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� Human induced pluripotent stem
cells (hiPSC) and their derivates such
as.

� astrocytes, neurons or
oligodendrocytes generated from
patients represent faithful.

� cellular models to study Alzheimeŕs
disease.

� Cerebral organoides derived from
hiPSC provide high sophisticated
cellular 3D structures to investigate
Alzheimeŕs disease.

� hiPSCs enable in vitro high-
throughput pharmacological
screening assays of diseased tissue.
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Background: Synaptic dysfunction is a major contributor to Alzheimeŕs disease (AD) pathogenesis in
addition to the formation of neuritic b-amyloid plaques and neurofibrillary tangles of hyperphosphory-
lated Tau protein. However, how these features contribute to synaptic dysfunction and axonal loss
remains unclear. While years of considerable effort have been devoted to gaining an improved under-
standing of this devastating disease, the unavailability of patient-derived tissues, considerable genetic
heterogeneity, and lack of animal models that faithfully recapitulate human AD have hampered the
development of effective treatment options. Ongoing progress in human induced pluripotent stem cell
(hiPSC) technology has permitted the derivation of patient- and disease-specific stem cells with unlim-
ited self-renewal capacity. These cells can differentiate into AD-affected cell types, which support studies
of disease mechanisms, drug discovery, and the development of cell replacement therapies in traditional
and advanced cell culture models.
Aim of Review: To summarize current hiPSC-based AD models, highlighting the associated achievements
and challenges with a primary focus on neuron and synapse loss.
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Key Scientific Concepts of Review: We aim to identify how hiPSC models can contribute to understanding
AD-associated synaptic dysfunction and axonal loss. hiPSC-derived neural cells, astrocytes, and microglia,
as well as more sophisticated cellular organoids, may represent reliable models to investigate AD and
identify early markers of AD-associated neural degeneration.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Alzheimer’s disease (AD), the most common cause of dementia,
is characterized by the progressive deterioration of memory, lan-
guage, and behavior that negatively impacts a patient’s ability to
carry out everyday tasks. Other than cognitive impairments, the
brains of AD patients display structural abnormalities with predic-
tive value [1], such as the presence of focal symmetrical medial
temporal atrophy [2] or parieto-occipital atrophy [3]. Pathological
features such as extracellular b-amyloid (Ab) plaques and intracel-
lular tangles of the hyperphosphorylated axonal protein Tau (neu-
rofibrillary tangles, Tau NFTs) accompany neurodegeneration and
cognitive decline. Of note, the underlying causative factors and
the mechanisms accelerating disease progression remain elusive.
A landmark study by Braak and Braak proposed that AD-related
Tau pathology may commence in medial temporal structures
(i.e., the transentorhinal cortex), then extend to the limbic areas
of the medial and inferior temporal lobe and the posterior cingu-
late cortex before spreading more widely into isocortical brain
areas [4]. Hypotheses that explain AD pathogenesis include the
well-known amyloid cascade [5] and the effects of Tau hyperphos-
phorylation [6], but also include dysfunctional glucose metabolism
or oxidative stress [7]. Synapse loss represents the strongest struc-
tural correlate of the presence of cognitive deficits, which repre-
sents a central feature of AD [8,9]; however, how Ab plaques and
Tau NFT deposition prompt alterations in synaptic function and
axonal structure and whether earlier pathophysiological features
can predict symptoms remains unclear. Interestingly, high levels
of Ab plaques and Tau NFTs have been observed in the post-
mortem brains of older subjects with preserved mental status, a
state defined as asymptomatic AD [10,11]. Failure of a multitude
of clinical trials, which have focused on Ab plaques and Tau NFTs,
led to the proposition of a new research approach to discover
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early-stage pathophysiological features of AD that contribute to
synapse function. This research focus should consider non-
neuronal contributions to AD, including the dysfunction of astro-
cytes, microglia, and the vascular system.

Exploring novel conceptual models of dementia and alterna-
tive approaches may lead to the discovery of novel AD treatment
options. Despite the development of more sophisticated second-
generation mouse models, which contain humanized sequences,
they have generally failed to fully recapitulate human AD
pathogenesis [12]. Thus, we must urgently establish faithful
human-relevant models to define pathogenic pathways in AD.
These models should help to determine early pathological,
cellular, or molecular features important for disease diagnosis
and treatment.

Continuous discoveries in the field of human induced pluripo-
tent stem cells (hiPSCs) have permitted the derivation of patient-
and disease-specific stem cells possessing unlimited self-renewal
capacity. hiPSCs can differentiate into AD-affected cell types,
including neurons, astrocytes, oligodendrocytes, and AD-relevant
cell types, such as microglia (Fig. 1). The generation of AD-
affected cells may support the development of human AD models
that allow the exploration of links between traditional concepts,
synaptic loss or axonal dysfunction and the contribution of other
neural cell types (Fig. 1).

This review summarizes how current hiPSC-based AD models
can contribute to a deeper understanding of the effects of Ab pla-
ques and Tau NFTs on synaptic and axonal function and whether
these models faithfully recapitulate AD pathophysiology. This
review will focus on Ab plaques and Tau NFTs as core features of
dementia. In addition, we will discuss crucial neurobiological fea-
tures and events that underlie the primary clinical characteristics
- the massive loss of synapses and synaptic connectivity, andmem-
ory loss.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Future applications of hiPSC technology in AD modeling and drug discovery. hiPSCs derived from somatic cells can differentiate into multiple neuronal and
neuroglial cells. Differentiated cells obtained from hiPSCs generated from AD patient cells (AD-hiPSCs) can be grown in 3D co-cultures. This complex system can simulate the
interactions between neural cells in vivo to identify disease mechanisms, such as synaptic dysfunction, due to the formation of neuritic b-amyloid plaques and neurofibrillary
tangles of hyperphosphorylated Tau protein. Reprogramming strategies and models have promising potential to facilitate neurodegenerative disease research and drug
discovery for further clinical applications. hiPSC: human induced pluripotent stem cells; Sox2, SRY-Box Transcription Factor 2; Oct, Octamer-binding transcription factor 4;
Klf4, Kruppel Like Factor 4; c-Myc, MYC Proto-Oncogene.
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New hypotheses of synapse loss and axonal dysfunction in AD

