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ABSTRACT

In recent years, tremendous progress has been made in identifying novel mechanisms and new med-
ications that regulate immune cell function in multiple sclerosis (MS). However, a significant unmet
need is the identification of the mechanisms underlying neurodegeneration, because patients con-
tinue to manifest brain atrophy and disability despite current therapies. Neural and mesenchymal
stem cells have received considerable attention as therapeutic candidates to ameliorate the disease
in preclinical and phase | clinical trials. More recently, progress in somatic cell reprogramming and
induced pluripotent stem cell technology has allowed the generation of human “diseased” neurons
in a patient-specific setting and has provided a unique biological tool that can be used to understand
the cellular and molecular mechanisms of neurodegeneration. In the present review, we discuss the
application and challenges of these technologies, including the generation of neurons, oligodendro-
cytes, and oligodendrocyte progenitor cells (OPCs) from patients and novel stem cell and OPC cellular
arrays, in the discovery of new mechanistic insights and the future development of MS reparative
therapies. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:252-260

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory
neurodegenerative disease of the central nervous
system (CNS) that affects young individuals, with
significant cost to society. In the past 10 years,
tremendous progress has been made in identi-
fying the roles of multiple immune cell gene variants
in disease susceptibility and new disease-
modifying therapies (DMTs) to regulate immune
cell activity [1]. The current, available DMTs de-
crease the number of relapses but do not stop
the progression of the disease, which eventually
leads to brain atrophy and disability [2]. Little
progress has been made in the prevention and
management of such disease progression in MS,
because the mechanisms underlying the disease
pathogenesis are still unknown. Several hypothe-
ses have been proposed, including (a) persistently
activated microglia [3], (b) formation of inflam-
matory follicles within the meninges, (c) the po-
tential intrinsic selective vulnerability of the
neurons and axons to different injuries [4], and
(d) the absence of myelin repair that contributes
to continuous axonal loss [5]. All of these will

resultin neuronal damage and progressive neuro-
degeneration [2]. The mechanisms underlying the
lack of myelin repair and their contributions to the
ongoing progression of MS are unknown; how-
ever, work in animal models of MS has suggested
that cells with the capacity for repair, such as ol-
igodendrocyte progenitors and other neural pro-
genitor populations, are targeted by long-term
chronic inflammation [6, 7].

Owing to the inaccessibility of primary tis-
sues, such as the brain, and their limited growth
in vitro, transgenic mice and immortalized neuro-
nal cell lines have been valuable tools for studying
the pathogenesis of neurological diseases. How-
ever, animal models do not accurately phenocopy
disease pathology and fail to recapitulate consis-
tent cellular and molecular phenotypes relevant
to human diseases. For instance, multiple com-
pounds that inhibited neurodegeneration in
mouse models have failed to do so in human clin-
ical trials, probably because of interspecies differ-
ences [8]. Our lack of understanding and progress
in these aspects of the neurodegenerative com-
ponent of MS remains a significant problem,
because patients’ neurodegeneration and brain
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atrophy continue to progress. Therefore, strategies and tools
aimed at understanding these critical aspects of the disease will
be welcome.

Recent progress in somatic cell reprogramming and induced
pluripotent stem cell (iPSC) technology has allowed the genera-
tion of disease target cells in a patient-specific setting. iPSCs
are pluripotent stem cells that can be generated from a variety
of somatic cells by the forced expression of transcription factors
(Oct4, Sox2, KIf4, and c-Myc) involved in the maintenance of plu-
ripotency in embryonic stem cells (ESCs) [9, 10]. Notably, iPSCs
can be differentiated into the affected cell type of interest in vitro
using the same protocols developed for ESCs, and they can pro-
vide a potentially unlimited renewable source of patient-
specific cells for disease modeling and drug screening and novel
cell replacement therapy approaches [11-13] (Figure 1). To date,
human iPSCs (hiPSCs) have been generated from healthy individ-
uals and from those affected by a variety of diseases, including
several neurological disorders [14]. Reprogramming cells from
patients with Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
has contributed to our understanding of these diseases and sug-
gested new therapeutic targets [13, 15-18]. Therefore, great
hope exists that reprogramming somatic cells from patients with
MS to generate neurons, astrocytes, and oligodendrocytes in a
patient- and disease subtype-specific setting will provide research-
ers with a unique biological tool to understand the mechanisms
of the disease, especially relating to therapy, cellular models,
or drug screening for neurodegeneration and repair [19]. In
animal models of MS, stem cells have already emerged as a power-
ful strategy to ameliorate the disease, and mesenchymal stem
cells (MSCs) are being investigated in human clinical trials [20,
21]. However, the application of stem cells to model a complex
neurological disease such as MS still presents technical chal-
lenges. We have reviewed the current state and promise of using
hiPSCs derived from patients with MS and human inducible neu-
rons (hiNs), human inducible oligodendrocyte progenitor cells
(hiOPCs), or other stem cell platforms such as immunoregulatory
neural stem cells to understand and model critical aspects of the
cellular and molecular pathology of MS.

MODELING NEUROLOGICAL DISEASES WITH IPSCs

Inrecent years, from the efforts of the genetics consortia and mul-
tiple laboratory collaborations, we have made progress in the ge-
netics and molecular basis of several neurological diseases,
including PD, AD, and HD [1, 22, 23]. These innovations, coupled
with the ability to generate brain cells from human skin fibro-
blasts, have led to new strategies in patient-oriented research
[13, 24].iPSCs from these patients retain their genetic vulnerabil-
ity traits and represent a novel and important setting in which to
examine susceptibility to neurodegeneration and aging. Mono-
genic forms of diseases with full penetrance are more likely to dis-
play robust cell-autonomous cell defects in stem cell-based
modeling systems. Thus, one of the foundations of in vitro stem
cell modeling of neurological diseases has been to select mono-
genic forms of diseases with a clear genetic and molecular dys-
function. The vast majority of diseases in which iPSCs have
been generated thus far have fit this criterion. Of approximately
20 different neurological diseases in which iPSCs have been gen-
erated as proof-of principle, only a few have been sporadic
(Table 1) [25]. These efforts have been facilitated by selecting
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diseases in which the functional consequences of the somatic
mutations have been validated in mouse models [23, 26].

