an accelerated neuronal differentiation in
mutant cells accompanied by a higher prevalence of apoptosis within the NPC population. Performing
gain or loss of function experiments, they found that mutant variants of PSEN1 were responsible
for these pathogenic phenotypes [40]. Similarly, Arber and colleagues found an increased secretion
of long AP peptides (AB4g, AP4p, and AP43) in neurons from fAD patients with APP and PSEN1
mutations. They proposed that this phenomenon was caused in APP V717] mutants by alterations
in the gamma-secretase cleavage site preference and in PSEN1 mutants by reduced activity of
the gamma-secretase. They demonstrated that iPSC-derived neurons can be employed for modeling
and studying the mechanisms involved in Af3 production, as occurs in humans in vivo [41].

Apart from most phenotypes shown by neurons derived from AD patients with familial mutations,
some other groups have described additional phenotypes which may have important roles in the disease.
In this sense, Woodruff and colleagues found that gene-edited neurons carrying fAD mutations in
APP or PSEN1 genes had defects in the recycling state of endocytosis and soma-to-axon transcytosis
of APP and lipoproteins. The authors suggested that the decreased lipoprotein endocytosis and
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transcytosis to the axon may represent a neuron-specific impairment in endocytic axonal delivery
of lipoproteins, compromising synaptic maintenance in fAD. Notably, these defects in endocytosis
were rescued by beta secretase inhibition [42]. In this line, Martin-Maestro and colleagues described
alterations in the autophagic pathway in PSEN1 A246E fAD patient-derived neurons. This led to
impairments in mitophagy (recycling of mitochondria), a pathway the authors also found altered
in sporadic cases, suggesting that this is a common phenomenon in AD which can be studied with
iPSC-derived neurons [43]. The same group described similar findings in NPCs from fAD patients
with PSEN1 M146L mutation, which showed several mitochondrial respiratory chain defects together
with aberrant mitophagy produced by autophagy induction blockage. Notably, treating these cells
with the autophagy-stimulating drug bexarotene restored autophagy and compensated mitochondrial
abnormalities [44]. Kwart and coauthors generated a large panel of fAD-derived and gene-edited iPSC
lines with mutations in APP and PSEN1 genes. At the transcriptome level, they found important gene
expression changes among samples, with a common dysregulation of endosomal pathways in mutant
cells. Importantly, endosomal dysfunction correlated with accumulation of C-terminal fragments
produced by the processing of APP, instead of A3, and this could be rescued by pharmacological
modulation of beta-secretase (BACE) [45].

Oxidative stress is another pathological hallmark present in AD brains, but its relationship
with Tau or A pathology is poorly understood. By using iPSC-derived neurons induced by NGN2
overexpression from sAD patients, Birnbaum et al. described that neurons from sAD patients showed
increased production of reactive oxygen species (ROS) and displayed higher levels of DNA damage,
which did not correlate with AB or Tau phosphorylation, suggesting that increased ROS production
may precede amyloid and Tau pathology in AD [46].

Some studies have reported the derivation of specific neuronal subpopulations with relevance
for AD pathology to address specific AD-associated phenotypes in these cells. Accordingly,
Ortiz-Virumbrales and colleagues generated basal forebrain cholinergic neurons from fAD PSEN2 N1411
mutant patients, as they are one of the first cell types affected in AD. Apart from higher production of
AP 440, they observed diminished electrophysiological activity in these cells, phenotypes which were
rescued after Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9)-mediated gene correction, corroborating the presence of the PSEN2 mutation as
the causative agent of altered neuronal function [47]. Similarly, Moreno et al. derived human basal
forebrain cholinergic neurons from PSEN2 N1411 fAD patients to shed light on the possible mechanisms
that lead type 2 diabetes patients to cognitive impairment. They found that treatment of generated
neurons with insulin led to a reduction in the A4y/Ap 4 ratio, and it also corrected the altered calcium
flux present on diseased cells, addressing to some extent the neurological consequences of aberrant
insulin homeostasis [48].

Some authors employed iPSC-derived neurons as a platform to identify and modulate drug targets
for AD. Kondo and colleagues built a platform based on fAD-derived neurons (PSEN1 G384A) where
they tested the effect of >1000 compounds on A production. After validation steps and chemical
structure modeling, they found six leading compounds that showed dose-dependent A4, reduction,
identifying a combination of three of them (bromocriptine, cromolyn, and topiramate) as the most
potent anti-Af3 combinations validated in several fAD and sAD-derived neuronal cells [49]. Following
a similar approach, Jin et al. generated a medium-throughput platform constituted by iPSC-derived
neurons generated by NGN2 overexpression. On these cells, they evaluated the effects of soluble
Ap-enriched AD brain extracts on neurite outgrowth, finding that these extracts were toxic to the cells
in direct proportion to the A content of the samples. The addition of three Af-specific blocking
antibodies (1C22, 3D6, or 266) counteracted A-mediated toxicity, suggesting that the platform could
be employed for assessing drugs modulating A availability [50].

All these studies evidence the suitability of iPSC-derived neurons for modeling A3 generation
and aggregation. Nonetheless, the development of culture systems able to retain and promote
AP aggregation is mandatory for a proper reproduction of AP pathology, as occurs in vivo.
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The development and fine-tuning of these systems for a high-throughput assessment of drugs
intervening in these mechanisms would, undoubtedly, lead to the discovery of drugs able to diminish
A pathology.

Apart from studies on cells derived from fAD cases, some authors have focused on describing
aberrant phenotypes on neurons derived from sporadic AD cases, mostly from APOE4 patients.
Wang and colleagues described that APOE4 neurons had higher levels of Af secretion and Tau
phosphorylation non-linked to A3, together with specific degeneration of GABAergic neurons. They
found that converting APOE4 to APOE3 by gene editing rescued the phenotypes encountered, similar to
that when APOE4-expressing neurons are treated with a small-molecule structure corrector, suggesting
that this could be a possible therapeutic approach for sAD [51]. Lin et al., using gene-corrected isogenic
lines, reported that iPSC-derived neurons from APOE4 donors showed a more mature phenotype with
higher number of synapses, more abundant early endosomes, and higher secretion of A4,. Moreover,
APOEH4 astrocytes and microglia showed a reduced capacity of A3 uptake, results which were validated
in mixed 3D cultures, suggesting that the presence of APOE4 alters the functioning of neural cells
at different levels [52]. An accelerated neuronal differentiation of APOE4 iPSC-derived neurons has
also been observed by Meyer and colleagues, who observed an impaired proliferative capacity of
NPCs. They found that nuclear lamina alterations in APOE4 neural cells reduced nuclear translocation
of the transcriptional repressor REST, which is strongly implicated in the altered transcriptome and
differentiation state of APOE4 neurons [53].

AD is considered a secondary tauopathy, with Tau pathology being a constitutive hallmark of
the disease, but mutations in the MAPT gene (which encodes for Tau) have not been linked to the disease.
Several studies have generated iPSC-derived cells from individuals carrying different MAPT mutations
to model Tau pathology in vitro. Fong and colleagues described the generation of neurons from
a patient harboring the A152T MAPT mutation, which presented increased Tau fragmentation and
phosphorylation, leading to neurodegeneration and axonal degeneration. Genetic correction of
the mutation restored those phenotypes and homozygous introduction of the mutation exacerbated
the phenotypes, demonstrating the causality of this mutation in the phenotypes encountered [54].
In frontotemporal dementia (FTD) patients harboring N279K and V337M MAPT mutations, Ehrlich
et al. derived hiPSC-derived neurons and observed pronounced Tau pathology with increased
fragmentation and phosphorylation, decreased neurite extension, and increased but reversible oxidative
stress response to inhibition of mitochondrial respiration. Furthermore, FTD neurons showed an
activation of the unfolded protein response and disease-associated gene expression profiles. Employing
NSCs derived also from FTDP-17 patients with the N279K MAPT mutation, Wren and colleagues
reported an increased expression of 4R Tau isoforms, increased cellular stress, and impaired endocytic
trafficking, with some of those findings verified using autopsy brains [55]. The Spillantini group
performed a more exhaustive characterization of hiPSC-derived neurons from patients with the N279K
and P301L MAPT mutations. In diseased neurons, they found an increase in the 4R/3R ratio of
Tau expression, an earlier electrophysiological maturation and an increase in Tau phosphorylation,
with some of these phenotypes also present in the brains of patients with these mutations [56]. To
gain insights into the mechanisms conducting neuronal degeneration in patients with tauopathies,
Imamura and colleagues generated hiPSC-derived neurons with different Tau mutations and found
that diseased neurons showed dysregulation of the augmentation of Ca?* transients evoked by
electrical stimulation, which led to the release of misfolded Tau and cell death. Chemical inhibition of
Ca?* influx attenuated misfolded Tau and cell death, suggesting that neuronal activity may regulate
neurodegeneration in tauopathy, and this is susceptible to therapeutic modulation [57]. Recently,
Nakamura and colleagues generated neurons from R406W MAPT patients and observed a notable Tau
fragmentation and mislocation, which led axons to display morphological and functional abnormalities
that could be rescued by microtubule stabilization, providing insights into the mechanisms leading
to Tau-induced degeneration [58]. To generate a robust hiPSC-derived model for tauopathies, we
introduced in a footprint-free manner three MAPT mutations (N279K, P301L and E10+16) into hiPSCs
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and differentiated the cells towards cortical neurons, finding that mutant neurons expressed higher
levels of 4R Tau, higher phosphorylation and aggregation of Tau, an increased electrophysiological
activity, deficiencies in neurite outgrowth, aberrant sequence of differentiation to cortical neurons,
and a significant activation of stress response pathways. RNA sequencing confirmed stress activation,
demonstrated a shift toward GABAergic identity, and an upregulation of neurodegenerative pathways.
Therefore, this hiPSC-derived model could be employed to assess the effect of candidate compounds
on different neurodegenerative phenotypes [59].