Ab plaques and Tau NFTs
Most AD cases occur on a sporadic basis, and we currently pos-

sess a poor understanding of the genetic background of the disease.
Mutations in three genes - amyloid precursor protein (APP), prese-
nilin 1 (PSEN1), and presenilin 2 (PSEN2) – associate with the
development of a rare (<0.5 %) familial form of AD (fAD). Symp-
toms of fAD develop earlier than sporadic AD, typically appearing
between 40 and 50 years of age [13]. A complex interplay between
genetic and environmental factors represents the most probable
cause of common late-onset AD, with the Apolipoprotein E (APOE)
gene (E2, E3, and E4 variants) the single most significant risk factor
for sporadic AD [14]. Genome-wide association studies (GWAS)
have highlighted more than twenty disease-associated risk factors,
including genes involved in certain complications associated with
AD, such as increased inflammation, altered cholesterol metabo-
lism, hypertension, depression, and altered endosomal vesicle
recycling pathways [15]. The presence of extracellular Ab plaques,
also called senile plaques, and intracellular accumulations of
hyperphosphorylated Tau protein, known as Tau NFTs [16,17], rep-
resent the main neuropathological criteria for AD diagnosis. Of
note, Ab plaques and Tau NFTs coexist with other disease-
associated pathologies such as neuropil threads, dystrophic neu-
rites, microglial activation, and cerebral amyloid angiopathy [18],
and there exists a considerable overlap between AD and other neu-
rodegenerative diseases, such as frontotemporal dementia and
Lewy body dementia [19]. According to the well-known amyloid
cascade hypothesis [20], Ab plaques act as the key trigger of AD
pathology [21,22]; however, recent studies have proposed that
Ab plaques do not play a crucial role in the symptomatic stages
of the disease [23] and that Tau pathology represents the critical
driver of neurodegeneration and disease progression in AD [24].
There are spatial and temporal discrepancies between the appear-
ance of Ab plaques, Tau NFTs, neuronal loss, and clinical dementia,
which questions the role of Ab plaques in the development of Tau
pathology and AD progression.
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Decades of AD research, mainly based on analysis of post-
mortem brains and transgenic mice models, have revealed multi-
ple cellular alterations involved in disease progression. These sup-
port the amyloid cascade theory - increases in Ab peptide prompt
the formation of plaques during the early stages of AD, which trig-
gers a chain of events that lead to the formation and accumulation
of Tau NFTs, which cause neurodegeneration and cognitive decline.
We do not fully understand the long delay between rising Ab pla-
que levels and Tau NFT deposition at this stage and how these
detrimental events lead to synapse damage and loss. A direct cor-
relation exists between dementia and Tau NFT formation as a
histopathological hallmark, whereas the relationship between Ab
concentration, amyloid plaque formation, and cognition decline
remains unclear [25,26]. Many published studies suggest that
low endogenous levels of Ab peptide play a vital role in the main-
tenance of basal presynaptic activity and regulation of synaptic
vesicle release and plasticity [27,28]. Nevertheless, high Ab con-
centrations in and around plaques cause localized damage to the
synapses of nearby neurons, disturbing the local neuronal network
[29].

Indeed, a recent hypothesis suggests that the local accumula-
tion of Ab around plaques represents the basis for the development
of early-stage AD [10]. Additional studies have suggested that the
gradual increase in Ab peptide in parallel with the gradual deposi-
tion of plaques triggers local damage of glutamatergic transmission
and nearby synapsis by targeting postsynaptic glutamatergic
receptors [30–32] in a calcium-dependent manner [33]. In this
case, synapse loss is a local event and has minimal effects on the
function of the global neuronal network; therefore, these findings
suggest that Ab plaques may not represent the fundamental cause
of AD [34]. While local network damage is easily controllable,
synaptic damage becomes more pronounced and spreads as the
plaque load increases and individual axons encounter multiple
plaques.

Many synaptic proteins, including Tau, undergo hyperphospho-
rylation in the presence of Ab plaques and occur at multiple sites
along the axon [35,36] to induce axon loss and neurodegeneration
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[37]. These fundamental changes alter the postsynaptic and presy-
naptic mechanisms in brain regions responsible for cognitive func-
tions. This hypothesis agrees with accumulating evidence from
studies performed in AD animal models [38–42] and explains the
link between increased Ab plaques and Tau pathology, why sub-
stantial synaptic loss and neurodegeneration require Tau pathol-
ogy, why microglia delay the process, and why there exists a
delay between Ab plaque formation and Tau NFTs. Tau can propa-
gate between neurons, and substantial evidence suggests the
strong correlation between abnormal Tau phosphorylation and
memory decline [43]. A recent study revealed a critical time period
(from 140 to 160 days) during which synapse loss increases [44];
however, we require analyses in human subjects and AD samples
to better understand the molecular and cellular detrimental effects
of Ab and Tau.

Synaptic disfunction
Pereira et al. evaluated the previously explained hypothesis

about association of Ab plaque formation and Tau NFTs with
synaptic and axonal loss by measuring presynaptic, postsynaptic,
and axonal proteins in human cerebrospinal fluid during early-
stage AD [45]. The authors discovered that global Ab plaque depo-
sition associated with changes in presynaptic markers (such as
Synaptosomal-Associated Protein 25 (SNAP25) and Growth Associ-
ated Protein 43 (GAP43) involved in synaptic plasticity [46] and the
postsynaptic marker Neurogranin (NRGN) (involved in long-term
potentiation [47]), which may prompt memory dysfunction and
default-mode network (DMN) activity and brain dysfunction (e.g.,
parahippocampal white matter damage [45]). The increased levels
of the above-mentioned proteins indicate increased connectivity,
probably due to the overactivation of N-methyl-D-aspartic acid
receptors through the increased glutamate activity at synapses in
AD driven by Ab plaque accumulation [48].

Alterations in functional connectivity driven by changes in the
expression of synaptic proteins, particularly postsynaptic proteins,
due to Ab plaque accumulation could represent an early ADmarker
[45,49,50,51]. As postulated in different hypotheses evaluated in
animals, later-stage AD correlates with Ab plaque-induced synap-
tic damage along the length of the axon, which triggers Tau NFTs,
the associated dissociation of microtubules, and subsequent axonal
degeneration and loss of structural connectivity (as main AD hall-
marks) [52]. Finally, neurites of dendrites near Ab plaques dis-
played a reduced density [29] and a considerable loss of spines,
resulting in the disintegration of the neuronal network over time
and consequent AD-associated cognitive dysfunction [44].

Current AD treatments focus on decreasing the formation of the
Ab plaques and NFTs typical of late-stage AD pathology. The hur-
dles in clinical trials [53] related to this strategy led to the realiza-
tion that we must detect early pathological features in the function
of neural circuits that precede the appearance of pathological
aggregates in AD. In AD, episodic and associative memory deficits
have been linked to structural and functional changes within the
hippocampal system. The hippocampus, the crucial part of the cen-
tral nervous system (CNS) in memory processes, is among the first
affected brain areas in AD [4]. In addition to atrophy, aberrant local
activity and global connectivity have been observed in the hip-
pocampus. Integration of activity across distant brain regions (in-
cluding the hippocampus) provides insight into the intrinsic
connectivity networks (ICNs), particularly the DMN as the most
well-characterized ICN [54,55]. The DMN includes brain regions
with high degrees of functional connectivity and is active in the
brain at rest but becomes deactivated after the initiation of task
performance [56].