Mutation-defined iPSCs can generate models of neurodeve-
lopmental disorders, and their respective phenotypes have been
used to test novel therapies. Cortical neuronal precursor cells de-
veloped from iPSCs derived from patients with Timothy syndrome
(TS), a neurodevelopmental disorder caused by a missense muta-
tion in the CACNA1C gene, displayed defects in calcium signaling,
activity-dependent gene expression, and increased production of
norepinephrine and dopamine. These phenotypes were reversed
when treated with roscovitine, a cyclin-dependent kinase inhibi-
tor and an atypical L-type channel blocker [27]

Similarly, in Rett syndrome (RTT), caused by mutations
in MECP2 [28], mouse models have suggested a non-cell-
autonomous role for astrocytes in RTT pathogenesis. iPSC-
derived astroglial progenitors from patients with RTT showed
adverse effects on the morphology and function of wild-type neu-
rons, independent of any intrinsic neuronal deficits, confirming
a previously suspected non-cell-autonomous role suggested for
glia in RTT disease pathology. Insulin-like growth factor 1 was
found to rescue the neuronal deficits caused by mutant RTT astro-
cytes [28]. Therefore, the use of iPSC-derived models of patients
with RTT and TS recapitulate key features of disease and substan-
tiate the feasibility of using hiPSCs as tools for studying multigenic
neurological diseases for both discovery and potential treatments
in which intrinsic neurodevelopmental components and glial
cells could affect disease pathology.

In a similar fashion, the use of mutation-defined iPSCs can
generate human cell models of neurodegeneration and new cel-
lular and molecular phenotypes [23]. Several studies have pur-
sued iPSC-based modeling for AD associated with familial
mutations in presenilin: PSEN-1, PSEN-2, or APP. Such cell lines
can be used to understand the contributions of different molec-
ular pathways in the pathological cascade of a disease. Using iPSCs
from patients with AD, recent studies have shown that different
mutations can lead to the same neurological phenotypes by mo-
lecular mechanisms affecting distinct molecular networks [26].

A promising and exciting direction is the investigation of iPSCs
from patients with nonfamilial forms of AD carrying common ge-
netic variants such as APOE and SORLA/SORL1 loci that signifi-
cantly affect sporadic AD risk [29]. This approach will help
define additional neuronal phenotypes such as synaptic, axonal
functioning, and signaling pathways that dampen oxidative stress
in vitro. Using nonfamilial AD-derived iPSCs, investigators have
shown that iPSCs-derived neurons from patients with sporadic
AD exhibit similar phenotypes to neurons from familial forms,
suggesting common pathogenetic mechanisms [30]. Genetic
alterations, perhaps a copy number variation not identifiable us-
ing current genome-wide association study (GWAS) strategies,
appear to affect the cellular function in these sporadic forms in
a manner similar to AD-causing mutations [30]. This has impor-
tant implications in a disease such as MS, in which no genetic
variants autonomously affecting neuronal function have been
identified thus far, and emphasizes the power of disease model-
ing to reveal strong neuronal pathological phenotypes in patient-
derived neurons in vitro.

MODELING MS WITH IPSCs

In contrast to AD, PD and other neurodegenerative diseases in
which a percentage of patients have defined somatic mutations,
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Figure 1. Human iPSC graphic schematically highlighting the usage and directives of iPSCs, especially pertaining to disease modeling and drug
screening of MS using patient-derived cells. Abbreviations: GWAS, genome-wide association study; MS, multiple sclerosis; iPSC, induced plu-

ripotent stem cell.

MS is a complex disorder not caused by single genetic mutations
but associated with multiple susceptibility genes in immune cells
[1]. Our current understanding is that modest contributions of ge-
netic variants in the genes associated with antigen-presenting
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cells and T-cell function are associated with susceptibility to MS
[1]. One of the most significant issues in MS therapy is that despite
current treatment, patients continue to accumulate CNS damage
and neurological disability. The assumption has been that MS
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Table 1. Summary of iPSCs derived from neurological diseases

Disease Genetic defects/variants

Monogenic neurological disease
Huntington’s disease CAG expansion in HTT gene

IKBKAP

SMN1

CAG expansion in ATXN3

Familial dysautonomia

Spinal muscular atrophy

Machado-Joseph disease
Multigenic neurological disease

Alzheimer’s disease PSEN1, PSEN-2, APP duplication
LRRK2, PINK1, SNCA, Parkin
SOD1, VAPB, TDP43

MeCP2, CDKL5

Parkinson'’s disease
Amyotrophic lateral sclerosis

Rett syndrome

Down syndrome Trisomy 21

Timothy syndrome CACNA1C

Adrenoleukodystrophy ABCD1
Sporadic neurological disease

Schizophrenia Multiple CNV

Sporadic Alzheimer’s disease Multiple

Sporadic Parkinson’s disease Multiple

Multiple sclerosis Mainly T-cell variants

is a primary autoimmune disorder in which its long-term pro-
gression is related to the activity of T cells. Although the role of
T cells in initiating damage is well accepted, recent work by sev-
eral laboratories worldwide have identified a neurodegenerative
component for MS [2, 3, 31]. It is still unclear to what extent the
interaction between cell-autonomous mechanisms in neural cells
(neurons, oligodendrocytes, and astrocytes) and the immune dys-
function contributes to the observed neurodegeneration. To ad-
dress these questions, patient-specific neural cells carrying the
susceptibility genetic traits are required. However, in MS, no ro-
bust neuronal genetic variants have been established, although
recent work of the genetic variants of the glutamate levels has
shown potential implications in neuronal damage [4]. However,
more neuronal and oligodendrocyte variants need to be identi-
fied [32]. An important task is to define the aspects of the disease
that can be modeled using iPSCs and the goals of generating
patient-derived brain cells in MS compared with other neurolog-
ical diseases, for which much of the work relies on using patient
samples with pathogenic mutations. In addition, the mechanism
of progression of MS and neurodegeneration might involve other
cells, including OPCs [33] and astrocytes [34]; therefore, the gen-
eration of these cells from patients could be critical to under-
standing the participation of such cells in the mechanism of
progression. The generation of a variety of patient-derived neural
cells would help in the identification of the specific defects or var-
iants that might be associated with disease neurodegeneration
and lack of repair [2]. Recently, neurons and oligodendrocytes
from patients with MS have been generated as a proof-of-
principle; however, no alterations in their intrinsic biology has
yet been reported [35, 36].