Different groups have developed iPSC-derived platforms to evaluate drugs able to counteract Tau
pathology. Medda et al. developed an iPSC-derived neuron platform to evaluate candidate compounds
able to reduce Tau aggregation in a high-throughput compatible manner [60]. Wang and colleagues
generated NGN2-induced cortical neurons cultured in 384-well plates to evaluate the effect of a library of
1280 pharmacologically active compounds on reducing Tau expression by immunostaining. They found
that three compounds (clonidine, moxonidine, and metaproterenol, the latter two being agonists of
adrenergic receptors) reduced Tau content without cell toxicity, suggesting that activation of adrenergic
signaling pathways could represent Tau-lowering therapeutic strategies in humans [61]. Recently, van
der Kant et al. employed iPSC-derived neurons from fAD and sAD patients as a high-throughput
platform to test >1600 compounds for their potency to inhibit p-Tau accumulation. From this screen,
they found several drugs able to reduce p-Tau levels, with several of them involved in the cholesterol
synthesis pathway. After exhaustive analysis of the cholesterol pathway, they identified cholesteryl
esters (CE), the storage product of excess cholesterol, as upstream regulators of Tau early during
AD development, with CE also regulating A secretion via independent pathways. They found
that drug-mediated allosteric activation of CYP46A1 lowers CE levels in neurons with low toxicity,
reporting a therapeutic possibility for AD [62].

All these reports indicate that iPSC-derived neurons from AD patients can serve as a proper
platform to gain insights into the mechanisms involved in AD pathology and that they could be used
as well as a platform to discover and validate candidate drugs in a human context. Summary of
the findings of the main studies reported using hiPSC-derived neurons from or related to AD patients
is presented in Table 1. Moreover, graphical summary of the main pathological findings described in
hiPSC-derived AD neurons is represented in Figure 1B.
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Table 1. Summary of the findings of the main studies describing the generation of hPSC-derived neurons from patients with Alzheimer’s disease.
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Neurons . adherent cultures plus neuronal . -
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Several gene-edited iPSC
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Birnbaum et Neurons sAD (5) and HCs NGN2-based direct generation levels of DNA damage, which did not -

al. 2018 [46]

of neurons from iPSCs

correlate with Af or Tau
phosphorylation




Int. J. Mol. Sci. 2020, 21, 6867

Table 1. Cont.

11 of 48

Neurons
Reference Cell Type Subjects Methodolo Main Findings Drug Evaluation
Derived ) 8y & &
, basal Dual SMAD inhibition, FACS Higher production of A342/40 and
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Moreno et al. forebrain HCs (2), and isogenic adherent cultures plus neuronal Mutant cells presented increased the cultures reduced
2018 [48] cholinergic ’ & .. P . AP40/Ab42 ratio and altered calcium flux  the increase in AR40/AR42 ratio
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Tested >1000 compounds on A
fAD with PSEN1 G384A production and identified six
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Neurons, . induction. Astrocytes: neural 11
. sAD (1) and HC (1) lines . . . phenotype with higher presence of
Lin et al. 2018 astrocytes, . : . induction followed by sorting . .
- : and isogenic gene-edited - : . synapses and higher secretion of AB42. -
[52] microglia and for GLAST™ cells. Microglia: as . .
. controls . . . APOE4 astrocytes and microglia showed
3D organoids described in [64]. Organoids: as a reduced capacity of AB uptake
described in [65]. pacity P '
Neurons: (1) neural induction
as embryoid bodies, followed . -
Meyer et al. Neurons and  sAD (5), HCs (5), and by neuronal maturation and (2) Acceler:flted neur'onal differentiation of
. . . . . . APOE4 iPSC-derived neurons and -
2019 [53] organoids gene-edited lines NGN2-based direct induction. . - - : .
1 impaired proliferative capacity of NPCs
Organoids: based as Lancaster
et al. 2013 [63]
TAU fragmentation and phosphorylation,
Neuronal differentiation b leading to neurodegeneration. Genetic
Fong et al. A152T MAPT patients (2) s y correction of the mutation restored those
Neurons . .1 dual SMAD inhibition-based -
2013 [54] and isogenic lines (2) methodolo phenotypes and homozygous
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the phenotypes.
Pronounced TAU pathology with
increased fragmentation and
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phosphorylation
Chemogenetic or
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- . . of the augmentation of Ca“" transients designer receptors exclusively
Imamura et al. and R406W (1) mutations ~ NGN2-based direct generation . . . . . .
Neurons . evoked by electrical stimulation which activated by designer drugs or
2016 [57] and gene-corrected of neurons from iPSCs . .
isogenic lines led to the release of misfolded Tau and by treatment with glutamate
cell death receptor blockers attenuated
misfolded tau accumulation and
neuronal death
Patients with R406W . . Nf)table .Tau fragmentatlon and . Morphological and functional
. Generation of neural organoids ~ mislocation, which led axons to display 2
Nakamura et mutations (2) and . . © . . abnormalities that could be
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al. 2019 [58] gene-corrected isogenic e rescued by a microtubule
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Mutant neurons expressed higher levels
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Wang et al. NGN2-based direct generation ~ Developed a platform to test Ta lowering Among the 1280 tested
Neurons HCs (2) . . . compounds, three reduced Tau
2017 [61] of neurons from iPSCs in a high-throughput manner - -
content without cell toxicity
Tested >1600 compounds,
o finding several hits involved in
NPCs: dual SMAD inhibition o
. cholesterol pathway. Identified
NPCs followed by FACS sorting. cholesteryl esters (CE)
Van der Kant ! fAD, sAD, gene-edited Neurons: neuronal maturation  Increased Tau phosphorylation and A Y ’

neurons and
astrocytes

et al. 2019 [62]

lines, and HCs

and FACS purification.
Astrocytes: sphere-mediated
astrocytic induction

secretion

the storage product of excess
cholesterol, as upstream
regulators of pTau and A3
secretion, suggesting

a therapeutic possibility for AD.

AD: Alzheimer’s disease; PS1: presenilin 1; PS2: presenilin 2; APP: amyloid precursor protein; Af3: amyloid beta; HC: healthy control; sAD: sporadic Alzheimer’s disease; fAD: familial

Alzheimer’s disease.
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3. HiPSC-Derived Astrocytes for AD Modeling and Platform for Screening

3.1. Definition and Functions of Astrocytes

Astrocytes are one of the most abundant cells present in the central nervous system (CNS) of
mammals, being essential for brain development and homeostasis [67-69]. During CNS development,
astrocytes are key in shaping the mature neural connections, as they actively engulf both excitatory
and inhibitory synapses, a function that continues also in the adult [70] and pathological [71] brain.
Astrocytes can modulate synaptic transmission and plasticity of excitatory synapses by the reuptake
of glutamate from the synaptic cleft, helping circulation of this neurotransmitter and preventing
excitotoxicity. In fact, most of glutamatergic synapses are monitored by a discrete astrocytic portion, with
these communicating structures being known as tripartite synapsis, with a single astrocyte wrapping up
to four neurons and hundreds of dendrites [72]. Astrocytes express two glutamate-specific transporters
known as GLI-1 (or excitatory amino acid transporter 2, EAAT2) and GLAST (or excitatory amino
acid transporter 1, EAAT1), that control the glutamate availability at the synapse (reviewed in [73]). In
addition to this, astrocytes are able to produce several molecules which act in synaptic modulation, with
important effects on long-term potentiation and depression (LTP and LTD, respectively). Nonetheless,
there is still important controversy on whether this phenomenon, known as gliotransmission, occurs
under physiological conditions [74].

Astrocytes have an important role in metabolic support of neurons [75]. As a consequence of
excitatory synaptic transmission, glutamate is delivered to the synaptic cleft, for which the excess is
removed by astrocytes through their glutamate transporters, using energy from glycolysis for this
process. As a consequence, lactate is produced by astrocytes, which is transported to surrounding
neurons using lactate-specific transporters, a mechanism known as lactate shuttle [76]. Once inside
the neuron, this lactate is used for obtaining energy through oxidative phosphorylation. Astrocytes also
contribute to the blood-brain barrier by emitting perivascular endfeet, controlling water (astrocytes
express aquaporins) and solute exchange between blood and brain parenchyma. This is key to
synchronizing neuronal activity with blood flow, a process known as neurovascular coupling [77].

Apart from all these functions, astrocytes have an important role in inflammation and response
to injury [68,78,79]. When a pathological insult occurs in the brain, they react to these changes
becoming reactive, acquiring a hypertrophic phenotype with increased expression of glial fibrillary acid
protein (GFAP) and altering and thickening their processes, a phenomenon known as astrogliosis [80].
Astrogliosis is considered a defense mechanism that controls inflammation and the blood-brain barrier
integrity. An important contribution of astrogliosis is the isolation of non-injured tissue from damaged
areas and the support of neuronal circuit and tissue regeneration after neurological insults [79].