The discovery that reduced posterior cingulate cortex activity
measured by brain imaging techniques in patients represents a
common early feature of AD confirmed the hypothesis of abnormal
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DMN activity in AD [57–59]. Decreased posterior cingulate cortex
activity in early AD occurs in parallel with decreased connectivity
within medial temporal lobe structures such as the entorhinal cor-
tex and hippocampus, which lie among the first regions targeted
by AD pathology [60,61].

In the recently postulated hypothesis, a loss of cellular home-
ostasis initiates the clinical AD phase, indicating that Ab plaques
and Tau NFTs represent downstream risk factors [62]. This initial
cellular homeostatic failure seems to underlie the firing instability
of neural circuits as the common driver of AD pathogenesis, initi-
ated by numerous distinct triggers (Resumed in Fig. 2).

Styr and Slutsky recently proposed a hypothesis to explain the
transition from ‘silent’ features of anomalous neural circuit activity
to clinically evident memory impairments [63]. They proposed that
an imbalance between firing stability and synaptic plasticity in
cortico-hippocampal circuits represents an early hallmark of dis-
ease progression. The Styr and Slutsky hypothesis is based on accu-
mulated evidence from the last decade showing that AD patients
manifest an increased incidence of neuronal hyperactivity, includ-
ing non-convulsive epileptic discharges [64,65], in correlation with
a faster rate of cognitive decline. Indeed, deficits in episodic and
associative memory in AD have been linked to aberrant activity
in the hippocampal system and cortical circuits [66,67] and
numerous dysfunctions in synaptic and neuronal plasticity [68–
70] (Fig. 2).

Different electrophysiological studies in AD patients and animal
models support the Styr and Slutsky hypothesis and provide com-
pelling evidence for impairments of distinct forms of hippocampal
synaptic plasticity in early-stage disease, even before the appear-
ance of clinical symptoms. Studies have detected neuronal hyper-
activity in the initial disease stages [71–73] in both sporadic and
fAD animal models and patients [65,74,75]. A cohort of Colombian
families with the E-280A single mutation in the PS1 gene provides
particular interest [76]; these families permitted the observation of
different brain activation patterns years before disease onset when
cognitive impairment had yet to be observed. Functional MRI
revealed that presymptomatic carriers displayed hyperactivation
within the hippocampal system compared to matched controls,
demonstrating early aberrant regenerative and degenerative
changes in neuronal processes. These approaches may represent
the best opportunity to understand early pathological hallmarks
of AD related to neuronal damage and develop early interventions
to prevent, slow, or mitigate AD pathology and/or the neuronal
alterations that prompt cognitive impairment.

Unfortunately, these changes are not unique and are unlikely to
drive neurodegeneration, revealing the possible implication of
other pathophysiological features that gradually induce memory
impairments in early-stage AD. Such features include alterations
to the evolutionarily conserved integrated homeostatic network
(IHN) described by Frere and Slutsky [77], which enables func-
tional stability of central neural circuits and safeguards from neu-
rodegeneration. This network comprises several functional
modules (with most affected years before AD onset), including
energy homeostasis (reduction of glucose metabolism [78] and/or
mitochondrial dysfunction [79,80]), proteostasis (elevated protein
accumulation and mitophagy impairment [81]), immune system
homeostasis, firing stability, and calcium homeostasis [82]. A full
description of these features goes beyond the scope of this review
and will not be described in depth.

hiPSC technology and neural differentiation

The Yamanaka and Thomson groups made the groundbreaking
discovery that the forced expression of a limited number of repro-
gramming factors could convert differentiated human somatic
cells into pluripotent stem cells (hiPSCs) in 2007 [83,84]. Repro-



Fig. 2. Unbalance of inhibition/excitation states of neurons induces the progression from healthy to early AD. Certain events can trigger the unbalance of the signaling
that regulates inhibition/excitation of neurons. Inefficient compensatory mechanisms lead to aberrant neural circuit activity and reduced synaptic plasticity. These
physiopathological events cause the cognitive deficits associated with Alzheimer disease (AD).
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gramming factors such as Oct4, Sox2, and Klf4 play a central role
by resetting the somatic cell epigenome during hiPSC generation.
This reprogramming technique has revolutionized modern medi-
cine by providing access to a patient- and disease-specific source
of cells for basic research, disease modeling, and therapeutic appli-
cations. hiPSCs can be indefinitely maintained in culture while
retaining the potential to efficiently differentiate into virtually
any cell type of the human body. The multilineage differentiation
capacity of hiPSCs offers a model platform to study neurodegener-
ative diseases such as AD, as their cell fate can be restricted toward
clinically relevant cell types (i.e., neurons, astrocytes, and micro-
glia), thereby providing an unlimited cell source for interrogations
at the molecular, cellular, and functional level. The exposure of
hiPSCs to different morphogens and growth factors that mimic
processes in the developing CNS fosters the generation of
subtype- and region-specific neurons. During the in vitro differen-
tiation of hiPSCs, neuroepithelial precursor cells generally sponta-
neously generate glutamatergic neurons of dorsal fate [85,86].
Sonic hedgehog (SHH) pathway activation and WNT pathway inhi-
bition direct hiPSC differentiation towards a GABAergic neuron fate
[87] while activating the SHH and nerve growth factor (NGF) path-
ways induces cholinergic neuron differentiation [88]. Recent stud-
ies of neural progenitors derived from hiPSCs generated from AD
patient cells (AD-hiPSCs) employed a widely-used, rapid, and
direct neural differentiation approach using the dual small
molecule-mediated inhibition of the SMAD signaling pathway (in-
volved in endoderm and mesoderm differentiation during develop-
ment) [89–91].

Herein, we summarize examples of AD models generated using
hiPSC-derived cells, which include neurons, astrocytes, oligoden-
drocytes, and microglia, and discuss their relevance to the study
of synaptic dysfunction and axonal loss (Fig. 1).

hiPSC-derived cells as AD models

Despite significant recent progress in clarifying the critical etio-
logical aspects of AD, they remain far from being fully understood
[92,93]. A distinct lack of reliable cell and animal models that faith-
fully recapitulate human brain-specific processes represents a sig-
nificant impediment to the understanding, diagnosis, and
treatment of AD. Most transgenic animals fail to exhibit certain
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core pathological features of AD, such as extensive neuronal loss
or Tau NFTs [94]. Mice with fAD do not display the complete
pathology of the human disease, despite the appearance of high
levels of Ab plaques. These model limitations may derive from sig-
nificant differences observed between neuronal [95–97] and
microglial cells [98] in human and rodent brains. Furthermore,
human post-mortem samples are rare and from end-stage disease,
therefore representing an indistinguishable contribution of multi-
ple secondary events. Significant phenotypic variability also exists
in terms of disease progression, onset, and pattern.

