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ARTICLE INFO ABSTRACT

Keywords: The blood-brain barrier (BBB) is a component of the neurovascular unit formed by specialized brain micro-
Blood-brain barrier vascular endothelial cells (BMECs) surrounded by a specific basement membrane interacting with astrocytes,
Stem cells

neurons, and pericytes. The BBB plays an essential function in the maintenance of brain homeostasis, by pro-
viding a physical and chemical barrier against pathogens and xenobiotics. Although the disruption of the BBB
occurs with several neurological disorders, the scarcity of patient material source and lack of reliability of
current in vitro models hindered our ability to model the BBB during such neurological conditions. The devel-
opment of novel in vitro models based on patient-derived stem cells opened new venues in modeling the human
BBB in vitro, by being more accurate than existing in vitro models, but also bringing such models closer to the in
vivo setting. In addition, patient-derived models of the BBB opens the avenue to address the contribution of
genetic factors commonly associated with certain neurological diseases on the BBB pathophysiology. This review
provides a comprehensive understanding of the BBB, the current development of stem cell-based models in the
field, the current challenges and limitations of such models.
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1. Introduction
1.1. The blood-brain barrier: the gatekeeper of the central nervous system

The blood-brain barrier (BBB) constitutes a unique feature of the
brain vasculature present in the vertebrate central nervous system [1].
Although initially observed by Paul Ehrlich in 1885 [2] as the absence
of the central nervous system to absorb histological dyes (Trypan Blue),
it took another 30 years to have the presence of such barrier experi-
mentally demonstrated by the work of Edwin Goldmann [3,4]. Initially
described by Reese and Karnovsky as a ultrastructural feature (tight
junction complexes) present in brain microvascular endothelial cells
lining the brain vasculature [5], the current description of the BBB is
defined as a multi-cellular component of the neurovascular unit.

Brain microvascular endothelial cells (BMECs) lining the brain mi-
crovasculature constitutes the most important cell type of such unit
(Fig. 1), providing a physical and chemical barrier between the circu-
lating blood flow and the brain parenchyma. BMECs are ensheathed by
a specialized basement membrane enriched in collagen type IV, fi-
bronectin, laminin (411 and 511 isoforms), and perlecan [6]. Such

basement membrane is shared with brain pericytes capable of directly
interacting with BMECs through peg-and-socket interactions [7]. Al-
though the lining of endothelium by pericytes is common, endothelial-
pericyte coverage is the highest at the CNS vasculature. The presence of
a perivascular space between the basement membrane and the glia
limitans allows the circulation of CSF via bulk flow [8]. Astrocytes in-
teract with the blood-brain barrier by the presence of end-feet processes
juxtaposed on the abluminal side. Although neurons during develop-
ment play a significant role in brain angiogenesis and the onset of the
BBB during development [9,10], their contribution at the adult BBB
remains unclear [11,12]. We distinguish two types of barriers at the
BBB: a physical barrier (formed by tight junction complexes) and a
chemical barrier (represented by an array of drug transporters). The
presence of tight junction complexes, coupled with the presence of low
pinocytosis [13,14], limits the diffusion of ions and solutes between the
two compartments. Such restrictive diffusion contributes to a defined
microenvironment in the CNS, as marked by a distinct electrolyte
composition between the cerebral spinal fluid (CSF) and blood plasma.
In addition to such physical barrier, the presence of a chemical barrier
provides a tightly regulated diffusion of nutrients and hormones inside
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Fig. 1. Schematic representation of the blood-brain barrier.

the BBB. Diffusion of nutrients across the BBB is ensured by the pre-
sence of an array of different solute carriers (SLCs) and organic anion
transporter proteins (OATPs) responsible for the diffusion of nutrients
such as glucose (GLUT1, GLUT3) [15,16], amino-acids (L-system, y-
system amino acids) [17,18], thyroid hormones (MCT8, MCT10)
[19-22], or small organic anions (MCT1, OATP1A4) [23,24]. Larger
molecules, such as transferrin (Tf) or insulin (Ins) are mediated via
transcytosis via receptor-mediated transcytosis (RMT) [25,26], which
allows the delivering proteins of across the BBB via an endosomal-ly-
sosomal system.

On the other hand, the presence of drug efflux pumps belonging to
the ATP-binding cassette (ABC) transporters super-family, significantly
impacts the diffusion of lipophilic small molecules across the BBB.
Several efflux pumps have been described at the human BBB and in-
clude breast cancer resistance protein (BCRP/ABCG2), P-glycoprotein
(P-gp/ABCB1), and several multidrug resistance proteins (MRPs/
ABCCs). The presence of such efflux pumps constitutes an important
evolutionary feature primarily aimed to protect the CNS from the pe-
netration of harmful xenobiotics and environmental toxins, but also a
formidable challenge for small molecule drug delivery. It is estimated
that at least 98% of small molecule drugs and virtually 100% of large
molecule drugs cannot cross the BBB [27]. In summary, the presence of
a functional BBB is essential for the maintenance of the CNS home-
ostasis, yet its dysfunction during neurological disorders remains
mostly unclear or undefined.

