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Abstract

Introduction. The human in vitro blood-brain barrier (BBB) models may offer an important tool to
study BBB development, maintenance and regulation. However, our capacity to obtain information
from these models is still limited in part because only in recent years (i) these models have been
derived from non-brain cell sources (e.g. stem cells), (ii) microfluidic systems have been developed
to recapitulate aspects of BBB physiology and (iii) new insights into the molecular and cellular
mechanisms of BBB diseases (e.g. Huntington’s, Allan-Herndon-Dudley Syndrome) have been

described.

Area covered. This article reviews (i) technological advances (particularly in the last 3 years) in the
derivation of human cells from the neurovascular unit using stem cells and the creation of
personalized BBB models generated from patients with neurodegenerative diseases, as well as, (ii)
the scientific advances generated from the in vitro BBB models regarding neuroinflammation,
contribution of individual cells of the BBB for BBB function and disease, response to mechanical

forces (ECs) and drug discovery, BBB permeability and modulation.

Expert opinion. The recent technological advances in the derivation of human cells from the
neurovascular unit from stem cells as well as in the generation of BBB-on-a-chip that recapitulate in
vitro part of the BBB physiology are significant to generate more robust BBB models; however, a
considerable effort is still needed to validate the potential of these models to recapitulate the in vivo

cellular and molecular mechanisms, in particular regarding BBB function in health and disease.

List of abbreviations: brain-like endothelial cells (BLECs); blood-brain barrier (BBB); endothelial
cells (ECs); neurovascular unit (NVU); Allan-Herndon-Dudley syndrome (AHDS); Huntington’s
disease (HD); P-glycoprotein (Pgp); multidrug resistance protein (MRP-1); breast cancer resistance
protein (BCRP); induced pluripotent stem cells (iPSCs); neural stem cells (NSCs); glial fibrillary
acidic protein (GFAP); retinoic acid (RA); extracellular matrix (ECM); trans-endothelial electrical
resistance (TEER); tumor necrosis factor-alpha (TNF-a); granulocyte colony stimulating factor (G-
CSF); claudin 5 (CLDNY); peripheral blood mononuclear cells (PBMNCs); zonula occludens-1 (ZO-
1); von Willebrand factor (vWF); glucose transporter 1 (GLUT-1); L-type amino acid transporter 1
(LATT); monocarboxylate transporter 1 (MCT1); chemokine (C-C motif) ligand 2 (CCL2).

1- Introduction
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Drug development for the treatment of brain diseases requires the study of the effect of the
drug in the BBB as well as its transport through the BBB. Typically, these tests are performed in
small animals since they allow the characterization of the drug’s pharmacodynamics and
pharmacokinetics as well as the potential immune response elicited by drug. However, these tests are
costly, time consuming and raise ethical issues due to animal use. In addition, due to the differences
between the BBB in animals and humans in the expression of P-glycoprotein (Pgp), multidrug
resistance-associated proteins, transporters and claudins as well as brain pharmacokinetics of Pgp
substrates (reviewed in [1]), many successful drugs in pre-clinical models failed in the translation to
humans. Computational (or “in silico”) strategies have been proposed as a potential tool to predict
BBB drug permeability; however, the insufficient data for modeling active transport processes
hindered the general adoption of these methodologies [2]. Therefore, since the first isolation of brain
capillaries almost 50 years ago [3], researchers have devoted considerable resources to generate
human in vitro BBB models capable of mimicking the in vivo counterpart. The first human brain EC
line (hCMEC/D3) was derived in 2005 [4] and human BBB models based on cells derived from
human pluripotent stem cells [5], hematopoietic stem/progenitor cells [6] and circulating endothelial
progenitor cells [7] have only been generated between 2012 and 2014. Therefore, the human in vitro
BBB models have a relatively short history.

