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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a complex multifactorial disorder, characterized by
motor neuron loss with involvement of several other cell types, including astrocytes,
oligodendrocytes and microglia.

Studies in vivo and in in vitro models have highlighted that the contribution of non-
neuronal cells to the disease is a primary event and ALS pathogenesis is driven by both
cell-autonomous and non-cell autonomous mechanisms.

The advancements in genetics and in vitro modeling of the past 10 years have
dramatically changed the way we investigate the pathogenic mechanisms involved in
ALS.

The identification of mutations in transactive response DNA-binding protein gene
(TARDBP), fused in sarcoma (FUS) and, more recently, a GGGGCC-hexanucleotide
repeat expansion in chromosome 9 open reading frame 72 (COORF72) and their link with
familial ALS have provided new avenues of investigation and hypotheses on the
pathophysiology of this devastating disease.

In the same years, from 2007 to present, in vitro technologies to model neurological
disorders have also undergone impressive developments.

The advent of induced pluripotent stem cells (iPSCs) gave the field of ALS the
opportunity to finally model in vitro not only familial, but also the larger part of ALS cases
affected by sporadic disease.

Since 2008, when the first human iPS-derived motor neurons from patients were cultured
in a petri dish, several different techniques have been developed to produce iPSC lines
through genetic reprogramming and multiple direct conversion methods have been
optimised.

In this review we will give an overview of how human in vitro models have been used so
far, what discoveries they have led to since 2007, and how the recent advances in
technology combined with the genetic discoveries, have tremendously widened the
horizon of ALS research.

Introduction

The use of animal and in vitro models has highlighted that Amyotrophic Lateral Sclerosis
(ALS) is a complex multifactorial disorder (1), where several different cell types, including
astrocytes, microglia and oligodendrocytes, contribute to neuronal death (2,3).

The advancements in genetics and in vitro modeling of the past 10 years have
dramatically changed the way we investigate the pathogenic mechanisms involved in
ALS.

Thorough pathological investigations (4,5) led in 2008 to the genetic discovery that
mutations in transactive response DNA-binding protein gene (TARDBP) are linked to
both familial and sporadic cases of ALS (6,7). Shortly after, this finding led to the
identification of a second RNA/DNA-binding protein called fused in sarcoma (FUS) or
translocated in liposarcoma (TLS) linked to the disease (8,9). More recently, the field of
ALS has seen a breakthrough with the discovery of the gene responsible for 35-40% of
familial cases and 5-7% of sporadic cases, the GGGGCC-hexanucleotide repeat
expansion in chromosome 9 open reading frame 72 (C9ORF72) (10,11).

These discoveries have relocated ALS within a spectrum of neurological disorders,
ranging from pure motor neuron disease to frontotemporal dementia (12).

In the same years, from 2007 to present, in vitro technologies to model neurological
disorders have also undergone impressive developments.
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With the discovery that adult human fibroblasts could be reprogrammed to induced
pluripotent stem cells (iPSCs) with the use of selected transcription factors (13), the field
of ALS saw the opportunity to finally model not only the familial, but especially the
sporadic disease in vitro. In fact, in 2008, the first human iPS-derived motor neurons from
patients were cultured in a petri dish (14). Since then, several different techniques have
been developed to produce iPSC lines through genetic reprogramming of multiple
somatic cell types, including adipocytes (15) and keratinocytes (16). Numerous lines
have been made available to the research community (http://www.coriell.org/stem-cells).
Moreover, multiple direct conversion methods have been developed to produce induced
neural progenitor cells (INPCs) (17) and motor neurons (18) from ALS patients.

Neural progenitors cells (NPCs) have also been isolated from post-mortem spinal cord
samples of ALS patients and successfully cultured and differentiated into motor neurons,
astrocytes and oligodendrocytes in vitro (19). This technology provided for the first time
the possibility to model all forms of ALS in vitro without introducing major epigenetic
alterations in the cells used. Only a few years later, in 2014, primary astrocytes were
isolated from spinal cord and brain biopsies of ALS patients (20), providing one more
valuable in vitro model to unravel the mechanisms involved in ALS pathophysiology.