1.2. The dysfunctional BBB: a key element of several neurological disorders

According to the World Health Organization [28], cerebrovascular
diseases represent over 55% of disability-adjusted life years impacted
by neurological disorders, and 85% of death attributed to neurological
disorders. Although the contribution of a dysfunctional BBB during
neurological disorders has been occulted for decades, recent studies
highlight the critical role of the BBB in the pathophysiology of many
neurological diseases including Alzheimer's disease [29], epilepsies
[30,31]1, Huntington's disease [32,33], Multiple Sclerosis [34], Parkin-
son's disease [35], stroke [36-38], and vascular cognitive impairment
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[39-41]. Yet, our current understanding of the cellular and molecular
mechanisms associating the BBB with such diseases are greatly ham-
pered by our limited access to cells and tissues from patients (biopsies
or post-mortem tissue), by in vitro models displaying poor barrier
tightness, by our inability to fully integrate most of the different com-
ponents of the neurovascular unit, and by the limitations inherent to the
use of rodent-based animal models. In conclusion, a need for in vitro
models of the BBB capable of recapitulating features observed in vivo, as
well as providing a scalable and patient-specific source of cells is
needed to improve our ability to understand the contribution of the BBB
in neurological disorders.

2. Diseases modeling and human pluripotent stem cells

2.1. Use of patient-derived pluripotent stem cells for neurological diseases
modeling: promises and challenges

According to the World Health Organization [28], neurological
diseases combined represent over 6.5% total burden of diseases
worldwide. Yet, most of these diseases remain incurable and most in-
terventions focus on symptomatic treatment. Furthermore, the trans-
lation of novel drug candidates into clinically efficacious drugs is
hampered by several pitfalls inherent to modeling the CNS in vitro and
in vivo, such as the post-mitotic nature of neurons (greatly limiting ac-
cess to primary cultures), the presence of a complex tissue cytoarchi-
tecture (partially addressed by tissue culture slices), anatomical and
molecular inter-species differences (between rodents and human brain),
and ultimately limited access to human brain samples. Since the
seminal work of Shinya Yanamaka establishing the derivation protocol
of induced pluripotent stem cells (iPSCs) from somatic cells [42,43] and
the neuronal differentiation protocol established by Zhang and collea-
gues on human embryonic stem cells [44], modeling neurological dis-
eases in vitro using iPSCs has revolutionized the medical field. In the last
decade, several neurological diseases based on iPSCs have been docu-
mented and include: X-linked adrenoleukodystrophy [45-47], Alzhei-
mer's disease [48-54], autism spectrum disorders [55-58], Down's
syndrome [59-61], epilepsies [62-68], Huntington's disease [69-71],
and Parkinson's disease [72-75].

Although the initial derivation protocol has been an incremental
step in obtaining a scalable source of patient cells, such protocol har-
bors several caveats: it relies on the random and permanent insertion of
these transcription factors, remains a laborious process with very low
yield (6 months for a yield of iPSCs ~0.01%), and a strict removal of
epigenetic markers associated with age or environmental exposure. In
addition, the use of a genome integrating method in the derivation
process constitutes a major challenge in translating such findings into
iPSC-based cell replacement therapies (CRT) [76].

To tackle these issues, several approaches have been developed
[76]. Firstly, several non-genomes integrating reprogramming methods
have been described including the use of episomal vectors that allow
cell reprogramming without the insertion of genomic sequences [77]. In
addition to genomic approaches, recent attempts have been made to
identify small molecules capable to achieve similar outcomes and re-
lieve the issue inherent to the insertion of foreign nucleic acids [78].
Yet, such approaches still suffer from the epigenetic reprogramming
and the loss of patient-specific epigenetic signature.

An alternative approach consists of differentiating somatic cells
directly into neurons without generating iPSCs. This process has been
showing some promising features: it appears successful in generating
motor neurons from patients suffering from amyotrophic lateral
sclerosis (ALS) [79], capable to occur in vivo by reprogramming astro-
cytes into neuroblasts [80], and maintain age-related epigenetic
changes [81],

Finally, recent advances in gene editing techniques (e.g. CRISPR/
Cas9) provides novel avenues in diseases modeling using iPSCs. A major
challenge in diseases modeling using patient-derived iPSCs is marked
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by the limited supply of patient-derived iPSC lines, the limited avail-
ability matched-controls (e.g. siblings, parents) and a possible inherent
genetic drifting due to the derivation and the maintenance of such lines.
The use of genome editing provides a fast and elegant approach by
selectively being able to insert or correct a mutation in an iPSC line in a
precise manner [82]. This approach allows investigators to obtain
parental cell lines with precise mutations, allowing a direct comparison
of the phenotype to the wild-type gene and removes variability inherent
to clonal or individual differences. In addition, such approach also
provides a “proof-of-concept” in assessing the viability of a gene
therapy-based approach to determine if the correction of a defective
gene result in the resolution of the phenotype observed.