After trauma, chronic infection, or other CNS diseases, a multicellular inflammatory response takes
place where resident and infiltrating inflammatory cells have a key role in counteracting acute insults.
These immune cells are able to elicit activation of astrocytes, leading to at least two different phenotypes
based on transcriptome analysis named Al (related with neuroinflammation) and A2 (related to
ischemia) [81]. A1 astrocytes synthetize inflammatory cytokines and upregulate complement cascade
genes, leading to the engulfment of synapses, therefore presenting, at first, detrimental functions.
On the other hand, A2 astrocytes upregulate neurotrophic factors promoting cell survival, neuronal
growth, and repair of synapses [82]. However, this A1/A2 binary classification may not be sufficient
to explain the emerging phenotypic diversity of reactive astrocytes across brain disorders [83-85].
In fact, in response to injury, astrocytes seem to elicit differential responses depending on the insult
they encounter, suggesting that astrocytic phenotype may respond to the microenvironment they
encounter [86].

Apart from different astrocytic phenotypes in response to CNS insults, the diversity of astrocyte
subpopulations within the homeostatic CNS has long been debated [83,87,88]. Based on morphology,
several subtypes of astrocytes within the human brain have been described, with most of them classified
as protoplasmic (present in gray matter) or fibrous (found in white matter) astrocytes, although
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additional astrocytic morphological subtypes as subpial interlaminar astrocytes or perivascular
astrocytes are also present [89]. John Lin et al. selecting astrocytes by the expression of the pan
astrocytic marker AldhlL1, identified five different astrocytic subpopulations in the mouse brain
attending to the positive or negative expressions of the extracellular markers CD51, CD63, and CD71.
The proportions of these five subpopulations varied within the brain region examined, with each of
these subpopulations differentially supporting synaptogenesis between neurons, and these astrocytic
subpopulations seem to have analogous counterparts in the human brain [90]. Using single-cell RNA
sequencing, five transcriptomically distinct astrocyte subtypes in adult mouse cortex and hippocampus
have been described, for which the proportions vary among brain regions. Differences in their
transcriptome point towards different specialized functions which still have to be revealed [91]. This
astrocytic variability has been further emphasized employing the single-cell RN Aseq technology;,
as the Rowitch group reported different astrocyte identities within the mouse cortex layers, which
originated during development and remained through adulthood, following a pattern different to
that of neurons [92]. These studies reveal a great astrocytic heterogeneity within the brain that
may be the result of cell specializations to the surrounding microenvironment during development,
homeostasis, or pathological insults. Further studies are needed to fully address and characterize
the astrocytic diversity present in the human brain.

3.2. Astrocytes in AD

One of the main alterations found in the brains of AD patients is a strong astrocytic reactivity
(astrogliosis) around plaques of amyloid beta, visualized as hypertrophic GFAP* astrocytes polarized
towards these protein accumulations [93], with the number of reactive astrocytes in the vicinity of
Ap plaques increasing with disease progression [94]. In relation to Tau pathology, astrocytes present
a strong response to p-Tau in the initial stages of the disease (Braak I-II), which seems to vary with
disease course, with astrocytes presenting a dysfunctional phenotype at advanced stages (Braak
V-VI) [95]. Different studies suggest that both reactive and degenerative astrocytes coexist within
the AD brain, depending on their location to A plaques and Tau laden [96].

Despite the morphological changes suffered by astroglia in the context of AD having long been
reported, little is known about the role that astrocytes play in AD pathogenesis (reviewed in [9]). In
relation with A plaques, reactive astrocytes limit the progression of A3 plaques [97] likely through
direct phagocytosis and degradation of A3 species [98]. In line with this phagocytic capacity, we
have recently shown that astrocytes are able to engulf and digest plaque-associated presynaptic
dystrophic neurites in both amyloidogenic mouse models and AD brains, a phenomenon with little if
any contribution from microglia [99].

Transcriptomic studies have reported that astrocytes in AD patients present an upregulation of
genes involved in immune response and phagocytosis as well as significant changes in mitochondrial
genes [100]. Similar studies performed in A(-enriched mouse models suggest that astrocytes acquire
an inflammatory phenotype and downregulate the expression of genes involved in neuronal support
and neuronal signaling, likely contributing to the neuronal dysfunction and cognitive decline present
in AD [101]. In this sense, using human samples and single-nucleus RNA-sequencing, Colonna’s
group recently reported the association between AD and the downregulation of genes implicated in
the metabolic coordination between astrocytes and neurons [102].

Recent single-cell RNAseq studies have provided additional information about the intrinsic
features present in AD astrocytes. Mathys et al. reported that, in contrast to neurons and similarly to
the other glial cells, astrocytes present a general upregulation of expression markers, with GFAP, SYTL4,
MTIE, ZFP36L1, MT2A, and GJA1 standing out, but a downregulation of APOE. Among astrocytes,
they found a specific subpopulation which was differentially associated to AD and characterized by
the expression of GLUL and of the AD risk factor CLU [103]. Using similar approaches analyzing
entorhinal cortex from AD and HCs, Grubman et al. described the presence of specific astrocytic
subpopulations in AD patients. Notably, they described that the TFEB gene, which was upregulated
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in diseased astrocytes, acted upstream of ten AD genome-wide association studies (GWAS) loci
(BIN1, CLDN11, POLN, STK32B, EDIL3, AKAP12, HECW1, WDR5, LEMD?2, and DLC1), which are
also dysregulated in AD astrocytes. They propose that this upregulated regulatory module underlies
the cellular transitions from control to AD states in specific astrocyte subpopulations [104].

Recently, the presence of a disease-associated astrocyte (DAA) subpopulation has been described in
an AD mouse model (6xXFAD), associated also with brain aging [105]. These DA As emerge in AD models
before pathological manifestations and are characterized by presenting the expression of a unique
set of genes, including genes involved in endocytosis, complement cascade, and aging. Interestingly,
the authors also found an analogous astrocytic population in aged AD patient brains. Notably, these
DAAs shared several characteristic genes with the recently described disease-associated microglia
population [106,107], including the AD risk gene Apoe and the Ctsb, Ctsd, and Ctsl genes, encoding
proteins (cathepsins B, D, and L) implicated in AD pathogenesis [105]. Using spatial transcriptomics
and in situ sequencing, recently, the De Strooper lab identified several Ap plaques-induced genes
that are mostly produced in coordination by microglia and astrocytes, suggesting the presence of an
astrocytic population responding to AD insults [108].

In summary, these studies suggest that astrocytes are very implicated in AD pathology.
Nonetheless, further studies are required to elucidate the precise role that reactive astrocytes have on
AD pathogenesis.

3.3. Methods for the Derivation of Astrocytes from hPSCs

As specified above, mouse models have been widely used for AD modeling, but murine astrocytes
have important divergences with human counterparts [109], which make them not the best platform
to be used for disease modeling and drug screening. Phenotypically, hominid astrocytes are more
than two times larger than murine counterparts and their degree of complexity is much higher, as
they emit up to ten-fold more processes. Functionally, their intracellular calcium activity is faster and
more prolongated that the one present on murine astrocytes. These features together with a higher
variability of astrocyte subtypes in the human neocortex indicate key intrinsic differences between
human and murine astrocytes [110]. At the transcriptome level, murine and human astrocytes present
important differences, which are directly related to their different functionalities [111]. Therefore, it is
tentative to state that human-derived astrocytes must be used to address the role that these cells play
on AD pathology.

Since the implementation of hESC and hiPSC technologies, several groups have developed
specific protocols for the generation of astrocytes from hPSCs which mimic the in vivo ontogeny of
these cells [112-115]. It is accepted that the developmental origin of astrocytes is similar to that of
neurons in terms of regional specification, although it occurs later, during the late embryonic stage
and early postnatal period. Astrocyte precursors are specified from neural precursor cells via Notch
signaling [116], and then, these precursors migrate away from the germinal zones in a radial manner
to specific regions of the brain, where they differentiate and mature, forming region-specific astrocytic
subpopulations [117].

Therefore, protocols for the generation of hPSC-derived astrocytes generally consist of four main
stages: (1) specification of PSCs towards neuroepithelial cells (through the formation of an embryoid
body in 3D or in attached cultures by means of a chemical double inhibition of SMAD signaling [24]); (2)
induction and expansion of an homogeneous neural stem cell population culturing the cells in neural
medium with the presence of specific morphogens as FGF8, retinoic acid, or sonic hedgehog signaling;
(3) specification towards glial lineage and expansion in the presence of epidermal growth factor (EGF)
and FGF2; and (4) astrocytic maturation culturing the cells in members of the interleukin 6 family
as leukemia inhibitory factor (LIF) or ciliary neurotrophic factor (CNTF), which activate the Janus
kinases-signal transducer and activator of transcription proteins (JAK-STAT) pathway, key in astrocytic
specification [117]. During the maturation step, most of these protocols employ serum, an undefined
component of the culture medium which irreversibly primes maturating astrocytes towards a reactive
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state different from homeostatic astrocytes [111]. According to this, serum-deprived protocols for
the generation of astrocytes have been developed to generate homeostatic astrocytes [113,118].