Neural Precursors and mature neurons

Initial investigations had focused on neurons to determine the
intrinsic neurodegenerative mechanisms associated with AD,
which correlated Ab plaque accumulation in the brain with the
progressive dysfunction of glutamatergic synaptic transmission,
neuronal circuits, networks (reviewed by Palop and Mucke [99])
and cognition [9]. Pioneering studies using excitatory neurons dif-
ferentiated from fAD-hiPSCs derived from patients carrying PSEN1,
PSEN2, and APP mutations [100] and sporadic AD-hiPSCs demon-
strated that resultant cells displayed pathogenic signs of AD,
including the increased accumulation of the pathological Ab42 iso-
form [91,101,102,103,104,105] and Tau NFTs [105–108].

hiPSC-derived neurons generated from patients bearing specific
APP mutations or alterations displayed particularly pronounced
pathogenic signs in studies published by Kondo et al. (atypical
early-onset fAD caused by an E693Dmutation of a variant Ab lack-
ing the 22nd Glu-E693D) [109], Muratore et al. (V717I mutation)
[110], and Israel et al. (APP gene duplication) [106]. Accumulating
evidence from animal studies has demonstrated that the basal gan-
glia, hindbrain, and spinal cord are initially spared from Ab deposi-
tion and synapse loss [111], thereby revealing the differential
susceptibility of distinct brain regions and neuronal subtypes to
neurodegeneration in AD. Studies using hiPSCs with different APP
mutations primarily aimed to identify neuronal cell types that dis-
played greater vulnerability to AD.

Recently developed differentiation protocols that permitted the
generation of region-specific neurons from patient-derived hiPSCs
have highlighted differences in neuronal AD pathology in the same
genetic background. For example, hiPSC-derived embryoid bodies



F.J. Rodriguez-Jimenez, J. Ureña-Peralta, P. Jendelova et al. Journal of Advanced Research 54 (2023) 105–118
(differentiating spherical structures formed in low attachment
conditions containing three embryonic layers) spontaneously dif-
ferentiated toward cortical forebrain neurons without exogenously
administered patterning factors [86,110]. The differentiation of
hiPSCs to neurons with a caudal fate requires the modulation of
the retinoic acid and SHH pathways. Muratore et al. differentiated
AD-hiPSCs carrying the V717I mutation into caudal forebrain
(cortical) and posterior (hindbrain) neuronal fates, finding that
caudal cells possessed lower levels of Tau phosphorylation com-
pared to isogenic mutation-corrected hiPSC-derived cells [110].
Similar studies established discrepancies in several AD hallmarks
in hiPSC-derived glutamatergic and GABAergic neurons
[112,113], which may reveal pathophysiological mechanisms
underlying the selective vulnerability of brain regions and neu-
ronal cell types in AD. Overall, Ab-induced toxicity displayed selec-
tivity for glutamatergic rather than GABAergic neurons [113].
Compared to studies in AD-hiPSCs carrying the E693D APP muta-
tion or APP duplication, differentiated neurons exhibited distinct
additional features. Neurons bearing the APP V717I mutation dis-
played regionally specific vulnerability [110], while neurons bear-
ing APP duplications possessed larger endosomes [106], and
neurons bearing the APP E693D mutation displayed signs of endo-
plasmic reticulum (ER) and oxidative stress [109].

Trisomy of chromosome 21 (TS21) causes Down syndrome and
APP gene triplication. The clinical phenotype of Down syndrome
patients includes early-onset AD with accelerated pathology (at
40 years), Ab overexpression, and typical AD post-mortem features
[114]. Therefore, TS21-hiPSC differentiation represents an ideal
means of generating neural cells for AD modeling. Encouragingly,
studies have established that TS21-hiPSC-derived neural cells
faithfully recapitulate findings from human post-mortem tissue,
including abnormal Ab metabolism manifested by the increased
secretion and accumulation of the pathological Ab42 isoform and
upregulated APP gene expression during the early stages of neural
differentiation [115,116]. The authors used CRISPR/Cas9 gene-
editing technology to introduce or correct AD-associated muta-
tions in hiPSCs and promote the associated neuronal phenotypes
in a strictly controlled genomic background. Deletion of the extra
APP copy in TS21-hiPSCs by gene-editing permitted the differenti-
ation of cortical neurons with normalized APP expression, Ab1-42
secretion, Ab1-42/Ab1-40 ratio (a potential biomarker for selective
Ab1-42 deposition [117]), and overall Ab levels. However, a related
study demonstrated that an increase in APP levels does not repre-
sent the sole factor responsible for inducing Down syndrome-
associated AD pathogenesis [118], as APP deletion failed to alter
Tau phosphorylation or neuron sensitivity to oxidative stress-
induced apoptosis, which causes synaptic defects and neuronal
dysfunction [118]. Overall, these findings highlighted the complex-
ity of the mechanisms controlling TS21-related AD pathogenesis.

Woodruff et al. investigated neurons differentiated from fAD-
hiPSCs from additional genetic backgrounds, which included PSEN1
and PSEN2 mutations [119]. The authors demonstrated that neu-
rons differentiated from fAD-hiPSCs or hiPSCs gene-edited to bear
PSEN1 mutations [91,102,119] exhibited typical AD-associated fea-
tures, including increased sensitivity to Ab-induced toxicity and
oxidative stress [1,100], impaired autophagy, mitophagy, and
endo-lysosomal degradation pathways [120,121], and increased
DNA damage and apoptosis [104,121].

The formation of new neurons in the adult brain (neurogenesis)
plays a crucial role in hippocampus-dependent learning and mem-
ory. The hypothesis that impaired neurogenesis in AD underlies
memory impairment remains to be confirmed [122]. By generating
cortical neurons from fAD-hiPSCs harboring PSEN1 mutations,
Arber et al. [123] demonstrated features of premature neurogene-
sis in regionally specific neurons partially driven by Notch signal-
ing. The same study used a three-dimensional cell culture system
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to compare to postmortem brain tissue from fAD patients. These
data supported the sufficiency of PSEN1 mutations in driving pre-
mature neurogenesis, suggesting the alteration of neurogenesis
timing, accelerating aging, and neurodegeneration as critical fea-
tures in AD development. This study suggests impaired neurogen-
esis as a critical early event during AD that may represent the
leading cause of memory impairment and neural vulnerability in
the hippocampus.

A recent study fromGhatak et al. [124]modeled earlyAD features
such as brain hyperexcitability and subsequent synapse loss linked
to memory impairment. The authors developed a cell model com-
prising a mixture of cerebrocortical neurons and inhibitory
interneurons derived from fAD-hiPSCs that exhibited neural net-
workactivity [125] similar to thatof thehumanbrain [126]. Interest-
ingly, these studies revealed similar network abnormalities, such as
aberrant excitatory bursting, hypersynchronicity, and increased
slow spontaneous fluctuations, as observed in AD patients [127].