Several obstacles exist to directly exploring the pathophys-
iology of MS with human tissue. With the outstanding questions
of the physiopathology of the disease, we could consider several
modeling goals and hurdles (Table 2). Efforts are needed to use
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brain cells relevant to the pathology of MS, such as the oligoden-
drocytes and neurons that are targets of the disease process.
However, brain cells are not readily available unless obtained di-
rectly by biopsy, which is rarely clinically justified. In addition,
oligodendrocytes and neurons are postmitotic cells requiring
their precursors. Therefore, the development of neural cells
from patients with MS carrying disease-specific genetic variants
to study the intrinsic alterations that affect the biology of neu-
rons and oligodendrocytes would be highly desirable. Animpor-
tant question that arises is whether MS patient-derived neurons
have an intrinsic genetic defect. In other sporadic diseases, such
as schizophrenia, iPSC-derived neurons have shown that synap-
tic connectivity is reduced compared with that of normal con-
trols [37]. Therefore, using iPSC-derived neurons from
patients with MS, abnormalities in synaptic or axonal function
or other neuronal and oligodendrocytic cellular phenotypes
could be identified. These phenotypes could help in the identi-
fication of the variants associated with alterations and the vul-
nerability of neurons to injury. However, these efforts will
require extensive collaboration among laboratories and consor-
tia because of the high number of required cell lines. One key
goalisto establish arepository of human cells, including induced
oligodendrocyte progenitors cells (iOPCs) and hiNs, to advance
the search of new cellular phenotypes and the screening for
compounds to halt neurodegeneration. However, current pro-
tocols to generate OPCs and specific neuronal subtypes relevant
to the disease from iPSCs are lengthy and still require a great
amount of technical expertise [38]. These efforts should be ac-
companied by GWAS strategies to find the networks of genes
associated with regeneration and neuronal survival that are dys-
regulated in these cells. A more attainable goal in the shortterm
would be to use cells from patients with monogenic white mat-
ter disorders that can be used to illuminate certain aspects of
the vulnerability of oligodendrocytes to damage and myelina-
tion in vitro. Recently, mouse embryonic and human fibroblasts
were programmed into functional iOPCs that showed the capac-
ity to remyelinate both in vitro and in vivo, although a direct
comparison of iOPCs from patients and controls is still lacking
[38, 39]. The study of the neuroprotection of neurons and oligo-
dendrocytes, two major targets of T cells, will benefit from these
new models, because we could study the effects of T cells in the
molecular mechanismsthatlead to neuron and oligodendrocyte
dysfunction. Another important goal will be modeling the vul-
nerability of neurons to stressors relevantin MS pathology, such
as oxidative stress, glutamate toxicity, and inflammatory cyto-
kines [4, 40].

In contrast to postmitotic neural cells, T cells are easily
available from patients with MS, and it is not necessary to rec-
reate them by reprogramming. However, the generation of T
and B cells from patient-specific iPSCs would limit the amount
of blood needed. Microglia, which play a key role in neurode-
generation and repair in MS, have not yet been generated
from human pluripotent stem cells. However, new data have
suggested they can be generated from human monocytes,
replicating key features of human microglia [41]. The imple-
mentation of these strategies will facilitate coculture systems
to model the initial neurotoxic versus reparative interactions
of microglia and T cells with neural cells. These advances
are essential to determine the human disease mechanisms
and find new molecular therapies using high throughput
assays.
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Table 2. Goals and hurdles of modeling neurological disease with iPSCs

Goals

GWAS strategies coupled with iPSCs to find networks of genes associated with regeneration and neuronal survival (endophenotypes)

Model the effects of T cells and inducible neuron/oligodendrocyte alteration

Develop isogenic controls using the same patient cell line in which the mutation is “corrected,” allowing for genotype-phenotype functional correlation

studies

Coculture systems to model microglial and T cell initial neurotoxic vs. reparative interactions with inducible neural cells

Use iPSCs derived from patients with MS or MS-like monogenic disorders to identify novel neuronal or oligodendrocytic phenotypes

Model the vulnerability of inducible neurons to MS stressors (oxidative, glutamate toxicity, inflammatory cytokines)

Establish a repository of human cells, iOPCs, and hiNs to search for novel cellular phenotypes and screen for compounds to halt neurodegeneration

Improve personalized therapy in MS by administering medications found in cellular assays based on cellular signatures

Hurdles

No neuronal genetic variants identified

Skin fibroblasts from older patients might have low reprogrammed efficacy

Irreversible transcriptional depression of genes on the X chromosome of female-generated iPSCs in vitro

Lack of genetically matched nondiseased controls

Defects produced by reprogramming in vitro could overshadow an intrinsic vulnerability to dysfunction in MS-derived neurons

Microglia not yet generated from human iPSCs

iPSCs kept in vitro for extended periods could have genomic instability

Genetic variance of immune cell function could be associated with neurodegenerative susceptibility

MS-derived cells might not provide strong disease phenotypes in vitro

Abbreviations: GWAS, genome-wide association study; hiNs, human inducible neurons; iOPCs, inducible oligodendrocyte progenitor cells; MS, multiple

sclerosis.