Embryonic Stem Cells (ESCs) and Induced Pluripotent Stem Cells (iPSCs)

Stem cells are defined as a population of cells that maintains the ability to self-renew and
differentiate into several cell types of the adult body. In mammals, several tissues such
as muscle, brain and bone marrow, harbor subtypes of stem cells that can give rise to a
relatively small variety of different cell types. These adult stem cells are committed to
certain cell lineages and do not produce cells from other tissue types under normal
conditions. Unlike adult stem cells, embryonic stem cells that can be isolated from the
inner cell mass of early stage embryos are pluripotent and can, therefore, still
differentiate into virtually any cell type of the human body. While the collection of
embryonic stem cells from mice is a widely accepted approach used for disease
modeling, the use of human embryonic stem cells is controversial and rises severe
ethical concerns. With the discovery that adult human fibroblasts can be reprogrammed
to an embryonic stem cell-like state, new hope arose for stem cell based approaches in
human research. Induced pluripotent stem cells (iPS) are usually generated by the
introduction of 2-5 defined pluripotency transcription factors into somatic cells, ranging
from fibroblasts (13,21), to renal tubular cells present in urine (22). These transcription
factors drastically alter gene expression in the target cells until some of them eventually
become pluripotent and can then be isolated and amplified. Initially, the transcription
factors were introduced by retroviral (13) or lentiviral (21,23) constructs leading to the
integration of the transgene into the target genome. As the random integration of
additional genes can disrupt/alter the expression of endogenous genes, more recent
approaches rely on less invasive techniques such as non-integrating viral vectors, i.e.
adenoviruses (24), plasmids (25) or DNA-free systems, like microRNAs (miRNAs) (26)
and Sendai virus (27).

Mouse embryonic stem cells (MESCs) and iPSCs

The use of stem cell technologies in ALS research started in 2007 when mouse
embryonic stem cells (MESC) were established from the most commonly used model of
this disease, the mouse carrying mutant G93A superoxide dismutase 1 (SOD1) (28).
Interestingly, the expression of mutant SOD1 did not affect early motor neuron
differentiation, however, after several weeks in culture, motor neurons derived from these
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mMESCs developed SOD1 inclusions and accumulation of ubiquitinated proteins (28).
Similar findings were obtained when tail-tip fibroblasts from SOD1 G93A mice were
reprogrammed into iPSCs and subsequently to motor neurons (29). These cells, in fact,
could be successfully differentiated into electrophysiolagically active motor neurons, but
they displayed significantly shorter neurites compared to their control counterpart (29).

In order to determine the similarities between iPSC-derived motor neurons and ESC-
derived motor neurons, Toma et al (30) compared the protein expression profiles of these
two cells types and showed that <4% of the proteins identified were differentially
regulated. Like ESCs, mouse iPSCs treated with retinoic acid and a smoothened agonist
differentiated into motor neurons expressing the LIM homeodomain protein Lhx3. Upon
transplantation into the neural tube of developing chick embryos, iPSC-derived motor
neurons targeted hind limb muscles, as expected by Lhx3+ motor neurons. Also the
electrophysiological properties of these neurons are similar, with iPSC-derived motor
neurons developing passive membrane and firing characteristic as expected from
postnatal motor neurons after several weeks in culture.

Mouse ESC-derived motor neurons from wild type and mutant SOD1 have also been
recently utilized in promising small molecule screen studies (31). Kenpaullone, a GSK-3
and HGK kinase inhibitor had a particularly impressive ability to prolong the healthy
survival of both mouse ESC and patient-derived iPSC motor neurons.

The advantages of using mouse ESCs are the availability of large numbers of neurons
and the limited variability between cell preparations, thus providing reproducible results.
On the other hand, the results obtained with these cells are limited to only one gene,
SOD1.

More challenging are the studies using human embryonic stem cells (hESC) and, even
more, induced pluripotent stem cells (iPSCs). Their use, however, has greatly contributed
to improve our understanding of the mechanisms involved in ALS pathophysiology.