In addition of challenges inherent to iPSCs, additional challenges
are still hindering iPSC-based disease models. One of the major chal-
lenges is the absence of a 3-dimensional structures reflective of the
cellular cytoarchitecture observed in vivo. An alternative to such issue is
the description of brain “organoids” providing a primitive multilayer
sphere. Yet, such structures suffer from multiple limitations including:
the absence of an extracellular matrix scaffold reflecting of the in vivo,
the absence of neuronal projections and tracts, and most importantly
the presence of multicellular organoids integrative of glial cells.

In conclusion, the use of iPSCs as a tool to model human neurolo-
gical diseases has gained an important momentum in the last decade in
the field of neurosciences. Yet, iPSC-based models still suffer from im-
portant limitations inherent to culturing conditions and raise the need
to address critical parameters (e.g. 3-dimensional cultures, multicellular
models...) that can make these models reliable alternatives to existing
in vivo models. Thus, a similar adoption of the same experimental
paradigm within the blood-brain barrier scientific community may
provide an influx of novelty and innovation, but also facing similar
challenges.

2.2. Modeling the human blood-brain barrier using human pluripotent stem
cells

Until recently, the use of in vitro models of the BBB for drug dis-
covery and disease modeling was hindered by several challenges: lim-
ited amount of biological material (brain blood vessels account for only
1% of the total brain content) obtainable from patients, the challenge in
the isolation and the scalability of primary BMEC cultures, the rapid
loss of BMEC phenotype and barrier function following sub-culturing
conditions [17,83], and notable differences in drug transporters be-
tween rodents and the human BBB. Such limitations dramatically re-
duced the interest and relevance of the use of in vitro BBB models as a
tool for CNS drug discovery and diseases modeling. Since the seminal
work of Lippmann and colleagues [84], over 30 peer-reviewed studies
using in vitro models based on stem cells have been published. As of
today, most studies utilizing human pluripotent stem cells (hPSCs) for
the generation of BMECs are based on the original differentiation pro-
tocol defined by Lippman and colleagues [84] and schematized in
Fig. 2. This protocol has been successfully used to differentiate human
amniotic stem cells [85], cord blood endothelial progenitor stem cells
[86], patient-derived induced pluripotent stem cells [69,87,88], and
hematopoietic stem cells [89] into BMECs. These hPSC-derived BMECs,
upon purification, display an immunological and barrier phenotype
(Fig. 3) comparable to somatic human BMECs obtained from primary or
immortalized cell cultures.

Although this protocol yields to differentiate stem cells into BMEC-
like cells that share similar features than somatic human BMECs,
However, this initial protocol suffers from several caveats: Firstly, the
undirected differentiation that fails to address the cell lineages present
during the first four days of differentiation and trace the origin of the
endothelial cell lineage. Secondly, the outcome of a mixed cultures
(endothelial cells/neuron progenitor cells) that may contribute to a
batch-to-batch variability in yield. Thirdly, the uncontrolled initial cell
density upon priming the differentiation that can influence the yield
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and quality of BMECs monolayers. Finally, the modest barrier tightness
observed in BMECs monolayers upon purification.

To overcome such issues, several iterations of this protocol has been
published to improve the quality of the differentiation (see Table 1 and
Fig. 4). Addition of retinoic acid (RA) [90], a signaling pathway en-
riched at the BBB [91,92], during the differentiation yielded to the
formation of tight monolayers, comparable to in vivo
(TEER ~ 4000-5000 Q-cm?). The establishment of an optimal cell
density seeding contributed to diminish batch-to-batch variability in
terms of yield [93]. Transition from complex medium formulation to
xeno-free and defined medium formulation [94,95] further contributed
in the reduction in batch-to-batch variability and into the introduction
of a xeno-free differentiation protocol.

Yet, the most significant advancement in BMECs differentiation
protocol came from a new differentiation protocol by Qian and col-
leagues [96]. In this BMEC differentiation protocol, BMECs are origi-
nating from a mesoderm, the same germ layer giving rise to the vas-
cular system (brain and non-brain vasculature) in vertebrates [97,98].
In particular, this protocol follows similarities with in vivo development:
endothelial cells are generated from a mesoderm lineage followed by
the induction of a BBB phenotype on endothelial cells using RA.

In summary, the use of hPSC as a source for blood-brain barrier
modeling has gained a momentum in the literature during the last five
years and have demonstrated clear signs of reproducibility. Yet, such
method is still in its infancy stage with significant challenges that need
to be addressed in order to have such models brought closer to pre-
clinical (in vivo) and clinical models.