TECHNICAL CONSIDERATIONS FOR IMIODELING MS WITH IPSCs

iPSCs have shown the potential to generate insights into disease
mechanisms and open new opportunities for clinical intervention
through the identification of novel mechanisms and pharmaco-
logical targets. However, previous experience with iPSC-based
disease modeling has led to some important technical consider-
ations that pose additional challenges that are magnified by the
complexity of MS. The possibility of select ing donors with specific
genotypes will provide opportunities to understand the mecha-
nisms associated with the presence of these genetic variants.
However, cells with genetic variants, rather than somatic muta-
tions or microdeletions, might not generate a strong disease phe-
notype in vitro. Therefore, a critical unanswered question is
whether many of the functional variants or single nucleotide poly-
morphisms (SNPs) important for neuronal phenotypes could be
masked by the defects produced by the reprogramming process
itself and the heterogeneity among different pluripotent stem cell
lines. In contrast, the cells generated from patients with frank
deletions and mutations will have a greater effect on the under-
lying genetic network that could overcome the genomic changes
induced by reprogramming. These considerations are critical to
validate the functional role of copy number variants witha modest
effect on neurodegeneration in the dish.

Another critical issue is the minimum number of clones re-
quired to detect biologically relevant phenotypes. Evenin circum-
stances in which patients have a clear genetic abnormality,
multiple patients and controls are required to generate enough
cell lines to obtain meaningful data for functional validation be-
yond proof-of-principle studies [36]. The source of cells is another
important concern, because, in some studies, human skin fibro-
blasts from older individuals have shown very low efficiency.

©AlphaMed Press 2015

However, others have found acceptable efficiency, although the
new reprogramming techniques are more effective [42, 43]. This
would be particularly important when cells from patients with pri-
mary or secondary progressive MS are used, because these patients
have usually been diagnosed later in life. The reason for the lower
efficiency of reprogramming with cells from older patients is un-
known. These challenges are significant to all genetic and sporadic
neurodegenerative diseases, including MS.

The goal of generating disease-specific hiPSCs is to identify
novel cell autonomous or non-cell-autonomous processes and
pathways that are difficult to investigate using autopsy and biopsy
tissues. However, one important issue is the lack of genetically
matched, nondiseased controls, making attribution of the ob-
served phenotypes to the disease-causing mutation difficult. This
confounding issue must be solved, because differences in the ge-
netic background in humans and the variations among cell types
could influence data interpretation. To provide improved and
more rigorous controls, investigators have generated isogenic
controls (i.e., using the same patient cell line but with the muta-
tion “corrected”). This approach provides the most rigorous con-
trol for experiments in which an effect of a genetic mutation
needs to be verified. These have been achieved in human iPSCs,
using powerful tools for the manipulation of the human genome,
including zinc fingers and transcription activator-like effectors,
nucleases, and the clustered regularly interspaced short palin-
dromic repeat (CRISPR)-Cas9 system [44, 45]. Using such
approaches, disease-associated genetic variants can be replaced
with wild-type (WT) constructs by homologous recombination in
patient-derived cell lines. Alternatively, it is also possible to insert
candidate disease-associated genetic variants into the endoge-
nous WT locus in control lines by homologous recombination
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or knockout endogenous genes of interest [26, 46]. Importantly,
the comparison between patient and isogenic gene-corrected cell
lines allows for genotype-phenotype functional correlation stud-
ies [18, 47].

Using these controls and integrative functional genetics, it
will be possible to study not only the major common cellular
phenotypes, such as cell death, cell differentiation, and cell
growth, but also novel clinical relevant phenotypes and endo-
phenotypes. Integrative genetics and cellular modeling could
unveil new cellular and molecular phenotypes from patient-
derived neurons or oligodendrocytes, which could be used to
identify novel biomarkers and therapeutic interventions. Nota-
bly, it has been shown that in sporadic neurological diseases,
alterations occur in the molecular networks in the absence of
somatic mutations [48]. For example, emerging data using tis-
sues from the brains of patients with AD have indicated that
in sporadic cases, dysfunctional molecular networks are associ-
ated with CNS injury [48]. In addition, studies investigating ex-
pression quantitative trait loci (eQTL) are identifying molecular
phenotypes or endophenotypes in AD that could be amenable
to pharmacological targeting. These findings could be explained
by subtle epigenetic or copy number alterations in genes with
a central role in the biological network targeted by the disease
[49]. Thus, the dysregulation of such biological networks in vivo
could be investigated in vitro with patient-derived cells to find
relevant targets for therapeutic interventions [48]. Future stud-
ies are needed to find new molecular phenotypes and eQTLs in
MS brain tissue that can be replicated and modeled in the dish
with iPSCs. The holistic goal is to illuminate novel mechanisms
by implementing these tools to study a sporadic neurological
disease such as MS [48].

The assumption that the reprogrammed cells are identical to
the diseased neurons in situ or even to the original fibroblasts
has been challenged by several studies that have shown that
the genome and epigenome of reprogrammed cells differ from
those of the parental cells [50, 51]. Pluripotent stem cells are
kept in vitro for extended periods, which can also introduce ge-
nomic instability [51]. Additional issues concern the inherent
heterogeneity and functional variability among iPSC lines and
within different clones from the same individual. Additionally,
female iPSCs with time in culture undergo “erosion” of the X
chromosome, and this inactivation leads to irreversible tran-
scriptional derepression of genes in the inactive X chromosome
[52]. This erosion has been demonstrated to have a significant
effect in the modeling of X-linked neurodegenerative diseases.
The effect of these alterations on the investigation of disease
mechanisms in cells generated from patients with neurological
diseases, including those with MS, remains unclear [36, 52, 36].
Perhaps the use of iPSCs derived from family trios and twins with
MS could reduce the variability of these cultures owing to their
shared genetic material.