Human ESCs and iPSCs

The first studies using human ESC-derived neurons focused on elucidating the
relationship between cell-autonomous and non cell-autonomous mechanisms in ALS.
Studies in chimeric mice and transgenic mice expressing the Cre—Lox recombination
system to exclude mutant SOD1 from motor neurons or non-neuronal cells had already
shown that both astrocytes and microglia play a key role in motor neuron death/survival
(2;32). However, in 2008 two independent and studies showed that primary mouse
astrocytes expressing mutant SOD1 can cause human ESC-derived motor neuron death
(33,34). The study carried out by Di Giorgio et al. focused on the cell-specific toxicity of
astrocytes, specifically directed towards motor neurons as opposed to interneurons. The
study by Marchetto et al. focused on the causes of this toxicity, uncovering the important
role of oxidative stress in motor neuron death. Human ESCs were also used to study the
cell-autonomous mechanisms involved in motor neuron degeneration. In 2009 a human
embryonic stem cell line was used to generate motor neurons that were then transfected
with different constructs containing SOD1 mutations (35). In line with the study performed
in SOD1 G93A mESC-derived motor neurons, the authors observed a reduction in
neurite length and reduced cell survival. With the advent of iPSCs and the development
and optimization of new protocols to increase yield and purity of human motor neuron
preparations, hESCs are less frequently used in ALS research. Models based upon
hESCs, in fact, represent only specific genetic cases carrying defined mutations, most
often SOD1. Although limited in representing a variety of genetic causes of ALS, hESCs
still represent a valuable tool for their limited genetic variability. Very recently Isobe at al.
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(36) generated hESCs with identical genetic background, differing only for the SOD1
mutation they carried. Motor neurons derived from these stem cells displayed mutation-
dependent reduction in neurite length compared to controls and, more interesting, they
displayed different response to drugs in a drug screen (36). This approach could be
useful.in identifying SOD1 mutation-specific response to drugs and inform future drug
discovery approaches and clinical trials.

Since the discovery of the iPS technology, huge efforts were put in the generation of
patient-specific iPS lines. Up to now, several hundred lines with various mutations have
been generated and have become publicly available (http://www.coriell.org/stem-cells)
thereby being accessible to a broad scientific community.

In 2008, Dimos et al reported the successful generation of motor neurons and glial cells
from an ALS patient derived iPS line carrying a SOD1 mutation causing a mild disease
phenotype (14). This characteristic could in part be explained by the patient’s late onset
and mild disease form.

Similarly, in 2011, iPSC-derived motor neurons were generated from a patient harboring
a mutation in the vesicle-associated membrane protein-associated protein-B/C (VAPB/C)
(87). These cells also did not display any phenotype, despite reduced levels of VAPB.
This finding was in contrast with what was shown in transgenic animal models carrying
mutant VAPB, where cytoplasmic aggregates represented a hallmark of the disease (38).
Although it is impossible to draw general conclusions with only one patient line, this
discrepancy might highlight one of the main advantages of using patient-derived cells to
model gene mutation-related ALS: the absence of artifacts deriving from transgene
overexpression.

One year later, in 2012, the first report of an iPS line harboring a TDP-43 mutation (TDP-
43 M337V) was published (39). The motor neurons generated from this line showed
elevated TDP-43 levels, but no change in localization or signs of aggregate formation. In
addition, motor neurons from both, control and TDP-43 mutant were phenotypically and
functionally similar despite an elevated sensitivity to PI3K signaling inhibition and mild
elevated cell death in patient cells.

More encouraging in terms of disease modeling were the findings of Egawa and
colleagues (40). They found that ALS patient-specific iPSC-derived motor neurons
formed cytosolic aggregates similar to those seen in postmortem tissue from ALS
patients and exhibited shorter neurites. TDP-43 motor neurons were characterized by
increased mutant protein aggregates bound to a spliceosomal factor SNRPB2.
Expression array analysis detected small increases in transcripts involved in RNA
metabolism and decreases in transcripts encoding cytoskeletal proteins. iPSC-derived
motor.neurons were then used to screen a small compound library, which led to the
identification of a histone acetyltransferase inhibitor called anacardic acid. Treatment with
this drug successfully rescued the abnormal ALS motor neuron phenotype, thus
suggesting that iPSC-derived cells can be effectively used to identify new therapeutic
compounds (40).

Interesting under a disease-modeling point of view are the recent findings describing
impaired TDP-43 granule transport along the axons of both Drosophila motor neurons
and.iPSC-derived motor neurons carrying mutations in TDP-43 (41).

Another breakthrough in the field of ALS was the association between C9ORF72
hexanucleotide-repeat expansions and familial ALS and/or Frontotemporal Dementia
(FTD) that identified the most common genetic cause for ALS known to date (10,11). Due
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to the high frequency of this mutation, the availability of skin biopsies and other somatic
cells allowed the production of several iPSC lines.

Since 2013, a large number of publications have reported that neurons and motor
neurons derived from patients carrying C9orf72 repeat expansion display some of the
neuropathological hallmarks of ALS/FTD.