Human in vitro BBB models are very important models to study pathological and
physiological mechanisms of the BBB and to identify formulations (e.g. drugs, nanocarriers) that are
able to cross this biological barrier [8-11]. Several BBB models have been proposed based on static
(e.g. transwell systems) and dynamic (e.g. BBB-on-a-chip) systems. In these systems, cells of the
neurovascular unit (NVU) (e.g. ECs, astrocytes, pericytes, neurons, microglia, amongst others) have
been derived/isolated from primary sources, immortalized cells, or stem cell derivatives. The
advantages and limitations of these systems have been largely discussed in recent reviews and thus

will not be covered here [1,8,12]. Human cells can be obtained from biopsies or autopsies of patients
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with brain diseases such as epilepsy, Alzheimer’'s disease (AD), brain tumors, among others.
Unfortunately, the isolation process is costly and time consuming. Human cells of the NVU can be
obtained from human immortalized cells; however, in general, the brain ECs suffer from high
permeability and they do not offer a possibility for the generation of genetic disease BBB models.
Finally, human cells of the NVU may be derived from human pluripotent stem cells [5] or human
multipotent stem/progenitor cells [6,7]. To generate a reliable in vitro human BBB model one should
generate cells that: (i) express brain EC markers including endothelial (VE-cadherin, vWF, CD31)
and tight junction (claudin 1, claudin 3, claudin 5, occludin, ZO-1), (ii) display high junctional
tightness as measured by TEER and paracellular permeability measurements (the in vivo TEER is
estimated to be between 1000 and 2000 Qcm? in rat or frog brains [13,14]), (iii) express efflux
transporters (including Pgp, BCRP, and MRP), solute carrier transporters (GLUT-1, LAT1, MCT1)
and receptors (e.g. transferrin) (for all these proteins, the levels have been determined by mass
spectrometry on brain ECs isolated from human individuals [1]), (iv) have low vesicular transport
(i.e. downregulation of transcytosis markers such as caveolin-1 and plamalemma vesicle-associated
protein (PLVAP) and upregulation of major facilitator superfamily domain containing 2a (Mfsd2a),
a multitransmembrane lipid transporter [ 15]) and (v) responsiveness of the brain ECs to the regulation
by NVU cells as well as pro-inflammatory signals.

In the last years, advances in BBB modeling have been mostly ascribed to the derivation of
human NVU cells, in the in vitro recapitulation of the in vivo BBB extracellular matrix (ECM), and
in the development of more advanced microfluidic systems able to recapitulate the BBB physiology
(Fig. 1). Due to these advances, the first stem cell-based BBB models derived from genetic-driven
diseases such as Huntington’s disease and Allan-Herndon-Dudley Syndrome have been developed in
2017 [16,17]. Moreover, our understanding about the function, activity and regulation of the BBB in
health and disease has improved. The in vitro BBB models allowed us to gather relevant information

at cellular and molecular levels. The first part of this article reviews the technological advances in
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human BBB modeling, particularly in the last 3 years, and the second part reviews the biological
information that has been generated using these models. Finally, the article discusses future directions

in this research area.

2- Recent advances in the development of human in vitro BBB models
2.1- Advances in the derivation of human NVU cells
2.1.1- Human brain-like endothelial cells (BLECS)

In the last 5 years most of the progresses reported in the derivation of human BLECs have
been achieved using iPSCs as cell source. Initial studies reported the derivation of human BLECs
from iPSCs using a differentiation protocol that involved a co-culture of neural and endothelial
progenitor cells [5,18,19] (Fig. 2A). The differentiation protocol had several limitations including the
fact that the differentiation media was not chemically defined and the signature and dynamic of the
different subpopulations arising during the differentiation protocol was not well characterized. In the
last years, progresses have been done in the derivation of human BLECs in a chemically defined
media [19,20] allowing researchers to investigate in more detail the mechanisms that specify hPSCs
into BLECs. Several signaling pathways have been identified to play an important role either in the
differentiation of iPSCs into endothelial progenitor cells as well as their specification into BLECs
such as the canonical Wnt and retinoic acid (RA) pathways [5,18]. Developmental biology studies
have shown that the Wnt signaling pathway controlled the specification of ECs into the brain sub-
phenotype [21,22] whereas the RA signaling was recently identified as critical for the induction of
the BBB development [18,23].

Progresses have been also done in the derivation of BLECs in chemical defined media using
a two-step protocol comprising the differentiation into vascular progenitor cells followed by their
differentiation into BLECs [20] (Fig. 2B). This protocol shed light into the developmental steps

involved in the generation of ECs with brain sub-phenotype. Initially, hiPSCs were differentiated into
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mesoderm progenitor cells by the activation of the canonical Wnt signaling. These progenitor cells
were characterized by the expression of vascular endothelial growth factor receptor 2. Subsequently,
these vascular progenitor cells were differentiated into BLECs in culture medium containing RA. At
the end of the differentiation process (day 8), the cells were cultured on top of human placenta-derived
collagen IV/human plasma-derived fibronectin coated surface for 2 days for the generation of the
BBB model.