While we have a relatively robust understanding of the molec-
ular etiology of mutation-driven fAD, the specific impact of spo-
radic AD risk factors remains much less clear. Accumulated data
from multiple large-scale GWAS and meta-analyses revealed the
APOE4 variant as the single most important genetic risk for spo-
radic AD (as reviewed by Serrano-Pozo et al. [128]). The APOE2
variant is considered protective [129], emphasizing the importance
of APOE variants to AD pathogenesis, while the common APOE3
variant associates with a healthy phenotype. Studies using neurons
differentiated from patient-derived hiPSCs carrying the APOE4
variant revealed common cellular and molecular features related
to AD, such as increased Ab plaques and Tau NFTs when analyzed
alongside hiPSC-derived neurons carrying the APOE3 variant
[130,131]. APOE4-hiPSC-derived neurons also exhibited elevated
synaptic activity and endosomal abnormalities [130]. In the same
study, the conversion of the APOE4 into the APOE3 variant in spo-
radic AD-hiPSCs using CRISPR/Cas9 technology ameliorated the
molecular and cellular phenotypes in differentiated neural cells
[131]. Interestingly, the neuronal subtype-specific differentiation
of these AD-hiPSCs revealed a significant increase in synaptic con-
nections and synaptic transmission frequency in glutamatergic
APOE4 neurons compared to APOE3 neurons [130]. Furthermore,
APOE4 GABAergic interneurons displayed increased neurodegener-
ative processes and apoptosis than other neuronal subtypes, while
APOE4 forebrain cholinergic neurons exhibited hypersensitivity to
glutamate toxicity [88,131]. Overall, analyses of the neuronal sub-
types generated from APOE4-hiPSCs confirmed an imbalance in
nerve excitation or inhibition in AD.

A relatively recent study by Ochalek et al. [91] described how
neurons derived from sporadic AD-hiPSCs shared similar features
as neurons derived from fAD-iPSCs, including increased levels of
Ab plaques and Tau NFTs, enlarged early endosomes, selective Ab
toxicity, and oxidative stress [102,106]; however, this study did
not reveal novel features that may cause synapse loss.

Meyer et al. generated hiPSC-derived neural cells from a large
cohort of patients with sporadic AD and aged-matched controls
[132], which exhibited accelerated neural differentiation and
reduced progenitor cell self-renewal independent of APOE-
specific genotypes.

Overall, these traditional two-dimensional (2D) hiPSC-based
models confirmed aspects of the amyloid cascade and Tau phos-
phorylation theories but failed to provide additional information
to expand these hypotheses. All mentioned studies using different
affected cells derived from AD-hiPSC are resumed in Table 1.

Astrocytes

A deeper understanding of AD at the cellular and molecular
level must consider the role of other cell types in disease pathogen-



Table 1
HiPSC-derivatives in ad models related to neural precursors and mature neurons, astrocytes and microglia.

A-Neurons

hiPSC-derived cell type Mutation/Genomic
alteration

AD hallmarks Reference (s)

fAD-hiPSC PSEN1, PSEN2, and
APP mutations

Accumulation of the pathological Ab42 isoform and sporadic AD-hiPSCs Tau
phosphorylation

[91,101–108]

hiPSC-derived neurons APP (E693D) altered signs of endoplasmic reticulum (ER) and oxidative stress [109]
APP (V717I) Ab/TAU pathology [110]
APP duplications larger endosomes [106]

hiPSC-derived forebrain neurons APP (V717I) Ab induced toxicity [112,113]
hiPSC-derived GABAergic neurons APP (V717I) Ab induced toxicity [112,113]
TS21-hiPSCs triplication of the

APP
increased secretion and accumulation of the pathological Ab42 isoform. upregulated
expression of the APP

[115,116,117]

fAD-hiPSC PSEN1 and PSEN2 Ab-induced toxicity and oxidative stress [1,100]
impaired autophagy, mitophagy, and endo-lysosomal degradation pathways [120,121]
increased DNA damage and apoptosis [104,121]

fAD-hiPSC PSEN1 premature neurogenesis [123]
fAD-hiPSCcerebrocortical

neuronsand inhibitory
interneuros

APP and PSEN1 aberrant excitatory bursting, hypersynchronicity and increased slow spontaneous
fluctuations

[125]

fAD-hiPSC APOE4 increased Ab levels and Tau phosphorylation elevated synaptic activity and endosomal
abnormalities imbalance in nerve excitation/inhibition

[130,131]

fAD-hiPSC APOE4 gene-edited accelerated neural differentiation and reduced progenitor cell renewal [132]
B-Astrocytes

fAD and sAD-hiPSC PSEN1, APOE4 distinct astrocyte morphology and Ab accumulation [147]
fAD-hiPSC PSEN1 (DE9) Ab pathology, impaired ER calcium signaling and cytokine secretion, increased

oxidative stress, and reduced lactate production
[149]

fAD-hiPSC APOE4 impaired Ab uptake and cholesterol accumulation [130]
lower neuroprotective effects when co-cultured with APOE3-hiPSC-derived neurons [150]

fAD-hiPSC APP (V717I) altered lipoprotein homeostasis [151]

C- Microglia

fAD-hiPSC APOE4 decreased ability to uptake Ab and alterations in the expression of pro-inflammatory
signaling

[130]

Sporadic-AD-hiPSC – alterations to cytokine secretion and apoptosis levels [171]
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esis; when compared to neurons, astrocytes and other glial cells
remain largely understudied. Astrocytes are the brain’s most abun-
dant cell type and help to maintain the extracellular neuronal envi-
ronment by mediating neurotransmitter removal, ion exchange
and pH homeostasis, metabolic waste removal, and glucose and
metabolite supply. Interestingly, astrocytes play an early protec-
tive role in AD by aiding Ab clearance and regulating synaptic plas-
ticity and neuroinflammation [133]. Astrocyte dysfunction makes
them important contributors to the progression of neurodegenera-
tion as they functionally modulate neighboring neuronal cells. Any
alterations to normal astrocyte function can deregulate neuron
excitability, synaptic strength and/or synaptogenesis, and cause
neuronal circuit dysfunction [134,135]. Additionally, astrocytes
represent the primary source of ApoE in the brain [136], while
the AD-associated accumulation of NFTs in neurons has also been
observed in glial cells [137]. ApoE can impact blood–brain barrier
(BBB) integrity, with the human APOE4 variant associating with a
leaky BBB. Astrocyte-derived ApoE4 may drive ApoE-dependent
BBB alterations [138] and thus induce BBB leakage in AD patients
[139]. Reactive astrogliosis occurs in the vicinity of amyloid pla-
ques [140], and reactive astrocytes can undergo atrophy with sub-
sequent reactive astrocytic hypertrophy and form part of the
plaque in the hippocampal formation in AD patients [141]. Fur-
thermore, studies have suggested that astrocytic processes
undergo alterations before Ab plaque formation [142]. Disease-
associated astrocytes appear during early-stage AD, increase in
abundance during disease progression [143], and associate with
diverse molecular pathways near Ab plaques. Habib et al. discov-
ered this specific astrocyte phenotype in aged wild-type mice
and aged human brains, suggesting that this observation relates
to the genetic basis of AD and age-related factors [143]. Astrocytes
also play crucial roles in the clearance of glutamate by different
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glutamate receptors and the protection of neurons from
glutamate-induced toxicity. Of note, presence of Ab plaques inhi-
bits glutamate uptake by astrocytes [144], most probably due to
a decreased expression of glial transporters such as GLT-1 [145],
which associates with degeneration and glutamatergic neuron loss
in AD. Decoding the different impacts of AD-related astrocytes on
synaptic function at early presymptomatic stages of AD could
reveal new therapeutic targets.