3. Induced pluripotent stem cells as a tool to model the diseased
BBB

3.1. Adrenoleukodystrophy

Adrenoleukodystrophy (ALD) is a lethal metabolic, X-linked neu-
rological disease affecting 1 in 18,000 patients in the US. ALD is caused
by mutations in the ABCD1 gene, responsible for the efflux of very long
chain fatty acids (VLCFAs) from the cytosol into the peroxisome for [3-
oxidation. Mutations in the ABCD1 gene leads to accumulation of
VLCFAs, which can lead to different clinical outcomes.
Adrenomyeloneuropathy (AMN) is the more common and less severe
form of the disease and is characterized by progressive axonopathy and
demyelination of the long tracts of the spinal cord. Onset of AMN occurs
in adult patients during their 40s and 50s. Until now, most research on
this disease has focused on VLCFAs accumulation, however, such ac-
cumulation has not been a reliable prediction of clinical phenotype. A
recent publication by Lee and colleagues [99] showed that iPSC-derived
BMECs isolated from patients suffering from childhood cerebral ALD
(ccALD, the most severe form of ALD) exhibited an impaired barrier
phenotype (decreased TEER, increased permeability) compared to
controls. Furthermore, impaired barrier function was accompanied by
frayed tight junction complexes. Moreover, a transcriptome analysis
revealed an increased expression profile of genes associated with
transforming growth factor-f1 (TGF-B1) pathway in ccALD-BMECs
compared to controls. These observations were consistent with previous
findings in post-mortem brain tissues from ALD patients, but also with a
study by Musolino and colleagues in which silencing of ABCD1, but not
ABCD2, led to an increased TGF-P1 activity and decreased claudin-5
expression [100]. Interestingly, addition of block copolymers not only
reversed the impaired barrier function in ccALD BMECs, but also atte-
nuated the accumulation of lipids. In conclusion, the use of ccALD
patient-derived BMECs aided in understanding the effect that ccALD
has on the barrier phenotype [99]. Yet, the pertinence of such findings
to clinical settings remains to be demonstrated. A recent study high-
lighted the presence of white matter hyperintensity (possibly associated
with a BBB disruption) in patients diagnosed as an ataxic variant of ALD
(AVALD) and harboring mutations in the ABCD1 gene [101]. However,
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Fig. 2. Description of the differentiation
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the presence of a disrupted BBB in patients suffering from other forms
of ALD remains undocumented.

3.2. Allan-Herndon-Dudley Syndrome

Thyroid hormones play an important role during brain development
[102].

Triiodothyronine (T3) constitutes the biologically active form of
thyroid hormone, obtained from the deiodination of thyroxine (T4) in
the 5" position. At the human BBB, T3 hormone-exclusive uptake occurs
mostly via MCT8 (SLC16A2), however, several reports have highlighted
the contribution of other transporters in rodents, including MCT10,
Oatplcl or LAT-1, which were capable of transporting both T3 and T4
hormones [20,22,103,104]. Upon entering the brain, T3's (and T4 fol-
lowing its conversion by glial cells) primary target is neurons, in which
it acts as a nuclear factor and controls the expression of key genes in-
volved in brain developmental processes such as cell migration and
differentiation, myelination, and other signaling. Allan-Herndon-
Dudley Syndrome (AHDS) is a rare, X-linked mental retardation disease

and neuron progenitor cells

structures emanating from hPSC colonies
ridges. Scale bar = 200 um. ©
Representative micrograph pictures of day 8
hPSC colonies by immunofluorescence. Note
the presence selective positive im-
munostaining of these tube-like structures,
indicative of a neural cell lineage. The inner
cell population of these colonies were posi-
tive for CD31 (endothelial cell marker) and
for GLUT1 (Glucose transporter 1, selec-
tively expressed in BMECs). Scale
bar = 50 ym.

associated with mutations in the SLC16A2 gene [105]. Although the
generation of Mct8 /"~ animals resulted in the reproduction of certain
traits observed in AHDS patients, the presence of other transporters
exclusively expressed at the rodent BBB (Mct10, Oatplcl) hampered
the relevance of such models [20,106,107]. Recently, a report by Vatine
and colleagues [88] using iPSC-derived BMECs from AHDS patients
demonstrated that with the exception of impaired T3 transport, AHDS-
derived BMECs showed no differences in BMEC phenotype compared to
parental controls. Similar outcomes were observed in iPSC-derived
neurons, as AHDS-neurons displayed a lower T3 uptake compared to
controls. Notably, such model has been used both as a screening tool for
assessing the permeability of DIPTA (diiodothyropropionic acid, a T3
analog) and SLC16A2 gene correction using CRISPR/Cas9. Taken to-
gether, this iPSC-derived BBB model provided a complementary tool
capable to provide an approach that was limited in animal models (due
to the presence of other TH transporters), and suggested the ability to
use such model for screening potential drug candidates. However, this
model still suffers from several caveats: it only addressed a limited
number of mutations associated with MCT8, and it also failed to
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Fig. 3. Immunological and barrier phenotype of purified iPSC-derived BMECs.

(A) Representative micrograph picture of purified iPSC-derived BMECs monocultures at day 10 of differentiation. Note the absence of cellular markers indicative of
epithelial cell lineage (E-cadherin, cytokeratin 14, P63). Scale bar = 50 um. (B) Barrier properties of iPSC-derived BMECs (without or with retinoic acid treatment)
compared to primary cultures and immortalized cells. Cells capable to harbor TEER values over 500 Q-cm? are considered as tight monolayers.

provide an integrative model (inclusive of astrocytes and neurons)
capable to better reflect the in vivo situation.