Almeida et al reported the presence of RNA foci containing GGGGCC repeats in some
iPSCs, iPSC-derived human neurons and primary fibroblasts. Moreover, the authors
identified repeat-associated non-ATG (RAN) translation products in neurons from
patients, along with p62 staining. Interestingly, inhibition of autophagy, but not metabolic
stress, ER stress or kinase inhibition, increased the amount of p62 aggregates, sign of
cellular stress (42). This suggested a function for C9orf72 in endosomal trafficking and
autophagy, as subsequently demonstrated using a neuronal cell model, the neuro2a
cells, and SH-SY5Y cells (43).

In the same year, Donnelly et al. confirmed that neurons derived from patients carrying
the C9orf72 repeat expansion indeed displayed nuclear foci and RAN translation
peptides (44). Moreover, the authors showed that the repeat expansion has a large
impact of gene expression through sequestration of the RNA binding protein ADARB2,
but not only. Finally, neurons from patients also displayed increased susceptibility to
glutamate excitotoxicity, resulting in a time dependent increase in cell death. Of
importance under a therapeutic point of view, antisense oligonucleotide (ASO) approach
successfully reduced the susceptibility of patients’ neurons to excitotoxicity.

A subsequent study identified hnRNPA1 and Pur-a as binding partners of the
hexanucleotide repeat expansion (45) . The association with these two RNA binding
proteins is very likely to interfere with physiological RNA metabolism. In fact, ALS motor
neurons from C9orf72 patients showed altered expression of several genes, among
which DPP6, a gene implicated in sporadic ALS in multiple independent GWA studies
(46) and involved in membrane excitability. Consistently, C9orf72 neurons demonstrated
a diminished capacity to fire continuous spikes upon depolarization compared to control
motor neurons. Similarly to what previously reported (44), ASO targeting the COORF72
transcript suppressed RNA foci formation and reversed gene expression alterations in
C9orf72 ALS motor neurons (45).

Although there is some discrepancy between different studies, it seems that patient-
derived motor neurons, regardless of the specific mutation they carry, display clear
electrophysiological abnormalities. Wainger et al, in fact, using multi-electrode array and
patch clamp recordings report that hyperexcitability is an intrinsic characteristic of iPSC-
derived motor neurons harbouring SOD1, C9orf72 and fused in sarcoma (FUS)
mutations (47).

Very recently, a breakthrough has identified a new molecular mechanism that may
contribute to C9orf72-mediated pathogenic mechanism. Two independent groups, using
a candidate-based genetic screen in Drosophila expressing 30 G4C2 repeats (48) or an
unbiased genetic screen in Drosophila expressing 8, 28 or 58 G4C2 repeat-containing
transcripts (49), sought genes that enhance or suppress the disease phenotype.

Zhang et al. identified the gene encoding RanGAP, a key regulator of nucleocytoplasmic
transport, and Freibaum et al. identified various genes that encode components of the
nuclear pore and the nucleocytoplasmic transport machinery. Thus, both studies
identified deficits in nucleocytoplasmic transport in Drosophila cells expressing
hexanucleotide repeats and in iPSC-derived neurons from ALS patients. Zhang et al.
show-that these defects can be rescued with antisense oligonucleotides or small
molecules targeting the G-quadruplexes (48).
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Although most of the studies using iPSCs have focused on samples from patients
carrying known genetic mutations linked to ALS, cell reprogramming is particularly
important to mimic the larger portion of ALS cases with no family history of disease. More
than 90% of all ALS cases are, in fact, sporadic.

So far, very few studies have focused on this prominent patient population that poses
several challenges in terms of individual genetic variability, but also likely variability in
terms of the pathogenic mechanisms they can unveil.

The study conducted by Burkhardt et al. describes the reprogramming of 16 sporadic
fibroblast cell lines and their differentiation into motor neurons (50). Due to the
association between sporadic ALS and TDP-43 protein aggregates in post-mortem
tissues, the authors characterised the iPSC-derived motor neurons for TDP-43
aggregates and found that only 3 out of the 16 lines displayed abnormal staining for this
marker. Although variability in the cell model cannot be excluded, this finding could be
associated to specific pathogenic pathways and be descriptive of a subgroup of sporadic
patients. This pathogenic phenotype was then utilised to screen for compounds that can
lower the amount of TDP-43 aggregates in patients cells (50).

More recently, motor neurons differentiated from iPSCs derived from sporadic ALS
patients were used in a gene expression profiling study. The sample numbers were low
(2 sporadic patients and 2 controls), however, transcriptome analysis identified
mitochondrial dysfunction as one of the strongest dysregulated pathways in sporadic ALS
motor neurons compared to controls (51).