Despite the vital role of astrocytes in AD, relatively few studies
have reported AD-hiPSC differentiation into astrocytes; however,
existing studies have revealed a significant role for astrocytes in
disease pathogenesis. In a comparable manner to neurons, astro-
cytes become patterned by morphogen gradients along the
rostro-dorsal and dorsal–ventral axes and exhibit regional speci-
ficity. Astrocyte subtypes can be relatively easily derived from
hiPSCs using well-established protocols [146–148] (Table 1). Jones
et al. reported that sporadic AD- and fAD-hiPSC-derived astrocytes
exhibited a distinct morphology to normal astrocytes, with less
complexity and aberrant marker localization [147]. Similar to neu-
rons, Liao et al. discovered AD-specific cellular and molecular fea-
tures in astrocytes derived from sporadic AD- or fAD-hiPSCs [112],
which included Ab plaques accumulation [147]. Astrocytes gener-
ated from AD-hiPSCs from patients carrying the PSEN1 DE9 muta-
tion exhibited typical Ab pathology, impaired ER calcium signaling
and cytokine secretion, increased oxidative stress, and reduced lac-
tate production [149]. APOE produced by APOE4-hiPSC-derived
astrocytes displayed lower lipidation than APOE derived from
APOE3-hiPSC-derived astrocytes [150] and impaired Ab uptake
and cholesterol accumulation [130]. Furthermore, a study that gen-
erated astrocytes from AD-hiPSCs carrying APP mutations (such as
V717I) revealed a central role of the APP protein in regulating
lipoprotein homeostasis [151].
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Co-cultures of astrocytes with neurons have supported a range
of interesting findings. Astrocytes differentiated from PSEN1 DE9
mutant AD-hiPSCs induced altered calcium signaling activity of
healthy neurons [149], while APOE4-hiPSC-derived astrocytes dis-
played lower neuroprotective activities when co-cultured with
APOE3-hiPSC-derived neurons [150]. By disrupting astrocytic cal-
cium signaling and gliotransmitter release, Ab plaques alters pro-
cesses vital for astrocyte-neuron communication; therefore,
astrocyte dysfunction may contribute to early neuronal deficits
and synaptic dysfunction in AD.

Oligodendrocytes

Oligodendrocytes and myelin surround CNS axons to support
rapid neuronal signaling and provide metabolic and trophic sup-
port. Oligodendrocyte disruption or dysfunction results in myelin
loss, axonal demise, and neurodegeneration, thus impairing synap-
tic transmission and proper synaptic function, which represent
critical features of AD [152]. Indeed, oligodendrocyte loss repre-
sents one of the earliest changes observed in the AD brain, preced-
ing the detection of Tau NFTs and Ab plaques in neurons [153]. The
underlying mechanisms of myelin loss in AD include oxidative
stress, neuroinflammation, and excitotoxicity [153]. Our group
and others recently developed efficient protocols for the oligoden-
drocytic differentiation of hiPSCs [86,154,155,156] and reported
the suitability of regional-specific oligodendrocyte progenitors for
disease modeling and potential cell therapies for demyelinating
diseases; however, we currently lack examples of AD-hiPSC-
derived oligodendrocytes/oligodendrocyte progenitors applied to
AD modeling. The generation of oligodendrocytes from AD-
hiPSCs could reveal novel cell features that may shed light on
pathophysiological mechanisms in early-stage AD. Moreover, the
potential impact of oligodendrocyte-neuron co-culture studies
may reveal shared and distinct mechanisms by which AD-hiPSC-
derived oligodendrocytes contribute to AD pathogenesis.

Microglia

Microglia serve as CNS-resident phagocytes, which dynamically
survey the cellular environment and play crucial roles in tissue
homeostasis, injury response, and pathogen defense [157]. The
proliferation and activation of microglia concentrated around Ab
plaques represent prominent hallmarks of AD [158]. Recent
advances in GWAS have identified a correlation between microglial
gene expression and AD risk, highlighting the crucial role of these
immune cells in AD progression. For example, mutations to the
gene encoding the Triggering Receptor Expressed in Myeloid Cells
(TREM2) cell surface protein (selectively and highly expressed by
microglia) increase AD risk by approximately threefold [159].
TREM2 typically supports microglial phagocytosis of various sub-
strates, including apoptotic neurons, bacteria, low-density lipopro-
tein, and Ab peptide [160,161]. Targeting TREM2 to increase the
phagocytic activity of microglia may represent a potentially-
effective AD treatment [162].

As mentioned previously, microglia remove damaged synapses
during the early stages of Ab plaque accumulation and delay axo-
nal damage by clearing damaged synapses [163]. The removal of
supernumerary synaptic connections by microglia also occurs dur-
ing normal development to modify neural circuits [164]; however,
this process can reactivate during aging or AD development, per-
haps via the activation of complement-mediated mechanisms that
coincide with Ab plaque [165]. Yoshiyama reported a toxic role of
microglial activation in AD, with microglial activation coinciding
with synapse loss before Tau NFT appearance [166], probably by
triggering other signaling pathways responsible for neuronal loss,
such as the tumor necrosis factor (TNF) pathway [167]. As plaque
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load increases in AD, an individual axon may suffer multiple points
of damage, and microglia appear unable to clear the amyloid bur-
den during later-stage AD [168]. Nevertheless, microglial depletion
does not affect plaque formation or maintenance and neuritic dys-
trophy [169]; therefore, a greater understanding of the balance
between beneficial and detrimental roles remains crucial to an
improved understanding of microglial relevance to AD-associated
neuronal loss. Recently, the Amit group published unique data on
a novel AD-associated microglia subtype initially activated in a
Trem2-independent manner that involves microglial checkpoint
downregulation followed by the activation of a Trem2-dependent
program [170]. Therefore, these cells can restrict neurodegenera-
tion, which may have critical implications in treating AD.