Protocols developed by mimicking in vivo astrocytic development require long culture procedures
(36 months from the PSC stage) to obtain mature astrocytes. Based on this and similar to that described
for neurons, transcription factor (TF)-mediated direct generation of functional astrocytes has been
performed by few groups. Canals and colleagues were the first to describe direct generation of
mature astrocytes from hPSCs by the forced expression of the TFs SOX9 and NFIB in just 2-3
weeks. They demonstrated that generated astrocytes resembled mature primary astrocytes, were
functional both in vitro and when transplanted into immunodeficient mice, and served to model
neurodegenerative diseases [119]. Similarly, Li et al. reported that forced expression of NFIA and
SOX9 sped up the generation of astrocytes. Moreover, they observed that combination of this approach
with the addition of specific morphogens led to the derivation of different brain region-specific
astrocytes [120]. In addition, Tchieu and colleagues reported that transient expression of NFIA led
to a gliogenic switch of the differentiating neural population, leading to an accelerated generation
of functional astrocytes [121]. On the other hand and in an attempt to generate astrocytes with
a level of maturity comparable with adult astrocytes, Sloan and colleagues described the generation of
hPSC-derived astrocytes in 3D spheroids cultured for up to 20 months, after which they generated
astroglial cells similar to adult astrocytes and, therefore, could be best employed for disease modeling
purposes [122]. A summary of the methodology to generate hiPSC-derived astrocytes is depicted in
Figure 2A.
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Figure 2. (A) The two most used approaches for the derivation of hPSC-derived astrocytes are
represented: dual SMAD inhibition-based protocols and expansion of glial precursor cells (GPCs)
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(above) and direct generation of astrocytes by the exogenous overexpression of NFIA/B plus SOX9
(below). (B) The main phenotypes encountered in astrocytes derived from iPSCs of AD patients are
presented. hPSCs: human pluripotent stem cells; iPSCs: induced pluripotent stem cells; bFGF: basic
fibroblast growth factor; EGF: epidermal growth factor; BMP4: Bone morphogenetic protein 4; CNTF:
Ciliary Neurotrophic Factor; FBS: Fetal Bovine Serum; NPCs: neural precursor cells; GPCs: glial
precursor cells; AB3: amyloid beta; AD: Alzheimer’s disease.

3.4. HPSC-Derived Astrocytes in AD and Drug Screening

Although astrogliosis present in AD brains is a phenomenon known from early descriptions of
the disease, still, the precise role of astrocytes in AD is undetermined [9]. This has precluded the study
of AD patient-derived astrocytes to unravel if these cells present intrinsic AD deficiencies, with few
studies performed in the past few years addressing this issue. In 2013, Kondo and colleagues described
the generation of iPSC-derived neurons and astrocytes from sAD and fAD patients with APP E693A
mutation. Although it was more prominent in iPSC-derived neurons, generated astrocytes from
both sAD and fAD patients accumulated A oligomers intracellularly. This was accompanied by an
upregulation of the endoplasmic reticulum (ER) and reactive oxidative response (ROS) stress pathways
which, apparently, did not alter their capacity of glutamate uptake. Notably, ER and ROS stress were
resolved after treating the cells with a beta secretase inhibitor IV (BSI), which reduced the content of
intracellular A oligomers, indicating that these A oligomers were the inductors of both ER and ROS
stress. In addition to BSI, the authors tested three other drugs previously reported to improve ER and
ROS stress (docosahexaenoic acid (DHA), dibenzoylmethane (DBM14-26), and NSC23766), finding
that DHA alleviated stress induced by A oligomers accumulation. This indicated that iPSC-derived
astrocytes and neurons responded to compounds and could be used for evaluating the efficacy of
drugs on AD patients from different disease subgroups [123].

Oksanen and colleagues, in 2017, generated iPSC-derived astrocytes from fAD patients with
the PSEN1 AE9 mutation, a condition linked to an increase in the accumulation of AR [124].
Patient-derived astrocytes, but not those derived from isogenic corrected lines or healthy controls,
presented alterations in A3 metabolism since, although diseased astrocytes produced similar levels of
total AP, PSENI-mutant astrocytes increased 5-fold A4, peptide secretion and showed reduced
capacity of AP internalization and degradation, suggesting that PSEN1-mutant astrocytes could directly
contribute to enhance Af3 load in AD brains. On the other hand, mutant astrocytes presented an altered
cytokine secretion after stimulation with pro-inflammatory stimuli. Most importantly, this study
described that PSEN1-mutant astrocytes may fail to provide proper support to neurons as they produced
higher levels of reactive oxygen species and lower levels of lactate. Moreover, they presented and
induced reduced calcium metabolism in neurons, most probably leading to dysfunctional neurons [124].
Jones and colleagues in 2017 described the generation of iPSC-derived astrocytes using fully defined
medium from the NPC stage. They generated astrocytes from a patient with fAD (PSEN1 M146L
mutation), from an APOE4*/* patient with sporadic form, and from healthy controls. Although at
the NPC stage they did not found differences between the subjects, astrocyte-specific defects were seen in
both sAD and fAD-derived astrocytes. They found that both sAD and fAD-derived astrocytes presented
an altered morphology, with much less cell complexity than healthy astrocytes, which redounded in
significant reduction of both cell volume and area covered by diseased astrocytes. Moreover, they saw
an aberrant location of canonical astrocytic markers as S100b, EAAT1, and GS, as astrocytes from both
sAD and fAD patients showed accumulation of these proteins in the nuclei. Finally, researchers found
an altered basal inflammatory cytokine production in diseased astrocytes. The authors suggested that
these phenotypes were consistent with the presence of astrocytic atrophy in these patients, hampering
astrocytic functionality and, most likely, contributing to disease pathogenesis [125].

In an attempt to generate a human-derived model for addressing the role that APOE play on
AD, Zhao and colleagues generated iPSC-derived neurons and astrocytes from healthy APOE3/3 and
APOE4/4 individuals. They observed that, during astrocytic maturation, they progressively increased
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the expression of APOE, with the APOE derived from APOE4/4 subjects presenting lower lipidation
status with significantly lower levels of cholesterol. To address the functional consequences of this
differential status between APOE proteins, researchers identified that astrocytes derived from APOE4/4
individuals had impaired supportive effects on neuronal viability and synaptic function. The authors
posted this approach as a suitable platform to evaluate the mechanisms underlying APOE-related
contribution to AD development and for the testing of candidate drugs [126].

Although not derived from AD patients but from patients with frontotemporal dementia (FTD)
with mutations in Tau, Hallmann et al. in 2017 described the generation of iPSC-derived neurons
and astrocytes from one FTD patient with the MAPT mutation N279K and from isogenic corrected
lines and healthy controls. They found that both neurons and astrocytes displayed disease-specific
phenotypes. Specifically, FTD-derived astrocytes showed aberrant expression of 4R Tau and occupied
larger volumes compared to wild type cells. In addition, mutant astrocytes presented altered gene
expression profiles, consistent with a higher cell reactivity, and upregulation in oxidative stress and
unfolded protein response (UPR) pathways, detrimental responses which were able to be induced in
iPSC-derived neurons when both cell types were co-cultured, suggesting a defective neuronal support
by diseased astrocytes [127].

Although informative, the current number of studies employing iPSC-derived astrocytes from AD
patients is reduced. Additional studies in this line are essential to address the role that astrocytes play
in AD. A summary of the findings of the main studies reported using hiPSC-derived astrocytes from
AD patients is present in Table 2. Moreover, graphical summary of the main pathological findings
described in hiPSC-derived AD astrocytes is represented in Figure 2B.



Int. J. Mol. Sci. 2020, 21, 6867

21 of 48

Table 2. Summary of the findings of the main studies describing the generation of hPSC-derived astrocytes from patients with Alzheimer’s disease.

Astrocytes
Reference Cell Type Subjects Methodolo Main Findings Drug Evaluation
Derived ) 8y & &
Intracellular AP oligomer BSI: reduction of AR
iPSC-derived HC (1 subject), sAD (1 Embryoid bodies, NPC expansion, . & oligomers and stress.
Kondo et al. . e accumulation. ..
2013 [123] astrocytes and subject), and fAD (APP astrocyte purification by attachment, and Ubreeulation of ER and UPR DHA: alleviation of stress.
o neurons E693A, 1 subject). terminal differentiation with FBS. tf 8 DBM14-26 and NSC23766:
Stress. no improvement of stress
PSENI-mutants:
Increased Af1.4p secretion.
HC (3), fAD PSEN1 DE9 (2), . . . . Reduced capacity of Ap
Oksanen et iPSC-derived pre-symptomatic PSEN1 DE9 Embryoid bodies, NPC expansion, glial internalization.

al. 2017 [124]

astrocytes

(1), and PSEN1 DE9
gene-corrected (2)

induction, and astrocyte maturation with
BMP4 and CNTFE.

Lack of proper support of
neurons and induction of
toxicity.

Altered cytokine secretion.