UsE OF IPSCs TO CORRELATE MS PHENOTYPE-GENOTYPES AND
DRUG DISCOVERY

The goal of in vitro disease modeling with iPSCs is to recapitulate
key aspects of the disease and gain a better understanding of the
cellular and molecular mechanisms underlying disease pathology
and perform drug screening. The observed MS-derived neural cell
phenotypes should be robust and reproducible. Therefore, our
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evaluation of cellular phenotypes in human cells in vitro should
beimproved. Theinvitro evaluation and optimization of anumber
of phenotypes needs to improve, including synaptic plasticity, ax-
onal growth, myelination, and electrophysiological function of
the neurons, astrocytes, and OPCs, in addition to changes in gene
expression. All will be important for the detection of new disease-
related phenotypes or endophenotypes in MS, just as they have
been for other neurological disorders [13, 23, 24, 26, 37]. The in-
vestigation of hiOPCs derived from monogenic disorders in which
myelination and oligodendroglia survival is affected, such as from
patients with Pelizaesus-Merzbacher disease with PLP1 mutations,
will allow gain- and loss-of-function studies in hiOPCs and, even-
tually, shed light on MS pathophysiology [53]. Next, the pheno-
types identified in such genetically defined cohorts can be
investigated in oligodendrocytes isolated from sporadic or famil-
ial cases of MS. In addition, robust assays are needed that can
show disease-relevant phenotypes easily scalable to high-
throughput drug screening. Recently, it has been shown that ben-
zatropine, an antimuscarinic compound, identified using stem
cell-based high-throughput drug screening, improved the out-
comes in a model of MS by enhancing OPC function and remyeli-
nation in vitro and in vivo [54]. These findings were corroborated
using a modified OPC-based assay termed “binary indicant for
myelination using micropillar arrays” that showed that two anti-
muscarinic agents, benzatropine and clemastine, promoted remye-
lination in vitro and in vivo [55]. Therefore, optimization of
automated multiwall-format assays using stem cells and OPC arrays
is an important goal for MS stem cell modeling and the search
of novel reparative compounds. These medications can now
be tested in clinical trials in patients with MS. Finally, the use
of a issue-engineered approach from hiPSCs that simulates three-
dimensional CNS structures has been beneficial, because they
recapitulate important processes in development and disease [56].

It is crucial to find the genetic variants that are important for
the neuronal dysfunction to be investigated in vitro with iPSCs.
However, to find variants using GWAS, we need a robust neuronal
phenotype that can be identified through clinical features, imag-
ing, or serum biomarkers. In the case of MS, our current imaging
biomarkers for neurodegeneration and repair are limited. The re-
verse strategy, identifying neuronal variants by first generating
numerous neuronal lines from patients to find new cellular phe-
notypes in vitro and then performing GWASs would require enor-
mous resources. The validation of SNP variants in neurons,
astrocytes, and oligodendrocytes will require sharing data and
consortia and collaboration among laboratories.

MODELING NEUROPROTECTION IN MS

To make neurons more resilient to injury, we need to create tar-
geted neuroprotective strategies. iPSCs can also be used to pre-
dict vulnerability to toxicity in the cells that are a part of the MS
pathology (i.e., neurons, oligodendrocytes, and astrocytes). This
approach can be used to find neuroprotective compounds. In ad-
dition, the response of stem cells from individualized patients, in
which a desired response is matched to a variant or genomic sig-
nature, can be combined. Cellular assays based on these individ-
ual cellular signatures could lead to personalized therapy,
especially if Food and Drug Administration-approved drugs can
be repurposed to rapidly detect new targets. These efforts could
lead to a new strategy by which patients at a relapse or evidence
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of sustained inflammation and progressive disease can be treated
with the established DMTs and novel neuroprotective com-
pounds identified in stem cell-based assays with different selec-
tivity to neurons and oligodendrocytes, such as has been shown
recently in mice [54].

MODELING IMMUNE CELLS/NEURONAL INTERACTIONS

In MS, extrinsic factors (non-cell-autonomous mechanisms) play
a crucial role in neuronal and oligodendroglia pathology. Injury to
neurons can be conferred by immunological responses of infiltrat-
ing macrophages, T cells, and neighboring microglia [50, 57]. In
vitro coculture approaches offer a reductionist model to address
the role of T cells and microglia. Our knowledge of the pathogenic
mechanism of T cells in humans is limited, and the proposed
mechanisms have mostly been based on experiments in mice.
iPSC technology could help model such non-cell-autonomous
mechanisms and early interaction of human immune cells, neu-
rons, and oligodendrocytes occurring in human disease. Using in-
ducible neurons from patients with MS and control individuals, it
might be possible to model the initial interaction of T or B cells
with neurons or oligodendroglia from the same patient. In mouse
models of MS, it is known that T cells can induce fluctuation in
neuronal intracellular calcium concentration and damage of
axonsinvivo [58]. Therefore, cocultures of human T cells obtained
from the blood and axons from neurons derived from the same
patient with MS can be studied to find compounds that protect
the axons from the deleterious effects of T cells from individual
patients. Moreover, such a system can be used to dissect the ben-
eficial versus neurotoxic effects of human microglia on neurons
and oligodendrocytes [6].

Itis unknown whether all the MS autoreactive T cells have the
same capacity of inducing neuronal damage; therefore, the ge-
netic variation of T cells involved in neuronal damage can be ex-
plored by selecting patients with specific T-cell variants that
confer vulnerability to excitotoxicity or inflammation. This would
improve our understanding of “second hits” in neurodegenera-
tionin MS. In addition, T cells and microglia can affect neural stem
cell niches [6, 7]; therefore, the development of in vitro models of
neural stem cell niches with iPSCs could improve our understand-
ing of the non-cell-autonomous effects of the disease on neural
progenitor cells.

Finally, iPSC-derived immunoregulatory neural stem cells
have emerged as a possible therapeutic strategy in mice [59].
However, clinical trials addressing the safety and efficacy of hu-
man stem cells are still in the initial phases. The therapeutic ben-
efits of stem cells are likely related to the bystander immune and
neuromodulatory effects of their secreted compounds such as
leukemia inhibitory factor, hepatocyte growth factor [59, 60],
and other bioactive molecules in the stem cells. Therefore, iPSCs
offer the opportunity to investigate the beneficial effects of these
bioactive compounds using patient-derived neurons, oligoden-
drocytes, and axons in vitro.