3.3. Alzheimer's disease

Alzheimer's disease (AD) is the most common form of dementia,
marked by progressive loss of hippocampal neurons, characterized by
the presence of amyloid senile plaques (formed by A peptides ag-
gregation) and neurofibrillary tangles (enriched in hyperpho-
sphorylated tau proteins). Despite the important effort centered around
two major hypotheses (AR and tau hypotheses), tangible outcomes in
terms of clinically relevant drugs remains to be assessed [108]. More
recently, several studies highlighted the presence of a dysfunctional
BBB in AD patients and raised several hypotheses revolving around the
BBB and the NVU. Notably, several studies highlighted an impaired
cerebral blood flow (CBF) in an animal model of hypertension. Such

models correlated with similar outcomes observed in patients diag-
nosed with mild cognitive impairment (MCI). Another hypothesis sup-
ported by experimental data is the “Af} clearance” hypothesis. In this
hypothesis, the BBB plays an important role as a site for AR peptide
clearance. Such clearance occurs via a brain-to-blood efflux mechanism
via an RMT-dependent mechanism. In this hypothesis, A peptides bind
to LDL receptor related protein (LRP1), a receptor involved in brain
cholesterol homeostasis, internalize through the recruitment of PI-
CALM, and are excreted on the luminal side by a P-glycoprotein de-
pendent efflux [51,109-116]. This hypothesis has been reinforced
identifying the APOE allelic variant (e4) as an increased risk factor for
early onset of AD [117-119] and the reduction of PICALM in primary
BMEC cultures isolated from AD patients [51]. In addition to the AP
clearance mechanism, a study by Winkler and colleagues using a GLUT-
1 deficient/APP-PS1 overexpressing mouse strain, reported a negative
association between decreased GLUT-1 expression and impaired Af
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Table 1

hPSC-derived BMECs differentiation protocols.

Inducible by co-cultures

Barrier properties

Defined lineage Differentiation length (days) Additional steps Cell populations Xeno-free

Protocol type

Yes
Yes

No Modest

BMECs, neuron progenitors

14-16
14-16
14-16
14-16
12-14
14-16

Lippmann et al. [84]

N.D.

N.D.

N.D.

Yes

No

BMECs, neuron progenitors

10 uM retinoic acid

No

Lippmann et al. [90]
Wilson et al. [93]

No

BMECs, neuron progenitors

Defined cell density
Xeno-free medium

No

Yes

BMECs, neuron progenitors
Endothelial progenitors

Patel et Alahmad [94]
Hollmann et al. [95]
Qian et al. [91]

Yes

Xeno-free medium

Yes

Endothelial progenitors

10 uM CHIR99021

Mesoderm
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clearance [113]. The use of iPSC models to assess the presence of si-
milar mechanisms at the BBB remains as today anecdotical. Using an in
vitro model based on iPSC-derived monocultures, Zhao and colleagues
demonstrated the contribution of PICALM in AP transcytosis and
identified the single nucleotide polymorphism rs3851179 in PICALM
gene (GG variant) as potentially a contributing risk factor [51]. Yet
such model did not address the contribution of genes associated with
the familial form of AD (FAD). Our group recently initiated the differ-
entiation and the characterization of iPSC-derived BMECs from patients
diagnosed as FAD and harboring mutations in PSEN1 and PSEN2 genes
(unpublished data). However, the relevance of such PSEN mutations to
clinically relevant signs of the BBB disruption remains to be asserted.
Two studies highlighted the presence of cerebral microbleeds in PSEN1
transgenic mice [120,121], suggesting a similar outcome than observed
in our model and suggest a potential in vitro-in vivo correlation. Yet,
such model cannot answer the presence of a disrupted BBB in patients
presenting a late-onset of the disease and may also have to consider
other cofounding risk factors associated with AD (e.g stroke, type 2
diabetes) known to induce a BBB disruption [36,37]. Taken together,
iPSC-based model of FAD can provide an interesting insight on how
mutations commonly documented on a neural phenotype may impact
the BBB function. Yet, the pertinence of such models remains hindered
by our limited understanding of the AD pathophysiology on the BBB
function. Therefore, iPSC-based models of the BBB for studying AD can
provide a complementary tool to existing animal models, yet such tool
remains to be validated and demonstrate its ability to reflect phenom-
enon observed in vivo.

3.4. Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis (ALS) is the most common motor
neuron disease characterized by a progressive and lethal loss of motor
neurons. Until now, there are no treatments available that are capable
of reducing or reversing this condition. Two forms of ALS are described
in the literature: a sporadic form representing the vast majority of total
cases of ALS and a familial form linked to mutations in several genes
(C90RF72, FUS, SOD1, TDP-43) [122,123]. Although familial forms of
ALS represent a fraction of total cases of ALS (< 15%), the presence of a
genetic component has allowed researchers to identify putative gene
mutations associated with ALS. Several studies have highlighted fea-
tures associated with a dysfunctional BBB including a disruption of the
BBB [124], an activation of the BBB allowing the migration of immune
cells [124], an impaired response to oxidative stress [123], and an
abnormal increase in ABC transporter activity [125,126]. As of today,
with the exception of preliminary results based on iPSC-derived BMECs
co-cultured with motoneurons (Sances and colleagues, personal com-
munication), the publication of an iPSC-derived model of the BBB based
on ALS patients remains undocumented. As other models, the perti-
nence of such in vitro models remains limited to genetic forms of ALS,
which still represent only a fraction (< 15%) of the total cases of ALS
described in clinic.