The derivation of BBB models from iPSCs generated from patients with neurodegenerative
diseases has been reported recently. BLECs have been derived from Huntington's disease (HD) [16]
as well as from Allan-Herndon-Dudley syndrome (AHDS) iPSCs [17] using previously established
differentiation protocols [5]. No differences in the percentage of BLECs obtained from HD and
control iPSCs was observed. However, HD-BLECs showed increased migration compared to control
BLEC:s and this difference could not be attributed to differences in BLEC proliferation. In addition,
HD-BLECs formed a continuous cell monolayer showing alterations in the localization of CLDNS at
cell junctions, reduced trans-endothelial electrical resistance (TEER) values as compared to control
BLECs and aberrant Pgp function (Fig. 3) suggesting that the BBB formed by HD-BLECs had
increased paracellular permeability. Moreover, HD-BLECs transcriptome was distinct from control
BLECs lending support to the notion that cellular and molecular differences between HD and control-
derived cells play an important role in BBB function. Using this BBB model, the authors identified a
small molecule WNT inhibitor, XAV939, that was able to recue some of the defects observed in the
biological properties of HD-BLECs. Noteworthy, the derivation of BBB models from iPSCs derived
from patients also requires the generation of isogenic cell lines (i.e., cells that have the same genetic
background but without the genetic mutation responsible for the disease) [17,24]. These isogenic cell
lines are critical to study the effect of the mutation in the developmental and functional properties of

the BBB.
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Although the derivation of BLECs from iPSCs has been demonstrated in chemically defined
conditions, further testing is needed to demonstrate their long-term stability and BBB properties.
Some general properties of in vitro BBB models are presented in Table 1. The in vitro BBB models
generated from iPSC-derived BLECs have a higher TEER (between 1000 and 2000 Qcm?; although
unstable over time) than models generated by BLECs derived from adult human progenitor cells or
immortalized human brain ECs [19,20]. Further analyses are required to verify the maintenance of
the brain sub-phenotype of the ECs, in particular after long-term expansion (necessary to obtain
sufficient number of cells for high-throughput screening, for example) as it has been done for other
ECs [25]. In this case, the temporal modulation of certain signaling pathways might be required to
maintain the stability of the phenotype [26]. Moreover, the co-culture of iPSC-derived BLECs with
astrocytes and pericytes in a perfused three-dimensional network might also increase the stability of
the derived cells since they showed paracellular permeability values close to the ones found in vivo
[27]. Another aspect that requires further attention is the functional characterization of BLECs. In
most studies, a restricted number of functional assays have been used to characterize BLECs (e.g. up-
regulation of intercellular adhesion molecule 1 expression after treatment with tumor necrosis factor
o, efflux transporter activities such as Pgp, MRP and BCRP, polarization of Pgp activity) [20] and
therefore a more exhaustive functional characterization of transporters, receptors (e.g. transferrin,
toll-like receptors, adenosine receptors), expression of chemokines, among other parameters, should

be done.

2.1.2- Human astrocytes, pericytes, neurons and microglia

Besides human brain ECs, the inclusion of cells from the NVU (e.g. human astrocytes,
neurons, microglia and pericytes) may help the development of more reliable in vitro BBB models
[1,6,8]. These cells provide cues that are critical in the development, maintenance, and regulation of

unique BBB properties. In some cases, they have been isolated from human autopsies/biopsies [28]
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while in other cases they have been generated from human hematopoietic progenitor cells [29] or
hiPSCs [30]. In this last case, some studies have derived human brain ECs, astrocytes and neurons
from the same iPSC line to generate isogenic in vitro BBB models formed by co-culture of the
different cells [24]. It is important to note that these iPSC-based models create an interesting
opportunity for personalized medicine.

Human astrocytes have been derived either from hiPSC-derived neural stem cells (NSCs) [30]
or cell aggregates (EZ spheres) [24]. The NSCs were characterized by the expression of markers
including transcription factors SOX1 and SOX2 as well as the intermediate filament protein NESTIN
and the absence of pluripotency and astroglial markers [30]. The NSCs were then differentiated into
astrocytes expressing the protein glial fibrillary acidic protein (GFAP). For the differentiation
protocol comprising a cell aggregate step, iPSCs were initially differentiated as cell aggregates (EZ
spheres) and subsequently, using astrocyte induction medium supplemented with RA, differentiated
into astrospheres, a neural progenitor population [24]. Astrospheres were differentiated into
astrocytes in culture medium supplemented with N2 ultimately yielding cells with glial morphology,
expression of GFAP and S100 calcium binding protein (S100B), and absence of the expression of
PAX-6 or BIII tubulin.