FUTURE DIRECTIONS

Several difficulties remain in modeling a complex disorder such
as MS with iPSCs. One question that remains is how many cell
lines are necessary to establish phenotypes in MS patient-
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derived cells. Moreover, better methods are needed to repro-
gram cells that reflect the in vivo behavior of diseased neural
cells. Furthermore, we must improve the measurement of func-
tional molecular and cellular phenotypes in vitro that are relevant
to the disease process. Efforts must be made to obtain cohorts
of patients and controls of sufficient size for statistical analysis.
Finally, we should use genetic or biochemical complemen-
tation to link a genetic variant to the phenotype by creation of
isogenic “rescued” neural cells to provide the most rigorous
controls.

A paramount goal is to generate repositories of MS-derived
neural cells to identify cell-specific genetic variants. We suggest,
therefore, that a consortium should be established to generate
the large number of cells and data needed. These cells should
be deposited in well-cataloged biorepositories and made avail-
able to all investigators.

CONCLUSION

In the present review, we delineated the potential for stem cell
technologies, especially patient-derived stem cells, to inform fun-
damental aspects of MS, with a particular emphasis on the neu-
rodegenerative component to oligodendrocytes, neurons, and
neural progenitors. Despite the many issues that still need to
be solved, stem cell-based assays, including patient-derived cells
and modeling, have the potential to become an important tool in
the study of the complexity of inflammatory-mediated neurode-
generation and repair, leading to better translation and drug dis-
coveries to help patients affected by MS.

AUTHOR CONTRIBUTIONS

J.1.: study concept and design, acquisition of data, analysis and in-
terpretation of data, drafting of the manuscript, critical revision of
the manuscript for important intellectual content, study supervi-
sion; J.C.O.: acquisition of data, analysis and interpretation of
data, critical revision of the manuscript for important intellectual
content; M.D., D.P., F.W., J.LA.N., and A.L.B.: acquisition of data,
analysis and interpretation of data, drafting of the manuscript,
critical revision of the manuscript for important intellectual con-
tent; M.K.R.: drafting of the manuscript, critical revision of the
manuscript for important intellectual content; M.C.: analysis
and interpretation of data, drafting of the manuscript, critical re-
vision of the manuscript for important intellectual content; K.M.:
drafting of the manuscript, critical revision of the manuscript for
important intellectual content.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

J.A.N. is a compensated consultant for Novartis and Biogen Idec
and has compensated research funding from Idec and the Na-
tional Multiple Sclerosis Society. A.L.B. is a compensated consul-
tant for Biogen Idec, Novartis, Medtronic, Genzyme, and Teva.
M.K.R.isthe compensated Editor-in-Chief of the Journal of Neuro-
immunology; a member of the editorial board of JAMA Neurol-
ogy; is a compensated consutant for Biogen Idec, Novartis,
Questcor, and Teva Neuroscience; and has compensated research
funding from the National Multiple Sclerosis Society and the Na-
tional Institutes of Health. The other authors indicated no poten-
tial conflicts of interest.

STEM CELLS TRANSLATIONAL MEDICINE

GTOZ ‘12 Afenige4 uo 1Ienoxd N oxuer Aq /6io'ssaidpawreyd e uns | poweis//:dny wody papeojumoq


http://stemcellstm.alphamedpress.org/

Orack, Deleidi, Pitt et al.

259

REFERENCES

1 SawcerS, Hellenthal G, Pirinen M et al. Ge-
netic risk and a primary role for cell-mediated
immune mechanisms in multiple sclerosis. Na-
ture 2011;476:214-219.

2 ImitolaJ, Chitnis T, Khoury SJ. Insights into
the molecular pathogenesis of progression in
multiple sclerosis: Potential implications for fu-
ture therapies. Arch Neurol 2006;63:25-33.

3 KutzelniggA, Lucchinetti CF, Stadelmann C
et al. Cortical demyelination and diffuse white
matter injury in multiple sclerosis. Brain 2005;
128:2705-2712.

4 Baranzini SE, Srinivasan R, Khankhanian P
et al. Genetic variation influences glutamate
concentrations in brains of patients with multi-
ple sclerosis. Brain 2010;133:2603-2611.

5 DuttaR, Trapp BD. Relapsing and progres-
sive forms of multiple sclerosis: Insights from
pathology. Curr Opin Neurol 2014;27:271-
278.

6 Rasmussen S, Imitola J, Ayuso-Sacido A
et al. Reversible neural stem cell niche dysfunc-
tion in a model of multiple sclerosis. Ann Neurol
2011;69:878-891.

7 Pluchino S, Muzio L, Imitola J et al. Persis-
tent inflammation alters the function of the en-
dogenous brain stem cell compartment. Brain
2008;131:2564-2578.

8 ’tHartBA, Gran B, Weissert R. EAE: Imper-
fect but useful models of multiple sclerosis.
Trends Mol Med 2011;17:119-125.

9 Takahashi K, Tanabe K, Ohnuki M et al. In-
duction of pluripotent stem cells from adult hu-
man fibroblasts by defined factors. Cell 2007;
131:861-872.

10 ParkIH,ZhaoR, WestJA et al. Reprogram-
ming of human somatic cells to pluripotency
with defined factors. Nature 2008;451:141-146.

11 Hargus G, Cooper O, Deleidi M et al. Differ-
entiated Parkinson patient-derived induced plurip-
otent stem cells grow in the adult rodent brain and
reduce motor asymmetry in Parkinsonian rats. Proc
Natl Acad Sci USA 2010;107:15921-15926.

12 DeleidiM, Hargus G, Hallett P et al. Devel-
opment of histocompatible primate-induced
pluripotent stem cells for neural transplanta-
tion. STEM CELLS 2011;29:1052-1063.

13 Cooper O, Seo H, Andrabi S et al. Pharma-
cological rescue of mitochondrial deficits in iPSC-
derived neural cells from patients with familial
Parkinson’s disease. Sci Transl Med 2012;4:141ra90.