3.5. GLUT1 deficiency syndrome

Despite its small size (~2% total body weight), the brain consumes
about 25% of the daily amount of glucose. Glucose transport across the
BBB is occurring via the presence of glucose transporters. At the human
BBB, various GLUT isoforms have been identified and include GLUT1
(considered as the major glucose transporter at the BBB), GLUT3, and to
a lesser extent, GLUT4 [15,16,113]. Although distribution of GLUT1 is
considered mostly on the luminal surface, a recent study by Devraj and
colleagues highlighted the presence of an abluminal distribution of
GLUT1 at the BBB [127]. Paradoxically, BMEC glucose utilization relies
on an anaerobic utilization despite being exposed to elevated O, levels
[128], suggesting an important dependence of BMECs on glucose.
GLUT1 deficiency syndrome (G1D) is a rare, autosomal dominant
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Fig. 4. Comparative flowchart of current iPSC-de-
rived BMECs differentiation protocols.
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disease characterized by the presence of epileptic-like seizure during
infancy, a developmental delay, and a movement disorder [129]. A
major pathophysiological aspect of the disease is marked by a decrease
CSF/blood ratio for both glucose and lactate levels in G1D patients
compared to controls. Mutations in the GLUT1 transporter have been
primarily reported by De Vivo and colleagues in 1991 [130], with
several mutations identified so far. Yet, the association between GLUT1
mutations and glucose uptake remains unclear. The current treatment
for G1D is the submission of these patients to a restrictive ketogenic diet
at an early age, with a progressive transition into a Modified Atkins Diet
[129,131-134]. Yet, such diet remains highly challenging in terms of
adherence and nutritional balance, as well as long-term issues of a lipid-
rich diet on the cardiovascular outcomes in patient. Although the
availability of G1D iPSCs remains virtually inexistent today, our group
has characterized the use of patient-derived iPSCs (isolated from
asymptomatic controls) as a screening tool to better understand glucose
transport at the BBB [15], as well as the impact of a ketogenic diet at
the BBB (unpublished data). Ultimately, our aim is to generate G1D
iPSCs from patients or via genetic editing to develop a screening plat-
form for identifying small molecules capable of partially restoring
functional glucose uptake at the BBB in G1D patients.

3.6. Huntington's disease

Huntington's disease (HD) is a lethal autosomal dominant disorder
affecting about 200,000 patients in the US per year. It is characterized
by a progressive degeneration of cortical and striatal neurons [135].
Individuals suffering from HD display several symptoms including an-
xiety, depression, and progressive and irreversible cognitive and motor
impairment. The main pathological event of HD is marked by a gain-of-
function mutation in the huntingtin gene (HTT). Although the function
of HTT gene product remains unclear, HD patients display a high se-
quence of CAG repeats in the HTT gene, resulting in the presence of a
polyglutamine (PolyQ) domain, allowing mutated HTT gene product
(mHTT) to aggregate and form oligomers. mHTT oligomers appear
microscopically as nuclear inclusions in striatal neurons. The incidence
of HD at the BBB remains mostly unclear, but recent studies noted
aberrant neurovascular features and neurovascular uncoupling in HD
mice models [32,136,137]. In particular, Drouin-Ouellet and colleagues
noted the presence of mHTT aggregates in several cerebrovascular re-
gions of R6/2 mice as well in HD patients brain tissue samples sug-
gesting an impaired BBB function in vivo [32]. Notably, this model
highlighted the presence of a BBB leakage in the striatum suggesting the
possible detrimental effect of mHTT at the BBB. Yet, a better under-
standing of the molecular mechanisms underlying such observation was
obtained by a recent study from Lim and colleagues [69]. In this study,
the authors have differentiated iPSCs obtained from HD patients into
BMECs. Notably, HD-BMECs showed a higher migratory and angiogenic

(EC + bFGF + RA + B27), RA (10 uM retinoic acid),
UM (DMEM/Ham's-F12, 20% knockout serum re-
placement, 1X non-essential aminoacids, 1X
Glutamax, 0.1 mM [(-mercaptoethanol).

phenotype compared to control-BMECs. In addition, HD-BMECs showed
lower barrier function compared to controls as marked by lower TEER
values, higher permeability to paracellular tracers, down-regulation of
tight junction protein expression, and reduced P-glycoprotein activity.
Further, impaired barrier function was inversely correlated with the
number of CAG repeats. A transcriptomic analysis highlighted the
possible delay in maturation of HD-BMECs compared to control BMECs,
and this delay appeared to be associated with an overactive canonical
WNT (WNT/B-catenin) pathway, a signaling pathway associated with
CNS angiogenesis and development of the BBB [138,139]. Taken to-
gether, HD-derived BBB model provides a potential insight of the con-
tribution of a dysfunctional BBB function in HD patients. Yet, the cor-
relation between such disruption and clinical features reflecting such
disruption remains to be documented.