Human neurons have been also derived from hiPSCs. In this case, at least two different
differentiation protocols have been developed either with or without cell aggregates (EZ spheres). In
one case, iPSCs were cultured in the presence of an inductive medium generating a mixture of neurons
and astrocytes [31]. In the second case, iPSCs were differentiated into neurons from EZ-spheres [24]
using basal media supplemented with B27 (without vitamin A). In both protocols [24,31], the neurons
were characterized by the expression of BIII-TUBULIN, NCAM, NeuN, glutamate transporters
VGLUTI1, VGLUT?2, synaptic proteins SYNAPTOTAGMIN and SYNAPTOPHYSIN and by the
capacity to generate action potentials as demonstrated by patch-clamp techniques. These cells did not

express GFAP, an astrocyte marker, or S100B, a mature glial-specific marker.
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Finally, human pericytes have been also derived from human iPSCs. In this case, iPSCs were
differentiated into early vascular cells (CD146*CD105*VECAD"-PDGFRB") which were then
specified into pericytes using a low concentration of vascular endothelial growth factor (VEGF)

[32,33]. It remains to be determined whether these pericytes have brain-specific attributes.

2.2- Advances in recapitulating the in vivo BBB ECM

The importance of ECM during iPSC differentiation into BLECs and then in the formation of
a BBB monolayer is a topic that deserves further investigation. The remodeling of ECM during the
induction of the BBB has been shown by developmental studies but its importance during the
differentiation of iPSCs into BLECs has not been investigated. In contrast, the role of the ECM during
the formation and maturation of the BBB has been in partially investigated. For example, it has been
demonstrated that the basement membrane ECM is important for the barrier properties of BLECs
[34], including the presence of collagen type IV, fibronectin and laminin. In addition, the impact of
the ECM composition during the formation and maintenance of BBB using iPSC-derived BLECs has
been investigated [35]. Cells cultured in chemically-crosslinked collagen I gels coated with a mixture
of fibronectin and collagen IV enabled the formation of confluent EC monolayers ultimately yielding
a BBB with the highest TEER value compared to controls [35].

The ECM is important not only due to the specific chemistry but also due to the topography
and mechanical properties of its constituents. In most of the current in vitro BBB models, the brain
ECs are cultured on transwell membrane inserts which have mechanical properties (= 2 GPa)
markedly different from the in vivo BBB ECM (8-10 kPa) [36]. Recent studies have shown that 3D
nanofibers matrices prepared by either poly(lactic-co-glycolic acid) (PLGA) (diameter of PLGA
nanofibers: 800 nm; Young’'s modulus: = 54 MPa) or gelatin may be a better substrate for BBB
formation and maintenance [36,37]. In this case, iPSC-derived BLECs as well as iPSC-derived

astrocytes were able to migrate through the three-dimensional electrospun mesh and the reported
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TEER values of = 180 Qcm? were closer to the in vivo counterpart. Moreover, a two-photon
lithography technique has been used to develop a dynamic three-dimensional BBB model able to
reproduce, at 1:1 scale, the capillaries of the neurovascular system [38]. The scaffold of the BBB
model consisted of a porous tubular structure (10 wm in diameter) in which brain ECs were deposited
to form a three-dimensional tubular structure. Although the model was generated with mouse brain

ECs, it is anticipated that the same microfabricated scaffold may be used with human brain ECs.

2.3- Advances in BBB modeling

In the last years, organ-on-chip have emerged as a promising study platform to unravel spatial
and temporal dynamics of the biological barriers including the BBB [12,39,40]. BBB-on-a-chip are
microfluidic devices in which cells of the NVU (e.g. brain ECs, astrocytes, neurons, pericytes,
microglia) are cultured in a controlled microenvironment (e.g. perfusion with cell culture media in
conditions that mimic in vivo fluid flow; adhesion to ECM components that exist in the basement
membrane of the BBB; cultured in substrates with a certain topography and geometry that mimics
the curvature that the cells are exposed to in the in vivo BBB) that recapitulates, at least in part, the
in vivo BBB environment, and from which we can obtain biological information (through the use of
sensors included in the microfluidic systems) [41]. Indeed, data collected from different studies has
shown that these dynamic BBB models may offer an advantage to conventional Transwell systems
for the study of immune cell migration through the BBB [29] as well as to study the neurovascular
function and inflammatory processes [42]. In addition, they offer a more complex environment than
dynamic in vitro BBB models established previously based on co-cultures of human microvascular
ECs with human astrocytes [43,44]. For the generation of BBB-on-a-chip, human brain microvascular
ECs [28], human brain ECs from human hematopoietic progenitor cells [29], iPSC-derived BLECs
[45,46] as well as primary cells from the NVU have been used. Both 2D [47,48] and 3D [42,49-53]