14 Bellin M, Marchetto MC, Gage FH et al.
Induced pluripotent stem cells: The new pa-
tient? Nat Rev Mol Cell Biol 2012;13:713-726.

15 Chung CY, Khurana V, Auluck PK et al.
Identification and rescue of a-synuclein toxicity
in Parkinson patient-derived neurons. Science
2013;342:983-987.

16 Kiskinis E, Sandoe J, Williams LA et al.
Pathways disrupted in human ALS motor neu-
rons identified through genetic correction of
mutant SOD1. Cell Stem Cell 2014;14:781-795.

17 Wainger BJ, Kiskinis E, Mellin C et al. In-
trinsic membrane hyperexcitability of amyotro-
phic lateral sclerosis patient-derived motor
neurons. Cell Reports 2014;7:1-11.

18 Schondorf DC, Aureli M, McAllister FE
et al. iPSC-derived neurons from GBA1-
associated Parkinson’s disease patients show
autophagic defects and impaired calcium ho-
meostasis. Nat Commun 2014;5:4028.

www.StemCellsTM.com

19 Qiang L, Fujita R, Abeliovich A. Remodeling
neurodegeneration: Somatic cell reprogramming-
based models of adult neurological disorders. Neu-
ron 2013;78:957-969.

20 Uccelli A, Laroni A, Freedman MS. Mes-
enchymal stem cells for the treatment of multi-
ple sclerosis and other neurological diseases.
Lancet Neurol 2011;10:649-656.

21 Connick P, Kolappan M, Crawley C et al.
Autologous mesenchymal stem cells for the treat-
ment of secondary progressive multiple sclerosis:
An open-label phase 2a proof-of-concept study.
Lancet Neurol 2012;11:150-156.

22 Naj AC, Jun G, Beecham GW et al. Com-
mon variants at MS4A4/MS4A6E, CD2AP, CD33
and EPHAL are associated with late-onset Alz-
heimer’s disease. Nat Genet 2011;43:436-441.

23 Nguyen HN, Byers B, Cord B et al. LRRK2
mutant iPSC-derived DA neurons demonstrate
increased susceptibility to oxidative stress. Cell
Stem Cell 2011;8:267-280.

24 Ryan SD, Dolatabadi N, Chan SF et al. Iso-
genic human iPSC Parkinson’s model shows nitro-
sative stress-induced dysfunction in MEF2-PGCla
transcription. Cell 2013;155:1351-1364.

25 HanSS, Williams LA, Eggan KC. Construct-
ing and deconstructing stem cell models of neu-
rological disease. Neuron 2011;70:626-644.

26 KondoT,Asai M, Tsukita K etal. Modeling
Alzheimer’s disease with iPSCs reveals stress
phenotypes associated with intracellular AB
and differential drug responsiveness. Cell Stem
Cell 2013;12:487-496.

27 Pasca SP, Portmann T, Voineagu | et al.
Using iPSC-derived neurons to uncover cellular
phenotypes associated with Timothy syn-
drome. Nat Med 2011;17:1657-1662.

28 Williams EC, Zhong X, Mohamed A et al.
Mutant astrocytes differentiated from Rett syn-
drome patients-specific iPSCs have adverse
effects on wild-type neurons. Hum Mol Genet
2014;23:2968-2980.

29 Bettens K, Sleegers K, Van Broeckhoven
C. Genetic insights in Alzheimer’s disease. Lan-
cet Neurol 2013;12:92-104.

30 Israel MA, Yuan SH, Bardy C et al. Probing
sporadic and familial Alzheimer’s disease using
induced pluripotent stem cells. Nature 2012;
482:216-220.

31 Fischer MT, Wimmer |, Hoftberger R et al.
Disease-specific molecular events in cortical multi-
ple sclerosis lesions. Brain 2013;136:1799-1815.

32 XiaZ, Chibnik LB, Glanz Bl et al. A putative
Alzheimer’s disease risk allele in PCK1 influen-
ces brain atrophy in multiple sclerosis. PLoS
One 2010;5:e14169.

33 KangZ, Wang C, Zepp J et al. Actl medi-
ates IL-17-induced EAE pathogenesis selectively
in NG2+ glial cells. Nat Neurosci 2013;16:
1401-1408.

34 Mayo L, Trauger SA, Blain M et al. Regu-
lation of astrocyte activation by glycolipids
drives chronic CNS inflammation. Nat Med
2014;20:1147-1156.

35 Douvaras P, Wang J, Zimmer M et al.
Efficient generation of myelinating oligoden-
drocytes from primary progressive multiple
sclerosis patients by induced pluripotent stem
cells. Stem Cell Reports 2014;3:250-259.

36 Song B, Sun G, Herszfeld D et al. Neural
differentiation of patient specific iPS cells as
a novel approach to study the pathophysiology

of multiple sclerosis. Stem Cell Res (Amst) 2012;
8:259-273.

37 Brennand KJ, Simone A, Jou J et al. Mod-
elling schizophrenia using human induced
pluripotent stem cells. Nature 2011;473:221—-
225.

38 NajmFJ, Lager AM, ZarembaAetal. Tran-
scription factor-mediated reprogramming of
fibroblasts to expandable, myelinogenic oligo-
dendrocyte progenitor cells. Nat Biotechnol
2013;31:426-433.

39 Wang S, Bates J, Li X et al. Human iPSC-
derived oligodendrocyte progenitor cells can
myelinate and rescue a mouse model of con-
genital hypomyelination. Cell Stem Cell 2013;
12:252-264.

40 Pitt D, Werner P, Raine CS. Glutamate
excitotoxicity in a model of multiple sclerosis.
Nat Med 2000;6:67-70.

41 LeoneC,LePavecG, Méme W etal. Char-
acterization of human monocyte-derived
microglia-like cells. Glia 2006;54:183-192.

42 Ohmine S, Squillace KA, Hartjes KA et al.
Reprogrammed keratinocytes from elderly type
2 diabetes patients suppress senescence genes
to acquire induced pluripotency. Aging (Albany,
NY Online) 2012;4:60-73.