3.7. Ischemic stroke

Stroke constitutes the fifth leading cause of death in men and the
third leading cause of death women in the US, according to the most
recent statistic of the American Heart Association (AHA) [140].
Amongst the different types of stroke, ischemic stroke still represents
the most common type of stroke (85%) and remains a major cause of
disability. Ischemic stroke onset is characterized by the detachment of a
thrombus from atherosclerotic plaques present in one of afferent ar-
teries (often at the carotid bifurcation). Such thrombus ultimately re-
sults in the occlusion of small caliber blood vessels, resulting in a severe
hypoperfusion, thereby depriving the tissue from adequate oxygen and
necessary nutrients. The BBB plays a critical role during stroke, as such
injury leads to the loss of tight junction complexes, leading to a un-
regulated water and solute diffusion inside the brain parenchyma, and
eventually neuronal cell death by excitotoxicity and edema [141].
Despite an important investment in finding treatments capable of
stopping or reversing ischemic injury, only one therapeutic (tissue
plasminogen activator) has been approved by the Food and Drug ad-
ministration [142-146]. Until now, in vitro models modestly con-
tributed to our global understanding of the disease at the human BBB
due to poor barrier properties. In addition, animal models of stroke
injury (MCAo) provide only a limited representation of the morbidity
and cardiovascular risk factors associated with stroke in patients [147].
Recently, our lab has assessed and characterized the cellular response of
iPSC-derived BMEC monolayers to ischemic stroke in vitro [148]. Using
oxygen-glucose deprivation (OGD), our group demonstrated the ability
to display a significant disruption of the BBB, as marked by a decrease
in TEER and an increased permeability. Furthermore, preliminary data
(unpublished results) indicates that such barrier disruption is not re-
stored during reoxygenation and involves the activation of the hypoxia-
inducible factor-1 (HIF-1) pathway, as well as the up-regulation of
vascular endothelial growth factor (VEGF). These two factors are well
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known hypoxia-driven pathways involved in the BBB disruption [149].
Furthermore, the use of an isogeneic model allowed us handful insights
on how other cells of the neurovascular unit (astrocytes, neurons)
modulate iPSC-derived BMECs response to OGD/reoxygenation injury
(unpublished data). Although iPSC-derived model appears as an ade-
quate tool to elucidate the mechanisms behind ischemia-induced bar-
rier disruption at the BBB and eventually maybe suitable as a screening
tool for identifying novel neuroprotective pathways, the absence of
perfusion-based in vitro models capable to reproduce the hypoperfu-
sion/reperfusion as seen in vivo still represents an important limiting
factor.

3.8. Pathogen-host interactions

Although the BBB naturally protects the CNS from infectious agents,
it can be impaired and disrupted by certain biological entities such as
viruses, bacteria, fungi, and parasites. Until now, our comprehension of
the pathophysiology underlying pathogen-host interactions at the BBB
remains unclear and poorly characterized. Several studies have been
investigating the cellular mechanisms by which these pathogens in-
teract with the BBB using iPSC-based models. For instance, a recent
study by Alimonti and colleagues investigated the interaction of Zika
virus (ZIKV) with iPSC-derived BMEC monocultures [85]. They ob-
served that ZIKV was able to diffuse across the BBB via a transcellular
route, without affecting tight junction complexes. Another study pub-
lished by Kim and colleagues characterized the ability of Group B
Streptococcus (a Gram+ cocci associated with neonatal bacterial me-
ningitis) to impair the barrier function in iPSC-derived BMEC mono-
layers [150]. In particular, expression of virulence factors on the bac-
teria surface of this bacterium induced the disruption of the BBB by
disruption of the tight junction complexes via activation of Snail-1.
More recently, our group characterized the ability of 2,5-diketopiper-
azine gliotoxin, a class of mycotoxin produced by Aspergillus to breach
the BBB. Gliotoxin was able to impair the barrier function in iPSC-de-
rived BMECs without altering tight junction complexes [151]. As these
particular pathogens only account for a handful of neurological dis-
orders associated with pathogen-host interaction, more research needs
to be done to investigate how other pathogens may breach the BBB to
cause neurological dysfunction.

4. Current opportunities, challenges and future directions of iPSC-
based models of the blood-brain barrier

The blood-brain barrier (BBB) constitutes an important cellular in-
terface between the circulatory system and the central nervous system,
providing an essential physical and chemical barrier aimed to provide a
stable and protected microenvironment to neurons.