models of BBB have been developed within microfluidic platforms. The 3D models recapitulate in
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vitro the 3D cellular organization existent in the in vivo BBB and are therefore preferred to study the
activity of brain parenchyma including neuronal activity; however, the complexity of the model may
not be desirable for certain applications such as high-throughput screening. Ten BBB-on-a-chip
models (4 of which human BBB models) have been described until 2016 [41] and the number has
increased to approximately 20 in the last 2-3 years.

The BBB-on-a-chip was very useful to obtain insights into the communication between the
different cells comprising the NVU [28]. In addition, the BBB-on-a-chip models can monitor in real
time biological/transport parameters associated with the BBB that are important for a better
understanding of BBB physiology. The BBB-on-a-chip has sensors able to monitor in real time the
TEER, the transport of molecules between the microfluidic chambers, the transmigration of
neutrophils across the endothelial barrier in the presence of an inflammatory trigger, among other
properties.

Currently, BBB-on-a-chip models have some limitations. An important limitation described
in most BBB-on-a-chip studies is the fact that the flow shear stress used was lower than the
physiological (10-20 dynes cm™2 in brain capillaries [54] versus below 10 dyne/cm? in BBB-on-a-
chip [28,42]). In some cases, the low flow shear stress was motivated by economic reasons (i.e., cost
associated to large volumes of cell culture media) [42]. Yet, it is known that flow shear stress is
important to increase the contact area between cells and to make a robust BBB [45]. In contrast to
other ECs, human brain ECs do not align in response to physiological shear stress and they do not
show significant differences in cell average relatively to cells cultured under static conditions. With
some exceptions [29], another limitation of the BBB-on-a-chip models is the fact that they did not
explore the contribution of microglia and other cells from the immune system in the maintenance and
activity of the BBB. Finally, BBB-on-a-chip models may not be ideal for high-throughput screening
(HTS) endeavors because they require extensive optimization and the costs associated to cell culture

media might be prohibitive. For HTS, the use of BBB spheroids, formed by a core of astrocytes and
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a surface layer of brain ECs and pericytes, displaying reproducible features and functions may be an
alternative to BBB-on-a-chip models [55]. However, the low reproducibility in the generation of BBB

spheroids might limit the readout of the screening.

3- What have we learned from in vitro BBB models in terms of BBB biology and treatment?
Despite the significant progresses made in BBB modelling during the last years, namely in
our ability to recapitulate in the laboratory aspects of the human BBB biology, a very important
question remains to be addressed: what have we learned in terms of BBB biology and treatment from
these in vitro human BBB models? Below, we describe several areas in which the human in vitro

BBB models have been useful to elucidate BBB biology, regulation and permeability (Fig. 4).

3.1- Neuroinflammation

Human in vitro BBB models have been very useful to demonstrate the regulatory mechanisms
of BBB permeability in pathological conditions mediated by pro-inflammatory molecules such as
tumor necrosis factor-alpha (TNF-a) or chemokine (C-C motif) ligand 2 (CCL2) [56] and oxygen
and glucose deprivation [57]. Pro-inflammatory molecules, present in the systemic circulation, have
the capacity to induce the opening of the BBB and reduce the expression and activity of efflux
transporters such as Pgp and BCRP [58]. The magnitude of this effect is likely different in humans
versus other mammalians due to differences in the expression of adhesion molecules, such as [ICAM-1
and VCAM-1, as well as transporters such as Pgp [1]. A 3D BBB model generated in a microfluidic
chip highlighted the individual contributions of brain vasculature-associated cells to
neuroinflammation, after exposure to TNF-o [42]. Co-cultures of human astrocytes or human
pericytes with human brain ECs in the microfluidic chip led to enhanced secretion of granulocyte
colony stimulating factor (G-CSF) and interleukin-6 after exposure to TNF-a when compared with

brain ECs alone. Interestingly, an increase in G-CSF secretion was already observed in the co-culture
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of pericytes with brain ECs even without exposure to TNF- o (this was not the case in the co-culture
of astrocytes with brain ECs).