Developing efficient protocols for differentiating hiPSCs into
microglia has helped highlight their significant role in AD patho-
genesis. Microglia differentiated from AD-hiPSCs derived from
patients bearing the APOE4 variant displayed a decreased ability
to uptake Ab peptide and alterations in the expression of pro-
inflammatory signaling pathway genes compared to isogenic
APOE3-hiPSC-derived microglia [130]. A recent study by Xu et al.
demonstrated that microglia generated from sporadic AD-hiPSCs
displayed alterations to cytokine secretion and apoptosis levels fol-
lowing lipopolysaccharide-mediated activation [171]. Although
hiPSC-derived microglia represent a valuable tool to allow a more
profound understanding of the mechanisms underlying AD patho-
genesis, their role in AD remains controversial [172]. Thus, micro-
glial cells require investigation in more sophisticated cellular
systems; furthermore, detecting differential activities and hall-
marks in disease-associated neuroglial cells, such as astrocytes
andmicroglia, at early and presymptomatic stages of ADmay unra-
vel novel therapeutic targets.

Three-Dimensional hiPSC-based models of AD

The traditional 2D monolayer culture of hiPSC derivatives has
allowed the discovery of disease-associated molecular events in
AD by supporting the generation of a homogenous population of
regional- or subtype-specific neurons, astrocytes, and microglia.
Furthermore, this approach has fostered the development of cell
therapies and supported drug screening in other neurodegenera-
tive diseases; however, 2D monolayer cultures fail to fully recapit-
ulate the in vivo characteristics of the different brain layers and
lack interactions with other cells within specific tissue microenvi-
ronments, which represents a crucial aspect for AD studies.

Lancaster et al. first described the in vitro self-organization of
hiPSCs into three-dimensional (3D) ‘‘cerebral” organoids that pos-
sessed stratified structures reminiscent of the developing brain
[173]. These cerebral structures partially resembled their normal
in vivo counterparts and provided an unprecedented experimental
system to study developing human neural tissues [174]. Further-
more, cerebral organoids have aided investigations into the brain
abnormalities associated with Zika virus infection [175] and micro-
cephaly [173]. Unpatterned homogenous aggregates of hiPSCs
spontaneously differentiate into highly-ordered 3D cerebral orga-
noids that spatially and temporally mimic the developing brain
with properly layered diverse neural cells similar to the human
cerebral cortex [176], including the formation of dendritic spines
and spontaneously active neuronal networks [177]. Overall, cere-
bral organoids represent a powerful tool for the study of brain
development and disease evolution and may represent an exciting
source of cells for replacement or reparative/regenerative thera-
peutic strategies in neurodegenerative disease treatment (Table 2).

Encouragingly, cerebral organoids have been generated from
AD-hiPSCs under scaffold-free conditions [178]. Organoids derived
from fAD-hiPSCs harboring an APP duplication or PSEN1 mutation
recapitulated well-known AD pathologies, such as increased Ab



Table 2
3D iPSC-based Models of AD.

3D iPSC-based Models Mutation/Genomic
alteration

AD hallmarks Reference
(s)

fAD brain organoids/3D matrix PSEN2 (N141I) higher Ab42/Ab40 ratio, asynchronous calcium transients, enhanced neuronal
hyperactivity

[82]

fAD brain organoids APOE4 Ab plaques and hyperphosphorylated Tau [130]
fAD organoids APP duplication line/ PSEN1

(PSEN1M146I, PSEN1A264E)
higher amyloid aggregation and hyperphosphorylated Tau and endosomal
abnormalities

[178]

fAD and Down syndrome-organoids PSEN1 (PSEN1A264E) accumulation of structures reminiscent to and trisomy of ch21 (Ts21) amyloid
plaques and neurofibrillary tangles

[179]

fAD organoids APOE4 Ab deposits, hyperphosphorylated Tau and decreased synaptic integrity [180]
3D human tri-culture in a APP Ab aggregation, NFT formation, increased pro-inflammatory cytokines

microfluidic platform microglial recruitment and neuron/astrocyte loss
[182]

fAD-hippocampal spheroids APP/PSEN1 increased Ab42/Ab40 peptide ratios and decreased synaptic protein levels [185]
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aggregation, Tau hyperphosphorylation, and endosomal abnormal-
ities in an age-dependent manner [106,178]. Similar characteristics
have also been observed in organoids derived from TS21-hiPSCs
[179]. Yin and VanDongen reported the creation of self-
organizing 3D cerebral organoids with functional neuronal net-
work connectivity by the neuroectodermal induction of hiPSC
aggregates and subsequent differentiation into desired neuroep-
ithelia and mature neurons from an fAD patient with a common
mutation in PSEN2 (PSEN2N141I) [82]. Besides the higher Ab42/
Ab40 ratio, the authors observed asynchronous calcium transients
and enhanced neuronal hyperactivity in patient-derived cerebral
organoids compared to mutation-corrected control organoids, suc-
cessfully recapitulating an AD-like pathology at the molecular, cel-
lular, and network level in a human genetic context. Moreover, the
authors reverted this AD-related phenotype with two drugs that
increase neuronal activity (4-aminopyridine (4-AP) and bicuculline
methochloride), inducing high-frequency synchronized network
bursting similar to control. Organoid-based approaches have also
supported the investigation of sophisticated interactions between
various cell types, such as those between neurons and astrocytes.
The time frame of astrocyte generation in 3D culture may repre-
sent an important issue that directly correlates to in vitro disease
features. In a recently published protocol, Quadrato et al. generated
3D structures that contained astrocytes generated with neurons at
a later stage [177]. Using this approach, Raja et al. demonstrated
that fAD-hiPSC-derived cerebral organoids typically exhibited Ab
deposits after two months in culture [178]; however, Lin et al.
found that APOE4-variant hiPSC-derived organoids presented Ab
aggregates after six months, which correlated to the increased
expression of APOE in neurons and the appearance of astrocytes
in culture [130]. While the authors failed to observe alterations
in astrocyte number and morphology, the study did reveal critical
relationships between APOE, astrocytes, and neurons that affect AD
pathogenesis. Of particular interest, a recent study by Zhao et al.
derived cerebral organoids from hiPSCs generated from a patient
carrying the APOE4 variant and investigated astrocytes and neu-
rons, with an emphasis on synapses [180]. Beyond the observation
of well-known AD features such as Ab accumulation and increased
levels of phosphorylated Tau, the authors observed more signifi-
cant apoptosis and decreased synaptic integrity, with the latter
reflected by the decreased expression of the presynaptic marker
Synaptophysin and the postsynaptic marker PSD95.

Neuroinflammation and microglial activation play prominent
roles in AD pathogenesis [181]; therefore, the development of a
more complex organoid system must include microglia (among
other relevant cells) to evaluate the role of neuroinflammation in
AD pathology. A complex human tri-culture model system contain-
ing neurons, astrocytes, and microglia in an AD background
enabled the study of human microglial recruitment, neuroinflam-
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matory responses, and neuron or astrocyte damage [182]. Analysis
of this sophisticated AD model confirmed the presence of Ab pla-
ques, Tau NFT formation, and the increased expression of pro-
inflammatory cytokines, including CAC Motif Chemokine Ligand
2 (CCL2), Interleukin 8 (IL8), TNF Alfa (TNFa), and Interferon-c
(IFNc), which, in turn, induced microglial recruitment and neuron
or astrocyte loss [182]. Together, these results suggest that more
sophisticated 3D culture systems involving multiple cell types rep-
resent a valid AD model that will contribute to the development of
novel therapeutic targets.