Human primary cells and direct reprogramming protocols

Human astrocytes

Reports implicating non-neuronal cells and, in particular, astrocytes in the pathology of
ALS have prompted a chain of studies into the effect of these cells on motor neuron
survival. Experiments focusing on familial ALS and the SOD1 mutation have pointed out
the increase in motor neuron mortality in the presence of mutant astrocytes (28,52). In
order to study the toxic effect of human astrocytes in ALS in vitro, numerous astrocyte
and motor neuron co-culture methods have been developed since. The first study to
show the effect of human ALS astrocytes onto motor neurons, utilised neural progenitor
cells isolated from post-mortem samples of spinal cords of both familial and sporadic ALS
patients (19). These were subsequently cultured and differentiated into astrocytes (19),
and co-cultured with wild type motor neurons derived from mouse embryonic stem cells.
After 120 hours in culture, motor neurons grown on mutant SOD1 and sporadic
astrocytes showed 45-70% decrease in survival in comparison with controls. This study
was the first to demonstrate that human ALS astrocytes lead to a decrease in motor
neuron survival. Results of this study have recently been confirmed using sporadic and
SOD1 mutant primary astrocytes isolated from post-mortem spinal cords as well as motor
cortex (20). Furthermore, after comparing the toxicity of astrocytes from ALS, Alzheimer’s
disease and chronic obstructive respiratory disorder patients by co-culturing them with
human embryonic motor neurons, they observed a decrease in survival amongst cells
grown on ALS astrocytes only, thus suggesting that astrocyte toxicity is disease-specific
(20).

In spite of their effectiveness in in vitro models, conducting co-culture experiments using
post-mortem samples poses challenges that are difficult to overcome. Not only is the
availability of such samples limited, but they also represent the end-stage of the disease
only, hence potentially propagating the toxicity of an inflamed spinal cord environment. It
is also argued that astrocytes produced from post-mortem tissue-derived neural
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precursors are immature and thus do not fully reproduce normal cell function (53).
Therefore, the development of iPSC technology allowed for these challenges to be
overcome and offered an opportunity to conduct in vitro investigations into different
genetic subtypes of ALS.

A study conducted by Serio et al. (54) describes the use of iPSC-derived astrocytes
expressing TDP-43 mutation in co-culture with iPSC-derived motor neurons. Even though
astrocytes have displayed all pivotal signs of TDP-43 proteinopathy, such as decreased
cell survival, increased level of protein and cytoplasmic mislocalisation of TDP-43, they
have not elicited any toxic effect on wild-type motor neurons. This study (54) was the first
to investigate the role of iPSC-derived astrocytes onto motor neurons and describing a
different outcome compared to the studies performed on astrocytes from SOD1 and
sporadic cases (19,20). It could be argued that this discrepancy stems either from a
difference between ways in which iPSC-derived and post-mortem astrocytes behave in
vitro, or from a distinct characteristics of different ALS mutations.

Indeed, the role of astrocytes carrying mutant TDP43 in motor neuron degeneration is
controversial. Wild type mouse embryonic stem cell-derived motor neurons cultured with
astrocytes isolated from a mouse model of ALS overexpressing TDP-43"%'5T as well as
knock-outs, do not display increase in cell death (55). On the other hand, another study
showed opposing results when using conditioned medium from spinal cord astrocytes
isolated from a mouse model carrying mutant TDP-43"3'5T on primary wild-type spinal
cord motor neurons (56).

Generating iPSCs from patient fibroblasts is a lengthy process which can take up to 18
weeks (57). Moreover, further differentiation of iPSC-derived neural progenitors into
astrocytes can take further 6-8 weeks, with neuronal contamination remaining an issue
for a considerable period of the process, though eventually faltering at 2% or less
(53,54). The breakthrough in the field of cell reprogramming in ALS research came with
the development of a novel protocol for fibroblast reprogramming, which utilises the same
defined factors as iPSC technology and manages to bypass the iPSC stage by
converting fibroblast directly into induced neural progenitor cells (INPCs) (17). The
protocol lasts approximately 3-4 weeks, thus significantly shortening the reprogramming
process. Moreover, a highly enriched astrocyte culture (~95%) can be obtained after a
week of further differentiation without a need for selection steps or purification (17). Skin
biopsy samples used in this study have been obtained from sporadic patients and those
carrying either a SOD1 mutation or expressing a C9orf72 repeat expansion. In order to
determine the effect of astrocytes obtained from iINPCs on wild type mouse embryonic
stem cell-derived motor neurons, co-culture assays were set up and the survival of cells
was monitored over the course of 5 days. Survival of motor neurons, which by the end of
the experiment contained shorter and fewer neurites,, was significantly reduced in co-
cultures involving ALS astrocytes compared to controls, with all ALS subtypes exhibiting
a similar level of toxicity. Astrocytes differentiated from iNPCs elicit the same toxic effect
on motor neurons as observed in the post-mortem samples, thus not only proving the
validity of this method, but also highlighting the possibility of studying the disease
progression in each individual by obtaining biopsy samples at different time points.
Moreover, creating a reproducible and highly efficient co-culture assay opens a window
for a development of drug screenings (17).