Dual SMAD inhibition; NPC expansion;

Astrocyte-specific deficiencies
in both fAD and sAD cases:
Simplified morphology and

Jones et al. iPSC-derived HCs, fAD PSEN1 M146L (1), glial induction; and astrocyte maturation  smaller cell volume and area.
2017 [125] astrocytes and sAD APOE4*/* (1) with FGF2, CNTF, BMP2, EGF, and Accumulation of astrocytic )
insulin. markers in the nuclei.
Altered basal inflammatory
cytokine production
. . . . . . In APOE4**-derived astrocytes,
Zhao et al. 1PSC—der1vec(li Cognitively normal APOE3*/* Ergbry.md. bogles, NPC expansion, gh?lh APOE with a less lipidationy
2017 ([126] astrocytes an and APOE4** individuals induction; and astrocyte maturation wit status. -

neurons

BMP4, CNTE, heregulin-b, and FBS.

Defective neuronal support

Hallmann et
al. 2017 [127]

iPSC-derived
astrocytes

HCs, FTD TAU N279K (2),
and N279K gene-corrected (2)

SOX10-induction of astrocytes

Aberrant expression of 4R TAU.
Larger cell volume and
reactivity.

Upregulation in ROS and UPR
stress.

Toxic to neurons

AD: Alzheimer’s disease; PS1: presenilin 1; PS2: presenilin 2; APP: amyloid precursor protein; Af3: amyloid beta; HC: healthy control; sAD: sporadic Alzheimer’s disease; fAD: familial
Alzheimer’s disease.



Int. ]. Mol. Sci. 2020, 21, 6867 22 of 48

4. HiPSC-Derived Oligodendrocytes for AD Modeling and Platform for Screening

4.1. Definition and Functions of Oligodendrocytes

Oligodendrocytes (OLs) are highly specialized cells of the CNS. They produce myelin,
a multilayered and lipid-rich sheath that covers and insulates neuronal axons, allowing for proper and
fast conduction of electrical signals along neuronal axons and providing metabolic support to them as
well. OLs are the focus of many investigations as defects in the production or maintenance of this
myelin sheet are pathological features of several neurological diseases including multiple sclerosis (MS)
and leukodystrophies [128,129]. In addition to these diseases, recent investigations have revealed that
defects in OL functioning contribute to the pathology of other brain diseases as amyotrophic lateral
sclerosis (ALS), Huntington’s disease, or schizophrenia [130-133].

4.2. Oligodendrocytes in AD

Little knowledge is available about the role that OLs may play in AD pathogenesis. White
matter abnormalities have long been reported in AD brains, with A3 and Tau pathological hallmarks
hypothesized to influence myelin integrity and OL activity [134], which could be influenced by APOE
as well [135]. Loss of myelin integrity before A3 and Tau pathologies has been reported in AD models,
and it has been suggested that A} accumulation induces cell toxicity and apoptosis of OLs, which was
partially reversed after A[31.4p-specific blocking [136].

Using single-cell RNA sequencing of prefrontal cortex brain samples from HCs and AD patients
with different pathological states, the Tsai group revealed that, within all cell types and altered
pathways, myelination-related processes were recurrently perturbed in multiple cell types, suggesting
that myelination has a key role in Alzheimer’s disease pathophysiology [103]. Similarly, Grubman et
al., using single-cell sequencing of entorhinal cortex of AD patients, reported that, out of all major brain
cell types, OLs have the greatest interindividual differences between AD patients, further implicating
myelination in AD pathogenesis [104]. Using spatial transcriptomics and in situ sequencing, recently,
the De Strooper lab identified several Ap plaques-induced genes, with most of them produced by
microglia and astrocytes. Strikingly, they also reported that the expression of oligodendrocytic genes
increases in the vicinity of Af plaques at the beginning of the pathology and dramatically decreases at
advanced stages, responses that vary within different brain regions, partly because differences in the A}
load among them. In addition, they reported an oligodendrocyte A(-reactive state, suggesting that,
together with activated astrocytes and microglia, OLs are clearly part of the multicellular inflammatory
environment linked to A3 plaques [108]. In line with this, studies performed in other neurodegenerative
diseases have reported that OLs under pathological circumstances may develop inflammatory-related
activities [137]. These evidences suggest that OLs may play an important role also in the inflammatory
processes that occur in AD pathology, but we are just starting to understand the involvement of OLs in
these processes and we are far from a full understanding about the role that OLs play on AD pathology.

4.3. Methods for the Derivation of Oligodendrocytes from hPSCs

OLs emerge during late gliogenesis, which could be related with the fact that, from hPSCs,
they only appear in cultures after several months of neural differentiation and with relatively low
numbers [138]. Nonetheless, specific protocols for the generation of OLs from hPSCs have been
developed [139,140]. These protocols rely on a neural induction phase followed by glial specification
in the presence of specific morphogens such as retinoic acid and sonic hedgehog signaling; expansion
of the oligodendrocyte progenitor population in the presence of platelet-derived growth factor (PDGF)
and insulin growth factor 1 (IGF-1); and terminal differentiation by the withdrawal of mitogens and
addition of trilodothyronine (T3), neurotrophin 3 (NT-3), and ascorbic acid [139,140]. Nonetheless,
those approaches remain inefficient, as they represent long differentiation schedules and with low
yield of mature OLs, hampering the employment of this technology for disease modeling. Recently, we
and others have developed TF-based generation of mature OLs in just 20 days from the PSC stage by
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the exogenous overexpression of SOX10 combined or not with other TFs [141,142]. This methodology
allows for fast and efficient generation of hPSC-derived OLs that could be employed not only for
disease modeling but also as a platform to assess the effect of candidate drugs involved in myelination
in a high-throughput manner [141]. A summary of the methodology to generate hiPSC-derived OLs is
depicted in Figure 3A.

GPCs Glial OPCs Oligodendrocytes
Glial expansion &

induction o maturation A Maturation

Dual SMADI, oo %‘:-1"%?’; 8 =
RA, Shh / -1.NT-
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RA, Shh induction

Phenotypes encountered in AD OLs
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apoptosis

& Degenerative
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Figure 3. (A) The two most used approaches for the derivation of hPSC-derived oligodendrocytes
(OLs) are represented: glial induction by dual SMAD inhibition in the presence of specific morphogens
such as retinoic acid (RA) and sonic hedgehog (Shh); expansion of the oligodendrocyte precursor cells
(OPCs) in the presence of platelet-derived growth factor (PDGF) and insulin growth factor 1 (IGF-1);
terminal differentiation by the withdrawal of mitogens and addition of T3, NT-3, and ascorbic acid
(above); and direct generation of OLs by the exogenous overexpression of SOX10 on glial precursor
cells (GPCs) (below). (B) The main phenotypes present in OLs from AD patients and models are
presented. hPSCs: human pluripotent stem cells; iPSCs: induced pluripotent stem cells; RA: retinoic
acid; Shh: sonic hedgehog; PDGEF: platelet-derived growth factor; IGF-1: insulin growth factor 1; NT-3:
neurotrophin 3; T3: triiodothyronine; AA: ascorbic acid; OPCs: oligodendrocyte precursor cells; GPCs:
glial precursor cells; OLs: oligodendrocytes; AD: Alzheimer’s disease.

4.4. HPSC-Derived Oligodendrocytes in AD

The little knowledge about the role that OLs play in AD has hampered the development of studies
to characterize the oligodendroglial population derived from hiPSCs of AD patients. Only Ehrlich et
al. reported that OLs derived from hiPSCs with MAPT N279K mutation had a higher susceptibility
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to oxidative stress-induced cell death [142]. Therefore, additional studies are needed to address
the precise role that OLs play in AD pathology, which have attracted, to date, little attention.

5. HiPSC-Derived Microglia for AD Modeling and Platform for Screening

5.1. Definition and Functions of Microglia

Microglia are the innate immune cells of the brain. They have an important role in brain
development, homeostasis, and neurological diseases which has been recently revealed, gaining an
important relevance in current studies [143-147]. In contrast to the other brain parenchyma cells
such as neurons or the other glial cells (astrocytes and oligodendrocytes), microglia do not have an
ectodermal origin but, instead, they originate from yolk sack-derived myeloid progenitors during
primitive hematopoiesis, which migrate and colonize the brain, developing branched processes and
giving rise to microglia which remain during adulthood [148,149].

Since the discovery of microglia at the beginning of the 20th century by Pio Del Rio-Ortega [150],
extensive debate has taken place not only about the developmental origin of microglia but also on
whether microglia populations are maintained during development and adulthood by peripheral
macrophages as occurs in most tissues. Only recent studies employing lineage-tracing experiments
and single-cell RNAseq have demonstrated that microglia only derive from brain resident counterparts
without peripheral blood monocyte contribution (at least under homeostatic conditions) and that
microglia populations are maintained locally [151,152].

Microglia examine the brain parenchyma, respond to damage, and maintain brain homeostasis,
and interestingly, they differ in their abundancy, morpho-molecular signatures, and function across
different brain regions [153]. However, under pathological conditions, these cells change to an activated
state: they modify their morphology (larger cell body and less branched processes), proliferate, and
secrete inflammatory factors. If the response to the pathological stimulus is not resolved, microglia
undergo chronic activation, which could lead to deleterious consequences [17].