Human in vitro models were also important to study the interaction of human monocytes with
the brain ECs and the mechanism of BBB opening. The blockage of ERK1/2 pathway [59] or the
activation of sphingosine-1-phosphate receptor [60] in brain ECs may reduce the capacity of
monocytes to open the BBB and to cross it. In addition, the human BBB models have been useful to
study the adhesion and migration of peripheral blood mononuclear cells (PBMNCs) across a
monolayer of brain ECs in the context of pathologies such as multiple sclerosis [61]. For example, it
has been shown that PBMNCs migration was dependent on the percentage of cells expressing PSGL-
1. Migration across the BBB of PBMNC:s from patients with multiple sclerosis (having high number
of CD4" T lymphocytes expressing PSGL-1) was higher than PBMNCs from healthy individuals.
The dynamics of T cell interaction with a human in vitro BBB model has been also investigated in a
BBB-on-a-chip model [29]. Using this model, it was possible to demonstrate the polarization of T
cells and the migration across the in vitro BBB model. Finally, human in vitro BBB models were
paramount to study the interaction of pathogens with brain ECs, and these aspects have been reviewed
elsewhere for an immortalized human brain EC [62]. It is expected that iPSC-derived BLECs may

extend the biological information available because they will give information for each individual.

3.2- BBB biology and maintenance

The in vitro BBB models were very relevant to highlight the role of each cell type of the NVU
in the induction and maintenance of the BBB. For example, studies with isogenic NVU cells (cells
differentiated from the same iPSC donor) demonstrated that astrocytes, compared to neurons, induced
a tighter BBB, as measured by TEER measurements, when co-cultured with brain ECs [24]. In
addition, studies in a human in vitro BBB model composed of BLECs derived from human

hematopoietic/progenitor cells indicated that pericytes were crucial to promote the formation of tight
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junctions and reduce paracellular permeability [6]. The importance of pericytes in the regulation of
BBB properties has been further demonstrated by in vivo studies (for a review see ref. [63]).
Moreover, a BBB-on-a-chip model containing several compartments, demonstrated: (i) intercellular
communication, mediated by paracrine factors, between the brain ECs and the other cells at the NVU,
and (i1) metabolic coupling between the vasculature and the brain parenchyma. The results supported
the idea that endothelial and perivascular cells of the BBB secreted a higher number of different types

of molecules than the neurons, at least in this particular milieu [28].

3.3- BBB response to mechanical stress

Important information has been collected about the activity of human brain ECs cultured
under flow shear stress, such as their incapacity to align in response to flow shear stress [45,64]. In
contrast to other ECs (e.g. human umbilical vein ECs), human brain ECs showed a random actin
cytoskeleton in response to flow shear stress (up to 16 dyne/cm?) [64]. The incapacity of cells to
respond to flow might be due to a need of brain ECs to minimize paracellular transport into the brain
which requires a reduction in the length of tight junctions per unit length of the capillary [65]. It is
known that vascular endothelial (VE)-cadherin acts as a mechanosensory adaptor protein capable of
transducing shear forces in ECs [66] which in turn influence the tight junction’s assembly, such as
occludin, by the engagement of a Tiaml/Racl/phosphatase mechanism [67]. The enhanced
localization of the tight-junctions to the cell-cell contacts significantly decrease the barrier
permeability in brain ECs [67-69]. For example, the TEER value of a monolayer of immortalized
human brain ECs (hCMEC/D3) in static conditions is in the order of 30-50 Qcm? while in dynamic
conditions is in the order of 1000-1200 Qcm? [68]. It is interesting to note that the expression and
localization of tight junctions such as claudin-5, occludin and ZO-1 in human iPSC-derived BLECs
does not seem to be affected by flow shear stress suggesting that they might be established under

static conditions [45]. Therefore, further studies are required to clarify whether iPSC-derived BLECs
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can recapitulate the effects of flow shear stress observed in somatic human brain ECs. Moreover, it
is important to evaluate the effect of the flow in the permeability of the in vitro BBB models
developed more recently using iPSC-derived BLECs and to evaluate the nitric oxide production,
which is important in the stabilization of the BBB [70].