Despite the reported advantages of cerebral organoids, signifi-
cant variability in morphological and cellular features represents
a significant drawback [183]. Efforts to increase the reproducibility
of cerebral organoid formation include improving differentiation
protocols [176,184] and using bioreactors. Additional strategies
in 3D modeling include the development of region-specific orga-
noids, such as recently developed hippocampal spheroids [185].
As is the case in AD, certain brain regions are particularly vulnera-
ble to specific degenerative processes and may exhibit neuronal
dysfunction in early disease stages. The hippocampus plays a cru-
cial role in memory formation and becomes severely affected dur-
ing AD. Hippocampal spheroids generated from two AD-hiPSC lines
carrying mutations in the APP/PSEN1 genes displayed AD-related
alterations, such as Ab protein aggregation, Tau hyperphosphoryla-
tion, and altered microRNA, gene, and protein expression profiles
[185]. Hippocampal spheroids may represent an ideal platform
for the development of therapeutic strategies and the investigation
of molecular and cellular mechanisms involved in AD; however,
they represent less sophisticated models than the human tri-
culture model system.
Challenges to hiPSC disease modeling

The heterogeneity of hiPSC lineage-phenotypic cells and varia-
tions in cell lines represent some of the challenges in hiPSC-
based modeling. Possessing an appropriate healthy cell as a control
for comparisons has also become a critical issue in hiPSC-based
disease. Control hiPSCs may be derived from family- or aged-
matched healthy control individuals, although these hiPSCs show
considerable heterogeneity, often providing challenging to inter-
pret data. This issue can be overcome by creating isogenic hiPSC
lines by gene editing approaches in the case of diseases caused
by simple genetic mutations. By providing the same genetic back-
ground, isogenic hiPSCs can circumvent specific problems in deriv-
ing proper control cells; however, this approach faces other
challenges, including the possible off-target effects of gene editing
technologies.



F.J. Rodriguez-Jimenez, J. Ureña-Peralta, P. Jendelova et al. Journal of Advanced Research 54 (2023) 105–118
Genetic instability represents another challenge in hiPSC mod-
eling since the prolonged in vitro culture of hiPSCs can prompt
the accumulation of chromosomal abnormalities, genetic instabil-
ity, and copy number variants [186]. Accumulated genetic abnor-
malities can affect the further differentiation of these cells, data
interpretation, and their future use in transplantation studies.

Adequate standardization of hiPSC differentiation protocols is
yet another challenge. Laboratories across the world must estab-
lish intra- and inter-laboratory reproducibility of the hiPSC
methodologies used to generate AD-affected cells, a feat that will
require tight control of the protocols and factors involved in differ-
entiation protocols.

Whether differentiated cell types faithfully exhibit aging-
related effects (given that the reprogramming process rejuvenates
aged cells) represents another concern related to hiPSC-based dis-
ease modeling. The reprogramming of aged fibroblasts into hiPSCs
occurs alongside telomerase reactivation, changes to DNA methy-
lation patterns and mitochondrial morphology (including
decreases in reactive oxygen species generation), and a decrease
in senescence-associated marker expression [187]. Another con-
cern is the general difficulty in modeling late-onset diseases such
as AD; however, Sánchez-Danés et al. attempted to evoke age-
related effects using progerin overexpression in Parkinson’s dis-
ease models [187,188] or prolonged cell culture [188]. hiPSC-
derived organoids recapitulate early time points in human brain
development, replicating the middle and end of the eight-to-ten
gestational week stage but not later stages of human brain devel-
opment [174,189].

The generation of cells primarily affected by AD that display
aging features could be resolved by bypassing the hiPSC stage of
reprogramming and directly converting mature somatic cells, such
as fibroblasts [190], urine epithelial cells [191], and peripheral
blood T cells [192] into neurons or astrocytes. Direct reprogram-
ming avoids the resetting of age-associated epigenetic modifica-
tions and may support the development of more faithful AD
models [193,194]. Encouragingly, the most common neuronal con-
version methods (the overexpression of master transcription fac-
tors using lentiviral vectors or small molecule inhibitor cocktails)
represent clinically-relevant approaches [195,196].

Hu et al. employed a defined mixture of seven small molecules
to directly reprogram patient-derived fibroblasts bearing muta-
tions in the PSEN1 (S169Del) or APP (V717I) gene into neurons
[197], which resembled hiPSC-derived neurons with respect to
their gene expression profile, electrophysiological properties, and
AD hallmarks (e.g., increased Ab plaques deposition and Tau NFTs).
While direct reprogramming does not allow the generation of
sophisticated brain tissue structures, preserving the age-
associated epigenetic profile of neurons may provide a means to
explore the aging process in AD (which represents a significant
overall risk factor) to a better degree than hiPSC-based studies.
Conclusions

Despite exhibiting less pronounced disease progression, spo-
radic AD-hiPSC models display broad similarities to fAD-hiPSC
models, including Ab deposition and increased Tau phosphoryla-
tion in differentiated cells. Though related studies have provided
robust evidence for the utility of hiPSCs in AD research, significant
limitations exist. While 2D cultures of AD-hiPSC-derived cells sup-
port investigations into the cellular and molecular mechanisms
involved in AD physiopathology and the evaluation of potential
therapeutics, they do not faithfully recapitulate in vivo brain tissue,
thereby limiting the scope of investigations. The development of
sophisticated 3D and co-culture systems may provide partial solu-
tions, and they currently represent a more faithful AD model than
114
2D systems [95]. While co-culture with microglia in 3D systems
promotes the development of AD in a more physiologically rele-
vant context by considering inflammation (one of the most impor-
tant aspects associated with AD), prohibitive costs, elevated levels
of variability, and significant tissue heterogeneity have limited
their broader application. Furthermore, these models do not fully
recapitulate the distinct cortical neuronal layers, gyrification, or
the establishment of complex neuronal circuitry [198]. Continuous
improvements to co-culture systems using a more physiological
context that considers different neuronal subtypes, glia, and cells
comprising the BBB are currently in progress and involve the
implementation of sophisticated bioreactors combined with scaf-
folds [199]. These systems provide constant oxygen and nutrients
that overcome the lack of vascular and endothelial cells. As cere-
bral organoids mimic the temporal progression of human brain
development, they offer a versatile platform to investigate AD at
different developmental stages; however, a lack of mature hiPSC-
derived cells represents a fundamental drawback to the investiga-
tion of late-onset aging-related diseases such as AD. Therefore,
additional model optimization may provide a refined biomimetic
brain microenvironment for AD modeling that will serve for
high-throughput screening to develop efficient pharmacological
treatment strategies for human patients.
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