5.2. Microglia in AD

Even if neuroinflammation is a key component of AD pathology [10], the role that microglia play
in AD has started to be elucidated in the last few years. In AD brains, activated microglia accumulate
around A( plaques, suggesting that they may have an important role in A3 phagocytosis and in plaques
compaction. On the other hand, this leads to microglial activation, which releases proinflammatory
cytokines, leading to neurotoxicity and Tau pathology exacerbation. Therefore, there are conflicting
reports as it seems that microglia response in AD may play a dual role, being either beneficial or
harmful [12,13], although this fact most probably will respond to differences in models used, brain
regions, and/or disease stage examined. Our group has recently identified a degenerative/pathological
status of microglia in the hippocampus of AD patients [154], supporting that a microglial dysfunctional
phenotype underlies AD progression.

Transcriptomic studies have reported that gene pathways associated with immunity and microglia
are upregulated in AD patients, with the microglia-specific gene TYROBP (coding for the adaptor
protein DAP12) exerting a “hub” role within pathogenic pathways [155]. In addition, genome-wide
association studies (GWAS) have revealed that polymorphisms in microglia-specific genes are associated
with the risk of having AD. Among those polymorphisms, the R47H variant of the TREM?2 gene is
the most firmly associated to sporadic AD, increasing 3—4 fold the risk of developing AD [5]. TREM?2 is
a microglial receptor which plays important roles in microglial phagocytosis of apoptotic neurons,
damaged myelin, and amyloid plaques [156]. It is now accepted that the TREM2 R47H variant leads to
TREM?2 loss of function [157], but the functional consequences of this deficiency can be poorly assessed
using current animal models [158]. Therefore, it is mandatory to develop human-derived models to
assess not only the role that TREM?2 plays in AD but also the contribution of microglia to AD pathology.
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5.3. Derivation of Microglia from hPSCs and their Use for Disease Modeling and Drug Screening

The obtention of human primary microglia is very limited not only due to scarce tissue access but
also due to reduced proliferation of these cells ex vivo. To overcome the latter, human immortalized
cell lines have been generated, but with poor preservation of microglial features [159], evidencing
the need to generate human microglia from virtually non-exhaustive sources such as hiPSCs. The delay
in revealing the ontogeny of microglia has resulted in only recent developments of specific protocols
to generate hiPSC-derived microglia. Previously, some protocols have tried to generate microglia
from human monocytes [160] or not precisely reproducing microglial ontogeny [161], leading to
microglial-like cells which do not fully recapitulated bona fide microglia. Nonetheless, in the past few
years, several protocols describing the generation of hiPSC-derived microglia properly reproducing
their ontogeny have been published [64,162-167]. Each protocol has its own methodology, but all of
them are based on the production of primitive hematopoietic progenitors similar to yolk sac-derived
progenitors during in vivo development, followed by their maturation through the myeloid linage
using factors such as macrophage colony-stimulating factor 1 (CSF1), interleukin 34 (IL-34), or
transforming growth factor 3 (TGFf), key to microglia differentiation and survival [168]. A summary
of the methodology to generate hiPSC-derived microglia is depicted in Figure 4A.
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Figure 4. The most used protocol for the generation of microglia from hPSCs (A) and the main
phenotypes encountered in microglia derived from iPSCs of AD patients (B). hPSCs: human pluripotent
stem cells; iPSCs: induced pluripotent stem cells; bFGF: basic fibroblast growth factor; BMP4: Bone
morphogenetic protein 4; VEGF: Vascular Endothelial Growth Factor; MCSF: Macrophage Colony
Stimulating Factor; IL-34: interleukin 34; MPs: myeloid precursor cells; Ap: amyloid beta; AD:
Alzheimer’s disease.
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All protocols mentioned above generate microglia-like cells that express typical microglial markers,
have transcriptomes similar to human primary microglia, and are able to phagocytose. Many of these
studies develop microglia that secrete cytokines in response to stimuli [64,163-166], undergo calcium
transients in response to ADP through P2Y purinoreceptor 12 (P2Y12) [163,164], and show engraftment
when transplanted into the forebrain of immunodeficient mice [163,167]. As mentioned, microglia
survival and maturation are dependent on extracellular signals received from adjacent neurons and
glial cells. In attempts to better recreate these signals in vitro, Pandya et al. and Haenseler et al.
studies co-cultured microglial precursors with astrocytes and neurons, respectively, with the aim to
more faithfully generate cells more similar to human microglia, although these approaches led to
more complex and variable culture systems hampering the translation of this technology to serve as
platforms for drug discovery.

Although iPSC-derived microglia generated in vitro resemble human microglia, a feature of
all these protocols is that generated cells are more similar to fetal that to adult human microglia,
representing a hurdle for neurodegenerative disease modeling, where disease-associated mechanisms
occur during late adulthood in most cases. Recent investigations have demonstrated that transplantation
of hPSC-derived neural cells in AD models is feasible, and it allows for the engraftment and maturation
of cells which reproduce the main pathological phenotypes reported in AD patients [169]. Therefore,
to increase the level of maturity of hiPSC-derived microglia, recently, a few groups hypothesized
that cell maturation should depend on the presence of an in vivo environment and therefore have
reported the transplantation of microglial precursors into the developing brain of immunodeficient
mice [170-173].

These studies have confirmed that microglial survival directly depends on CSF1R signaling, with
the employment of immunodeficient mice engineered to express the humanized form of the hCSF1 gene
being necessary for these xenograft experiments. These studies reported that microglial precursors
colonized and matured within the developing mouse forebrain, acquiring a homeostatic transcriptome
signature resembling adult human primary microglia. They also reported that engrafted microglia
did not distribute homogenously and presented phenotypic divergences among different brain
regions, having a similar heterogeneity as the intrinsic mouse microglia. In addition, engrafted
microglia were able to respond to pathological insults such as the presence of Af plaques [170],
LPS-mediated inflammation [171] or acute demyelination [172]. Notably, Mancuso et al. reported that
responses to oligomeric A(} differed between resident murine microglia and transplanted hPSC-derived
microglia [173]. These studies suggest that these xenograft models can be used to better recreate
the pathogenic mechanism present in neurodegenerative diseases.

As described above, microglia play a fundamental role in AD pathogenesis which, due to
differences between murine and human microglia, can be poorly addressed using mouse models.
Therefore, due to the development of specific protocols to generate hiPSC-derived microglia, some
studies have already started to evaluate how hiPSC-microglia respond to AD pathological hallmarks.
The group of M. Blurton-Jones was the first to describe that hiPSC-microglia derived in vitro were
able to phagocytose both A and Tau oligomers both in vitro and in vivo and suffered important
gene expression changes after exposure to these pathological insults [163,167]. Using an AD mouse
model which allowed the survival of human microglia, they recently reported that in vivo matured
hiPSC-microglia expressed genes associated with AD and, when encountered with A plaques,
they acquired a distinctive phenotype resembling the disease-associated microglia (DAM) and
neurodegeneration-associated microglia (MGnD) phenotypes recently described in AD and other
neurodegenerative mouse models [106,107]. These phenotype changes led to the loss of the homeostatic
receptor P2RY12 and upregulation of genes such as APOE, TREM?2, or CD11c, with specific gene
alterations that are unique to the human microglia in contrast to murine microglia, suggesting that this
system is best for modeling AD and other neurodegenerative diseases that murine microglia [170].

As the rare variant R47H present in the TREM?2 gene increases the risk of having AD by 3—4
fold, few studies have employed hPSC-derived microglia to address the functional consequences of
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bearing this mutation. Brownjohn et al. first described the derivation of hPSC-derived microglia
with Nasu-Hakola disease-associated TREM?2 missense mutations and found that, although lower
TREM? levels were expressed by mutant cell-derived microglia, this did not affect considerably their
phagocytic capacity or response to inflammatory stimuli [174]. On the other hand, Garcia-Reitboeck
et al., using similar patient-derived cells but generating microglial precursors using an embryoid
body-based methodology, found that these cells presented impaired survival and reduced phagocytic
capacity of apoptotic bodies [175]. As relevant to AD, Claes and colleagues evaluated the functional
consequences of hPSC-derived microglial-like cells bearing a heterozygous or homozygous deletion
of the TREM2 gene or presenting the R47H mutation in one allele. They reported that mutant cells
presented a reduced phagocytic capacity of E. coli fragments as well as of A3 plaques using co-cultures
of derived microglial-like cells with brain slices from APP/PSEN1 mice, providing data sustaining that
the presence of AD-related TREM?2 mutations made microglia less able to phagocytose A plaques [176].
Notably, this deficiency to phagocytose Af plaques has been also reported in vivo [170]. Recently,
Piers and colleagues described that, in addition to impaired A3 phagocytosis, the AD-related TREM?2
R47H mutation also leads to metabolic impairments in mutant cell-derived microglia, uncovering
additional mechanisms involved in TREM?2 mutations [177].

In addition, few studies have addressed the effects of bearing the sporadic AD risk factor
APOE4 allele in hPSC-derived microglia. Microglia derived from APOE4/4 hiPSC lines showed
upregulation of inflammatory genes, an activated phenotype, and a reduced capacity to phagocytose
Ap in comparison with isogenic APOE3/3 lines [52]. Recently, Konttinen and colleagues reported
that hiPSC-derived microglia bearing the APOE4 allele presented impairment in key microglial
functions such as phagocytosis, migration, and metabolic activity but exacerbated cytokine secretion
to inflammatory stimuli, suggesting that APOE4 leads to significant functional deficiencies in human
microglia [178]. A summary of the findings of the main studies reported using hiPSC-derived microglia
is present in Table 3. Moreover, graphical summary of the main pathological findings described in
hiPSC-derived AD microglia is represented in Figure 4B.
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Table 3. Summary of the findings of the main studies describing the generation of hPSC-derived microglia from patients with Alzheimer’s disease.