43 Yagi T, Kosakai A, Ito D et al. Establish-
ment of induced pluripotent stem cells from
centenarians for neurodegenerative disease re-
search. PLoS One 2012;7:e41572.

44 BochJ, Scholze H, Schornack S et al. Break-
ing the code of DNA binding specificity of TAL-
type lll effectors. Science 2009;326:1509-1512.

45 Congl,Ran FA, Cox D et al. Multiplex ge-
nome engineering using CRISPR/Cas systems.
Science 2013;339:819-823.

46 Bobis-Wozowicz S, Osiak A, Rahman SH
et al. Targeted genome editing in pluripotent
stem cells using zinc-finger nucleases. Methods
2011;53:339-346.

47 Reinhardt P, Schmid B, Burbulla LF et al.
Genetic correction of a LRRK2 mutation in hu-
man iPSCs links parkinsonian neurodegenera-
tion to ERK-dependent changes in gene
expression. Cell Stem Cell 2013;12:354-367.

48 Zhang B, Gaiteri C, Bodea LG et al. Inte-
grated systems approach identifies genetic
nodes and networks in late-onset Alzheimer’s
disease. Cell 2013;153:707-720.

49 Zhong Q, Simonis N, Li QR et al. Edgetic
perturbation models of human inherited disor-
ders. Mol Syst Biol 2009;5:321.

50 Lister R, Pelizzola M, Kida YS et al. Hot-
spots of aberrant epigenomic reprogramming
in human induced pluripotent stem cells. Na-
ture 2011;471:68-73.

51 Hussein SM, Batada NN, Vuoristo S et al.
Copy number variation and selection during reprog-
ramming to pluripotency. Nature 2011;471:58-62.

52 Mekhoubad S, Bock C, de Boer AS et al.
Erosion of dosage compensation impacts hu-
man iPSC disease modeling. Cell Stem Cell
2012;10:595-609.

53 Numasawa-KuroiwaY, OkadaY, Shibata$S
etal. Involvement of ER stress in dysmyelination
of Pelizaeus-Merzbacher disease with PLP1 mis-
sense mutations shown by iPSC-derived oligo-
dendrocytes. Stem Cell Reports 2014;2:
648-661.

54 Deshmukh VA, Tardif V, Lyssiotis CA et al.
A regenerative approach to the treatment

©AlphaMed Press 2015

GTOZ ‘12 Afenige4 uo 1Ienoxd N oxuer Aq /6io'ssaidpawreyd e uns | poweis//:dny wody papeojumoq


http://stemcellstm.alphamedpress.org/

260

of multiple sclerosis. Nature 2013;502:327—-
332.

55 MeiF, Fancy SP,Shen YA et al. Micropillar
arrays as a high-throughput screening platform
for therapeutics in multiple sclerosis. Nat Med
2014;20:954-960.

56 Lancaster MA, Renner M, Martin CA
et al. Cerebral organoids model human brain
development and microcephaly. Nature 2013;
501:373-379.

©AlphaMed Press 2015

Reprogramming and Stem Cell Arrays in MS Modeling

57 Rasmussen S, Wang Y, Kivisakk P et al.
Persistent activation of microglia is associated
with neuronal dysfunction of callosal pro-
jecting pathways and multiple sclerosis-like
lesions in relapsing—remitting experimental au-
toimmune encephalomyelitis. Brain 2007;130:
2816-2829.

58 Siffrin V, Radbruch H, Glumm R et al.
In vivo imaging of partially reversible Th17
cell-induced neuronal dysfunction in the course

of encephalomyelitis. Immunity 2010;33:424—
436.

59 Laterza C, Merlini A, De Feo D et al. iPSC-
derived neural precursors exert a neuroprotective
role inimmune-mediated demyelination via the se-
cretion of LIF. Nat Commun 2013;4:2597.

60 Bail, Lennon DP, Caplan Al et al. Hepato-
cyte growth factor mediates mesenchymal
stem cell-induced recovery in multiple sclerosis
models. Nat Neurosci 2012;15:862-870.

STEM CELLS TRANSLATIONAL MEDICINE

GTOZ ‘12 Afenige4 uo 1Ienoxd N oxuer Aq /6io'ssaidpawreyd e uns | poweis//:dny wody papeojumoq



http://stemcellstm.alphamedpress.org/

Subspecialty Collections This article, along with others on similar topics, appearsin the following collection(s):
Cell-Based Drug Development, Screening, and T oxicology
http://stemcellstm.al phamedpress.org//cgi/collection/cell-based-drug-devel opment-screening-and-toxicol ogy
Neural Stem Cells
http://stemcellstm.al phamedpress.org//cgi/collection/neural -stem-cells

GTOZ ‘22 Afenige4 uo 1xaenoxd N oxuer Aq /Bio'ssaidpswreyd e uns | powis//:dny woly papeojumoq


http://stemcellstm.alphamedpress.org//cgi/collection/cell-based-drug-development-screening-and-toxicology
http://stemcellstm.alphamedpress.org//cgi/collection/neural-stem-cells
http://stemcellstm.alphamedpress.org/

Concise Review: Modeling Multiple Sclerosis With Stem Cell Biological
Platforms: Toward Functional Validation of Cellular and Molecular Phenotypes
in Inflammation-Induced Neur odegener ation
Joshua C. Orack, Michela Deleidi, David Pitt, Kedar Mahajan, Jacqueline A.
Nicholas, Aaron L. Boster, Michael K. Racke, Manuel Comabella, Fumihiro
Watanabe and Jaime Imitola

Sem Cells Trans Med 2015, 4:252-260.
doi: 10.5966/sctm.2014-0133 originally published online January 15, 2015

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://stemcell stm.al phamedpress.org/content/4/3/252

GTOZ ‘22 Afenige4 uo 1xaenoxd N oxuer Aq /Bio'ssaidpswreyd e uns | powis//:dny woly papeojumoq


http://stemcellstm.alphamedpress.org/content/4/3/252
http://stemcellstm.alphamedpress.org/