For decades, the contribution of the cerebrovascular system in the
development and progression of neurological diseases has been oc-
culted. However, in the recent years, a growing number of studies have
highlighted the contribution of a dysfunctional BBB in many neurolo-
gical diseases. Yet, the use of in vitro and in vivo models of the diseased
BBB has been hindered by several obstacles including the poor barrier
properties of current in vitro models, the lack of scalability of primary
cell cultures, and most importantly, the limited access to tissue samples
from patients suffering from such diseases. Since the initial differ-
entiation protocol of human embryonic stem cells into neurons [44]
and the derivation of somatic cells into induced pluripotent stem cells
(iPSCs) [42,43], significant advances have been made in the use of
iPSCs to model neurological disorders and to better understand the
cellular and molecular mechanisms underlying such conditions. Since
the original publication of the differentiation protocol by Lippmann and
colleagues [84], over 30 studies using stem cell derived models of the
BBB have been published, suggesting the rising popularity of this model
amongst the community. Stem cell-based models of the BBB provide
key advantages compared to existing in vitro models as such models
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provide a human, scalable, and reproducible source of cells capable of
achieving barrier properties similar to in vivo. In addition, the use of
iPSCs provides a modular model allowing the use of isogeneic co-cul-
tures (astrocytes and/or neurons) and therefore bring such models
closer to the complexity observed in vivo. More recently, iPSC-derived
models of the BBB have been documented to model the barrier during
neurological diseases triggered by genetic or environmental factors. The
use of patient-specific in vitro models of the BBB opens up novel avenues
to investigate how genetic disorders associated with neurological
symptoms impair the barrier function, thus eventually leading us to the
identification of novel therapeutic targets. Yet, as promising as such
models are, they still suffer from several limitations, including several
limitations inherent to the use of iPSC-based models.

Firstly, the presence of limited availability iPSC lines from stem cell
repository makes it difficult to sort phenotype outcomes inherently due
to a gene mutation from the genetic variability due to the derivation
and maintenance of iPSCs.

Secondly, there is still a skepticism on whether these iPSC-derived
BMECs are fully representative of human BMECs, both primary and
immortalized sources. Until now, we and others assume that such iPSC-
derived BMECs are representative of human BMECs based on the phe-
notyping using limited criteria (protein expression of cell markers,
barrier function...). Thus, a comprehensive and comparative multi-
omics approach (e.g. RNA-seq, proteomics, lipidomics) directly com-
paring such iPSC-derived BMECs to somatic BMECs is still needed.
Vatine and colleagues [88] has provided a limited insight by comparing
their iPSC-derived BMECs to primary human BMECs and reported about
90% gene expression overlap between their iPSC-derived BMECs and
primary BMECs. Yet, such comparison focused on a limited set of genes
(504 genes) and did not assess differences in terms of relative gene
expression.

Thirdly, a recurrent issue that was observed with iPSC-based models
of the BBB from diseased patients is the limited or absent in vitro-to-in
vivo correlation (IVIVC) and the pertinence of a disrupted BBB in re-
gards of the clinical pathology. Although such models show a disrupted
barrier function compared to controls, the pertinence of such disruption
appears limited to genetic forms that represent only a fraction of the
total number of cases for such diseases. Therefore, clinical studies
supporting changes in the BBB integrity via the documentation of
changes in biomarkers and neuroimaging can help bolster the transla-
tional aspects of iPSC-based models.

Finally, an important caveat of such model remains the limited re-
flectivity of the in vivo situation: these models often are based on BMECs
monocultures grown in a static microenvironment. The integration of
the different cell types in cultures as described with “isogeneic models
of the BBB” [87,152] are aimed to provide an integrative in vitro model
closer to in vivo settings (Fig. 5). In such models, astrocytes and neurons
are obtained from the same iPSC line using distinct protocols and re-
united as co-cultures upon complete differentiation of these cell types.
The advantage of such models allows a modularity while maintaining a
patient-specific source of cells, but also bring such models closer to in
vivo. Although current iPSC-based models have several advantages
compared to other models, the absence of a shear stress at the luminal
side of BMEC monolayers still constitutes an important issue that
cannot be ignored. However, recent attempts have been made to
overcome such limitations by adopting the use of microfluidic devices
(Fig. 5) [153-155]. Earlier studies have used primary and/or im-
mortalized BMECs grown in monocultures or as co-cultures [155-158]
More recent studies have used BMECs derived from iPSCs to mimic the
NVU using microfluidic technology. Some incentives of microfluidics
technology combined with iPSC-derived BMECs are flow based condi-
tions with continuous maintenance of high barrier properties
(TEER > 3000 Q-cm?) for more than a week [159]. Microfluidic models
combined with iPSC-derived BMECs and spinal neural progenitors have
been used to understand developmental perspectives of spinal cord
development in the presence of the BBB [160]. More research into iPSC-
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Fig. 5. Comparative experimental setup between static and dynamic in vitro models of the BBB.

derived BMECs used with microfluidics devices would provide a more
in vivo-like NVU for disease modeling and therapeutic screening, but
also bring such models closer to pre-clinical and clinical models.

In conclusion, stem-cell based models of the blood-brain barrier
show promising potentials, yet there are several challenges ahead to
consider such models as viable alternatives to in vivo models. Potential
avenues of improvement of current iPSC-based models may include: 1)
the development of differentiation protocols allowing a direct differ-
entiation of somatic cells into BMECs, 2) the inclusion of iPSCs from
patients with sporadic forms of the neurological diseases, 3) the in-
tegration of the different components of the neurovascular unit into a
hydrodynamic cell culture.

We can hypothesize in a foreseeable future that patient-derived in
vitro models of the blood-brain barrier may contribute as a valuable tool
for personalized and precision medicine.
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