Microglia
Cell Type . o e s Drug
Reference Derived Subjects Methodology Main Findings Evaluation
. . . Resembles primary microglia at
HCs (8), adrenoleukodystrophy Embryoid l?ody-based usimg & de.zfmed the transcriptome and functional
Muffat et al. . . neural medium supplemented with CSF1 . . .
Microglia (4), adrenomyeloneuropathy (3), . (phagocytosis, cytokine secretion, and -
2016 [64] and IL-34 to generate myeloid L .
Rett syndrome (1), or AD (3) . : . response to injury) levels and interacted
progenitors and later microglia . -
with neurons and glial cells
Murine and human microglia resembled
Induction towards myeloid progenitors, primary microglia at‘the transcriptome
Pandya et al. . . e o level as well as functionally
Microglia HCs (2) FACS purification, and maturation in . . -
2017 [162] . (phagocytosis, ROS production, and
the presence of hPSC-derived astrocytes . - .
improved outcomes of mice bearing
brain gliomas).
Induction towards hematopoietic Generated microglial cell§ resembllng
. - human fetal and adult microglia at
Abud et al. . . progenitors, CD43+ enrichment, and .
Microglia HCs (10) . the transcriptome level and responded to -
2017 [163] maturation in the presence of MCSE, inflammatory stimuli, phagocytose Ap
IL34, TGFb1, CD200, and CX3CL1 y - Pragocy '
and phosphorylated Tau
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neurons microglia.
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Takataetal.  human microglia  Parkinson’s (1) and familial phase & .. microglia, interacted with neurons,
. present during yolk sac hematopoiesis . -
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and microglial maturation in co-culture . .
macrophages phagocytose, and synthesized cytokines
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AD: Alzheimer’s disease; PS1: presenilin 1; PS2: presenilin 2; APP: amyloid precursor protein; Af3: amyloid beta; HC: healthy control; sAD: sporadic Alzheimer’s disease; fAD: familial
Alzheimer’s disease.
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The relatively recent unveiling of microglial ontogeny has allowed for specific protocols to
generate hPSC-derived microglia developed only in the last 34 years, with some of them being quite
complex, laborious, and inefficient. This, undoubtedly, has impaired the translation of this technology
to drug screening efforts. Nonetheless, the last protocols described had reduced complexity and
increased the yield to which these cells are generated [167], which should result in the translation
of this technology to the drug discovery field. As a proof of concept, drug screening studies using
microglia have been performed using primary human or murine microglia. A screening to identify
anti-inflammatory compounds in a murine microglial cell line in co-culture with neurons showed that
polyphenolic compounds decreased inflammation and protected neurons from microglial damage [179].
Other screening studies in human primary and rat microglia also discovered several anti-inflammatory
compounds [180,181]. However, the use of drug screening in hiPSC-derived microglia would have
many advantages and will offer the possibility of drug screening in cells derived from AD patients
or other neurodegenerative diseases, evaluating the role of these drugs in patient-derived cells.
Moreover, this technology will allow co-cultures of hiPSC-derived microglia with hiPSC-derived
neurons, astrocytes, or oligodendrocytes, alone or as brain organoids, which will allow not only for
assessment of the effects of drugs in microglia but also for confirmation of whether these drugs would
have an indirect effect on the survival and pathogenesis of other brain cells

6. HiPSC-Derived 3D Cultures and Brain Organoids for AD Modeling and Platform for
Screening

6.1. Generation of Brain Organoids

In recent years, the generation of 3D cultures formed by neural cells has gained a lot of interest
among the research community, as it provides a human platform with higher analogies to the in vivo
situation culturing the cells in a monolayer. The generation of brain organoids was first described by
Lancaster and colleagues in 2013 [63]. By the generation of embryoid bodies and a default differentiation
program towards the neural lineage, they obtained round-shaped 3D structures of up to 4 mm of
diameter which expressed specific markers of forebrain regions. In addition, the neurons formed
were functional, and the organoids recapitulated the human cortical organization and helped model
microcephaly, a condition poorly recapitulated by animal models. Therefore, brain organoids could be
used for studying human development and neural diseases [63]. Nonetheless, this system had several
limitations such as nutrient and oxygen restrictions in the core of the organoid (leading to notable cell
death), early fetal-like phenotype of produced cells, and absence of brain-specific cell populations such
as oligodendrocytes or microglia. Part of these drawbacks have been recently addressed by Cakir
and colleagues, who transduced a subpopulation of initial hPSCs to overexpress the transcription
factor ETV2, known to induce human fibroblasts towards endothelium. This led to the formation
of brain organoids with vasculature-like structures, which allowed proper supply of nutrients and
oxygen to cells within the organoid’s core limiting cell death and, most importantly, this led to a higher
degree of cell maturation, analogous to human gestational weeks 16-19 [182]. On the other hand,
Ormel et al. developed an organoid protocol following a default neural differentiation program
which led to the generation of organoids formed not only by neural cells as neurons, astrocytes, or
precursors but also by microglia, which functionally interacted with neurons, elicited immune and
phagocyting responses, and resembled mature human tissue-derived microglia, generating a model
with very interesting applications in the AD field [183]. Moreover, brain organoids can be utilized
to model specific brain structures such as the choroid plexus, allowing the study of drugs able to
cross the blood-brain barrier and assessing the clearance of aggregated proteins, key in the study of
AD [184]. A summary of the methodology to generate hiPSC-derived 3D neural cultures and brain
organoids is depicted in Figure 5A.
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Figure 5. The most used protocol for the generation of brain organoids or 3D neural cell cultures from
hPSCs (A) and the main phenotypes encountered in organoids or 3D cultures derived from iPSCs of
AD patients (B). hPSCs: human pluripotent stem cells; iPSCs: induced pluripotent stem cells; bFGEF:
basic fibroblast growth factor; ROCK: Rho kinase; NPCs: neural precursor cells; AB: amyloid beta; AD:
Alzheimer’s disease.

6.2. Brain Organoids for Modeling AD and to Be Used as a Drug Platform

Choi and colleagues were the first to describe an in vitro 3D culture system able to reproduce AD,
although not formed by iPSC-derived cells, [185]. They differentiated human immortalized neural
precursor cells into neurons and glia and embedded the cells in gel enriched in brain extracellular
matrix proteins (Matrigel), generating a 3D culture. To model AD, they transduced precursor cells
with constructs overexpressing the fAD mutations APP Swe/Lon and/or PSEN1 DE9 and analyzed
the cultures few weeks later. They found that, on mutant cultures, A accumulated and formed plaques.
Notably, cultures composed of mutant cells also presented aggregates of insoluble phosphorylated
Tau in the soma and neurites. Treatment of the cells with gamma or beta-secretase specific inhibitors
led to a reduction in the levels of A and, remarkably, attenuated Tau pathology. On the other
hand, inhibition of the glycogen synthase kinase 3 (GSK3, one of the main kinases involved in
Tau phosphorylation) reversed Tau pathology but had no effect on AB. This system represented
the first in vitro model able to reproduce AD pathology and supported the amyloid hypothesis, which
posits that A accumulation is the event that leads to other AD-related pathologies including Tau
hyperphosphorylation and accumulation [185]. The group further translated this technology to array
platforms which allowed a more homogenous generation of the neurospheroids, where cells presented
extensive neurite outgrowth and A and Tau pathologies. Notably, treatment of the spheroids with
tested compounds (gamma-secretase inhibitor (compound E), beta-secretase inhibitor (LY2886721),
methotrexate, and imatinib) resulted in impaired neurite outgrowth and/or spheroid size, reflecting
the fact that this system could be employed for drug testing [186]. Although A aggregation was
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reproduced in these studies, this was only achieved after APP or PSEN1 mutant isoform overexpression,
an experimental condition far from resembling the in vivo situation, highlighting that experimental
optimizations are required for more trustworthy disease modeling.

Raja and colleagues found on fAD-derived organoids a higher accumulation of A4 and ARy,
an increased expression of phosphorylated Tau, and higher expression of the early endosome antigen 1
(EEA1). Notably, treatment of the organoids with gamma-secretase (compound E) and beta-secretase
(beta-secretase inhibitor IV) inhibitors attenuated Af3 and Tau pathology [65]. The Soto lab recently
reported the generation of 3D brain organoids from iPSCs of patients with fAD, Down syndrome, or
Creutzfeldt-Jakob disease (in addition to murine PSCs), finding that organoids derived from both
fAD and Down syndrome patients (but not from Creutzfeldt-Jakob disease patients or murine cells)
presented AD-related pathological hallmarks such as accumulation of structures highly reminiscent
to amyloid plaques and neurofibrillary tangles which led to higher cell death, reproducing AD
features [187].