BBB models have been also instrumental to investigate the effect of the mechanical stretching
in the regulation of BBB function [71]. Indeed, it is difficult to study in vivo the effect of mechanical
stretching on solutes as well as to investigate alterations in blood flow induced by changes in the
mechanical properties of the blood vessels. In vitro human BBB models provide a controlled
environment to study this process. It is known that the blood vessel wall in AD patients is stiffer than
in healthy individuals, and thus has low compliance to cyclic stretch [71]. Recent experimental data
indicates that a pulsatile flow facilitates a retrograde transport of biomolecules along the basement
membrane of brain ECs cultured in a microfluidic system. The retrograde transport is likely necessary
for the transport of metabolic waste products from the BBB cells into the interstitial fluid reservoirs.
This type of transport might be altered in less compliant BBB's, such as the one in AD patients, and

thus might contribute for the BBB breakdown.

3.4- Drug toxicity, permeability and regulation of the BBB

Human in vitro BBB models generated from iPSCs [36], human hematopoietic stem cells
[72,73] or the human EC line hCMEC/D3 [74] have been used to study drug toxicity, permeability,
and regulation of the BBB. The toxicity and permeability of drugs such as anticancer agents (e.g.
paclitaxel and bortezomib for brain glioma) [36], the AP peptide, a hallmark in AD [36], as well as
BBB peptide shuttles [73] have been investigated. In some cases, the results demonstrated that the
drugs had higher permeability in the human in vitro BBB models than in BBB models of other species
[73]. A high-throughput screening has identified compounds that decreased in vitro BBB model

permeability after activation by an AD peptide [74]. Although 7 drugs have been identified using a
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mouse in vitro BBB model, only 3 were active in the human in vitro BBB model. It is important to
note that most of the transport studies reported so far with human in vitrro BBB models have been
validated with mouse BBB pharmacokinetics due to the scarce information available on human BBB
pharmacokinetics [5,27,31]. Therefore, further efforts are necessary in the near future to determine
the transport kinetics of drugs in human brain by techniques such as positron emission tomography
(PET) as well as others.

The human in vitro BBB models were also important to evaluate the internalization and
intracellular trafficking of nanoformulations [72,75,76]. For example, experimental results showed
that the density of transferrin peptide on the surface of the nanoformulations correlated with the level
of internalization as well as the intracellular trafficking (i.e., whether the formulation ended up in the
lysosome or was transported by transcytosis). Moreover, the internalization mechanism (e.g. caveolar
endocytosis, adsorptive mediated endocytosis and receptor-mediated endocytosis) of nanoparticles
was influenced by their surface modification [76]. The human in vitro BBB models have been also
important to investigate the effect of temperature in transient opening of the BBB [72]. Local heat
(10-15°C above the physiological 37°C) generated by nanoformulations was sufficient to open the
BBB, as evaluated by an increase in the paracellular permeability to Lucifer yellow and the disruption
of the intercellular contacts between ECs [72].

The BBB models have been also important to highlight differences in the intracellular
transport between species. The vesicular transport in brain ECs is lower than in peripheral ECs [77].
Recent work has demonstrated that transcytosis is inhibited in brain ECs and the up-regulation of
transcytosis contributed for a leaky BBB without apparent disruption of tight junctions [78]. Proteins
are transported through the BBB by receptors including insulin, transferrin and low-density
lipoprotein receptors, being the kinetics likely different between species. In fact, the transcytosis

kinetics of different antibodies against a human and a rat in vitro BBB model has been evaluated [31],
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being the permeability of an antibody raised against C. difficile toxin A (A20.1) 2-fold lower in the

human BBB model as compared to the rat BBB model.

4- Expert Opinion

Our knowledge about the in vivo human BBB development, maintenance and function is still
poor, and thus it is difficult to establish the full features of an ideal human BBB model. Some of the
features have been reviewed recently [8]. So far, no in vitro BBB model reproduces all the features
found in the in vivo BBB; however, despite these limitations, the in vitro BBB models are a very
useful tool to study BBB-related diseases, drug permeability, among others. An important point that
deserves further consideration in BBB modeling is standardization, i.e., to create standards for
quantitative evaluation of BBB function such as permeability and TEER, cells used for the creation
of the models, level of shear stress, among others. Due to the recent advances in single cell analyses,
gene editing systems, iPSC biology, microtechnologies, we anticipate rapid progresses in our
understanding of the BBB biology and physiology in the near future.