In spite of the discrepancy observed in vitro so far, with astrocytes carrying a TDP-43
mutation not eliciting any toxicity in motor neurons and SOD1, C9orf72 as well as
sporadic cases demonstrating an evident toxic effect, current in vitro models of ALS are
showing great promise. One of the major advantages of using patient skin biopsy-derived
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astrocytes over the use of post-mortem samples is a possibility of designing a
personalised therapy for each patient whilst they are still alive. Moving towards a fully
humanised disease model would allow for an effective set of treatments to be developed,
hence improving prognosis for ALS patients.

The promises and limitations of cell reprogramming

Cell reprogramming holds great potential and promises for the future, from being an
invaluable tool for in vitro disease modeling and identification of therapeutic targets to its
potential for cell-replacement therapies. Although iPSCs have already uncovered some
important pathogenic mechanisms and potential therapeutic targets, they display several
limitations.

One of the major challenges of cell reprogramming is the phenotypic inconsistency
between stem cells (58) or between iPS clones differentiated from the same individual
(59), a phenomenon called clonal variation. This kind of issue was reported in a study
using iPS lines of ALS patients carrying TDP-43 mutations. After differentiation of
individual iPS clones from the same patient into motor neurons, the levels of TDP-43
expression as well as aggregate formation and oxidative stress induced cell death
showed substantial variation (40).

Despite the current discrepancies between the various methods used to generate
patient-derived iPSC lines, the observed clonal variations as well as the partial reflection
of disease phenotypes, the field has advanced with tremendous speed if one considers
that the first report describing the reprogramming of mouse fibroblasts was published
only in 2006 (57). Several steps have already been taken to make sure that protocols to
obtain and differentiate iPSCs are optimized and standardized across the scientific
community (60,61), aiming to limit clonal variability.

One other important limitation of this in vitro model is that cells differentiated from
induced pluripotent stem cells often reflect only certain aspects of disease
pathophysiology and it often takes several weeks before such abnormalities can be
recorded and/or the observed characteristics are very mild (14,38). Observations from
other neurological disorders, such as Alzheimer’s (62) and Parkinson’s disease (63),
show a similar trend as what we have observed in ALS.

A very elegant recent study (64) has provided important information that might explain
why iPSC-derived neurons and glia might display mild signs of pathology (39,50,54,47).
RNA-Sequencing analysis of fibroblasts, iPSCs, iPSC-derived neurons, neurons
reprogrammed directly from fibroblasts (iNeurons) and post-mortem brain tissues
revealed that iPSC-derived neurons lose their aging signatures. This does not happen in
iNeurons and directly converted cells (64). Since ageing is the main risk factors for most
neurodegenerative diseases, and in particular ALS, this characteristic might be of high
relevance when modeling adult-onset neurodegenerative diseases.

Although data on the ageing signature of induced neural progenitors (INPCs) and derived
astrocytes (iAstrocytes) (17) are not available, it might be possible that iAstrocytes from
ALS patients successfully reproduce the toxicity observed in post-mortem ALS astrocytes
(19,20) because of their faster reprogramming protocol compared to iPSC-derived
astrocytes (54). This crucial difference might enable iAstrocytes to retain their ageing
signature and mimic the non-cell autonomous mechanisms occurring in ALS more
reliably than iPSC-derived astrocytes.

One more important challenge to be faced in ALS, as well as other neurodegenerative
disorders, will be the production of other glial cell types, including oligodendrocytes and
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microglia. These two cell types, in fact, have important implications in the pathogenesis
of ALS and represent important therapeutic targets (65,66).

While oligodendrocytes or their precursors have already been successfully differentiated
from iPSCs for disease modeling (67) and therapy (68) in other fields of
neurodegeneration, human microglia still remains a challenge.
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