Some groups generated 3D cultures with different natural or synthetic scaffolds in an attempt to
better reproduce brain stiffness in vitro, with the idea that this would better model AD. Zhang and
colleagues cultured iPSC-derived NSCs in 3D cultures formed by a self-assembling peptide hydrogel,
and in comparison with 2D cultures, they observed that cell cytoskeleton abnormalities linked to AD
could be best modeled in 3D, especially when A3 peptides were added to the culture [188]. Later,
Labour and colleagues built a 3D collagen-based scaffold where they grew immortalized neural cell
lines in the presence of synthetic A3 aggregates. They found that, when cells were cultured in scaffolds
with pore sizes big enough to allow physical interaction of the cells with A3 aggregates, it resulted in
extensive cell toxicity and neurite dystrophy. Therefore, the authors suggested that this platform could
be used to address Ap-mediated toxicity present in AD [189]. In line with this, recently, Simpson and
colleagues demonstrated that the 3D culture in collagen hydrogels accelerated A aggregation and
reduced cell toxicity, reinforcing the idea that 3D culture platforms might be suitable for modeling
AD-related A3 accumulation [190]. Recently, the Tanzi group further developed the previously reported
3D culture system [185] and adapted it to be able to model inflammation as well. For this purpose, they
cultured human primary and iPSC-derived NSCs embedded in Matrigel in a microfluidic device and
overexpressing the APP K670N/M671L (Swedish) and V7171 (London) mutations, reporting Af349 and
Apy, peptides secretion, increased Tau phosphorylation, and increased expression of inflammatory
cytokines and chemokines. In addition, they introduced human-derived microglia on the edges of
the structure at different time points and found that microglia migrated to the core of the culture
composed by neurons and astrocytes and acquired a reactive and inflammatory phenotype, only in
cultures overexpressing fAD APP variants. Moreover, this microglial activation led to neuronal toxicity
and astrogliosis, phenomena partially governed by IFNg and TLR4-dependent mechanisms. This
is, to date, the only study using a 3D in vitro model able to reproduce the main AD pathological
hallmarks such as Af and Tau pathologies and neuroinflammation [191]. In a further study, they built
similar 3D structures but used human-derived neural cells (not iPSC-derived) overexpressing APPSL
and/or PSEN1AED9 proteins from a clonal origin. This allowed them to select clones producing A with
different AP4o/A P49 ratios. Using this system, they demonstrated that Tau pathology was induced not
by total A levels but by high AB4y/AB4g ratios, providing the first proof of this concept in human
cells, suggesting that therapies able to diminish this AB4p/A R4 ratio should be explored for AD [192].
Notably, they suggested that these results might not be reproduced employing iPSC-derived cells as
they express lower levels of AR4y/AB49 and/or do not express mature 4R Tau isoforms.

As a proof that iPSC-derived organoids can be employed for the assessment of candidate drugs,
recently, Choi and colleagues generated brain organoids from AD patient and HCs to evaluate the effect
of a histone deacetylase 6 (HDAC6) inhibitor, CKD-504, on Tau pathology. The found that exposure
of the brain organoid to this compound led to reduced Tau phosphorylation through increase in
the degradation pathway of pathological Tau [193].
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The hippocampus is involved in the formation of new memories, learning, and emotions and is one
of the first regions affected in AD brain [194]. With the purpose of modeling hippocampal pathology
present in AD using a human-derived system, Pomeshchik and colleagues, using specific patterning
compounds, recently described the generation of hippocampal spheroids from fAD patients with rare
mutations in the APP (homozygous p.V717I) and PSEN1 (p.R278K) genes, which were able to engraft
when injected into the hippocampus of RAG™~ mice. Familial AD-derived hippocampal spheroids
showed increased A[p42/40 peptide ratios and decreased levels of synaptic proteins. Moreover,
they showed other AD-related phenotypes such as Tau hyperphosphorylation, protein aggregation,
and protein network alterations but only in APP or PSEN1 mutant spheroids. They also showed
a partial recovery of altered pathways mediated by NeuroD1 overexpression, proposing a possible
gene therapy-mediated approach to overcome the hippocampal degeneration present in AD [195]. A
summary of the findings of the main studies reported using hiPSC-derived 3D neural cultures and
brain organoids is present in Table 4. Moreover, graphical summary of the main pathological findings
described in hiPSC-derived AD 3D neural cultures and brain organoids is represented in Figure 5B.

All these studies performed using brain organoids/neurospheres suggest that 3D culture may be
a better system to reproduce AD in vitro, as it allows for further maturation of the cells and hampers
the outflow of secreted proteins, enhancing the aggregation of A3 and Tau, better reflecting the in vivo
situation, and allowing to study the relation between A and Tau pathologies. On the other hand,
this tool requires further optimization to reduce variability, even within experimental replicates, and
cell composition, as most of the brain organoids generated lack microglia and oligodendrocytes, not
representing in this way an optimal system for modeling human brain.
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Table 4. Summary of the findings of the main studies describing the generation of hPSC-derived brain organoids and neural 3D cultures from patients with
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Organoids

Reference

Cell Type Derived

Subjects

Methodology

Main Findings

Drug Evaluation

Labour et al.

Immortalized human cell

Non-demented subjects

Neural cell cultured in 3D

Physical contacts between cells
and Ap aggregates resulted in

2016 [189] lines (PC12 and SH-S5Y6Y) collagen-based scaffolds cell toxicity and neurite
dystrophy
Immortalized human Immortalized human Neural differentiation in defined APy and A[Sfu secretion, Tau
neural stem cell line neural stem cell line . . . phosphorylation, and
medium with cells embedded in . .
Park et al. (ReNcell), human (ReNcell), human . . . expression of inflammatory

. . . . ) . . . a gel matrix (Matrigel) with . . -

2018 [191] immortalized microglia immortalized microglia these netrospheroids allocated cytokines and chemokines.
cell line, and iPSC-derived  cell line, and iPSC-derived . urospher . Introduction of microglia led to

into a microfluidic device . L
neural cells neural cells neurotoxicity and astrogliosis
. Immortalized human Neural differentiation in Tau pathology was Treatment with BPN-15606,

Immortalized human neural stem cell line . . . . . .

Kwak et al. neural stem cell line (ReNcell) overexpressin: a defined medium with cells demonstrated to be induced in ~ a y-secretase modulator, which

2020 [192] P &  embeddedina gel matrix cells with a high AR4/AB4 reduced A[342/40, effectively
(ReNcell) APPSL and/or PS1AE9 . . . .

. (Matrigel) ratio reducing p-Tau accumulation.
isoforms
A HDACS inhibitor, CKD-504,
. Embryoid body formation, led to reduced Tau
Choi et al.

2020 [193]

iPSC-derived neural cells

HC (1) and AD (1)

neural induction, and neural
maturation in a neural medium

Increased Tau phosphorylation

phosphorylation by increasing
the degradation of pathological
Tau

Pomeshchik
et al. 2020
[195]

Hippocampal spheroids
formed by iPSC-derived
neural cells

HCs, fAD with APP
p.V717I (1) and PS1
p.R278K genes (1)

Embryoid body formation,
neural induction, and neural
maturation in neural medium
with specific morphogens

increased A[342/40 peptide
ratios and decreased levels of
synaptic proteins

NeuroD1 overexpression
partially restored aberrant
phenotypes

AD: Alzheimer’s disease; PS1: presenilin 1; PS2: presenilin 2; APP: amyloid precursor protein; Af3: amyloid beta; HC: healthy control; sAD: sporadic Alzheimer’s disease; fAD: familial
Alzheimer’s disease.
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7. Concluding Remarks

The complexity of AD pathology, which involves all brain cell types, has precluded
the development of specific studies employing hiPSC-derived neural cells. Investigations performed
in the past few years have revealed that these AD patient-derived cells are a valid tool to address
AD pathogenic pathways and to test the effect of candidate drugs. Nonetheless, initial protocols for
the generation of glial cells from hiPSCs were not efficient and robust enough, hampering the obtention
of pure population of matured cells in high amounts, a requisite for the employment of these cells in
drug discovery programs.

On the other hand, an intrinsic feature of studies employing hiPSCs is the presence of phenotypic
variabilities among lines derived from different subjects with the same pathology and even within
different clones of the same individual, requiring the employment of several lines per experimental
condition to draw robust conclusions. The emergence of CRISPR-Cas9 technology has allowed for
an easier implementation of gene-editing tools, allowing simple generation of isogenic lines where
the mutation of interest can be erased, introduced, or edited, facilitating the elucidation of phenotypic
changes governed by the genotype of interest, which could reduce as well the number of lines to
be employed.

Although pharmaceutical and biotechnology companies are very much interested in hPSC
technology as it allows for experimentation with human-derived cells, the number of studies using
hPSC-derived cells as platforms for drug discovery/validation programs is still low. To facilitate this
translation, we think three premises should be compiled: (1) the availability of robust and efficient
methods for the generation of the cell(s) of interest, (2) the identification of a robust phenotype to be
modified by the candidate compound, and (3) the existence of hPSC-derived robust and homogeneous
models of the disease of interest that reproduce most of the phenotypes encountered in patients,
overcoming the phenotypic differences that may exist between cells derived from different patients.

The improvement of the lastly developed protocols, together with the emergence of powerful tools
for proper in vitro disease modeling as brain organoids, are currently paving the way for a successful
implementation of hiPSC technology to precisely reveal AD pathogenesis and to use this system as
a better platform for the development of effective drugs able to counteract AD disease progression in
the coming years.
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