The stem cell-based BBB models offer the possibility to study the BBB formation from a
developmental perspective which might be desirable in the setting of specific diseases. For example,
using these models, it will be possible to investigate which ECM components, signaling pathways,
or the contribution of each NVU cell component in the formation of the BBB. In addition, it will be
possible to study the kinetics of the specification of ECs into brain ECs. So far, the human BLECs
derived from stem cells were derived based on the modulation of Wnt and RA signaling pathways.
However, it is likely that other signaling pathways are important for the derivation of BLECs as well
as for the generation and maintenance of the BBB. Single cell high-resolution gene expression
analyses of mouse embryonic brain ECs showed that these cells have high abundance of Foxf2,
Foxql, Ppard and Zic3 brain endothelium-specific transcription factors [79]. Indeed, the expression

of Foxf2 and Zic3 in human vein ECs yielded cells with brain endothelial features. The involvement
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of the transcription factor SOX17 seems also important to control BBB permeability through the
modulation of canonical Wnt/B-catenin signaling [80]. The human stem cell-based BBB models also
offer a possibility to evaluate the permeability of the BBB to small molecules and/or biologicals, in
the context of drug development. Indeed, some of the in vitro models have been used to predict central
nervous system distribution of a small number of compounds in humans and thus, further testing is
necessary to evaluate large number of compounds [6].

Although several BBB models have been developed to recapitulate in vitro the BBB
conditions of several brain diseases such as glioblastoma (by co-culturing brain ECs with
glioblastoma cell lines), AD (by using cells from rat and mouse models of AD), stroke (culturing the
BBB model in ischemic conditions), among others, the generation of human genetic disease BBB
models was only reported in 2017 [16,17]. The generation of disease BBB models was a significant
achievement because it demonstrated the utility of these models to identify new disease mechanisms
and potential therapies that otherwise would be difficult. For example, in the case of AHDS, the
animal models available did not present the full phenotype typical of the disease in humans, such as,
neurological or behavioral abnormalities [17]. It is important to highlight the importance of gene
editing tools to validate the effect of a given mutation in the BBB model, in particular in isogenic
lines that have the same genetic background of the cells used to generate the disease model.

The combination of iPSC-derived BLECs and microfluidic systems opens new possibilities
for the creation of personalized BBB models. During the preparation of this manuscript, it has been
demonstrated that iPSC-based BBB chips may be useful to predict inter-patient variability in BBB
function [81]. For that, several iPSC-based chips containing iPSC-derived BLECs from different
individuals have been used. In some of these studies, whole blood treated with anticoagulant has been
perfused at a shear rate of 5 dyne/cm?. Future studies should further explore these iPSC-based BBB

chips to study how individual variability can explain differences in patient response to drugs.
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CAPTIONS

Figure 1- Recent advances on human in vitro BBB models. (i) Advances in replicating in vitro the
BBB extracellular matrix including the topography, composition as well as the stiffness. For two-
dimensional BBB models, a mixture of collagen IV and fibronectin [5,20,28], or only Matrigel
(primarily consisting in laminin, collagen IV and enactin) [6] have been used very often as ECM for
the generation of BBB models. This is because mature brain ECs express several laminin-binding
receptors, collagen IV and vitronectin receptors [82]. Indeed, the basement membrane of brain ECs
is composed by mainly laminin, collagen IV, fibronectin and enactin. For three-dimensional BBB
models, fibrin gel [27] and collagen type I [42] have been used. The ECM of these three-dimensional
BBB models have similar mechanical properties of in vivo brain ECM (approximately 1 kPa [83]).
Progresses have been done also in the reproduction of in vivo topography [36] and curvature [65]
which have been transferred to culture substrates. (ii) Advances in the derivation of human cells of
the NVU such as brain ECs, pericytes, astrocytes, neurons and microglia cells. Most of the progresses
have been done in the derivation of human brain ECs from stem cells that have junctional tightness,
expression of transporters and receptors as well as similar biological responses to stimuli as in vivo
brain ECs [5-7]. In addition, the first disease BBB models based on stem cells have been derived
[16,17]. (i11) Advances in exposing the brain ECs to physiological mechanical stress such as flow
shear stress and mechanical stretching. (iv) Advances in BBB modeling. Most of the progresses have
been done in the use of microfluidic systems to reproduce in vitro the BBB microenvironment
[28,46]. Significant progresses have been done in the generation of 3D BBB models which have the
advantage to reproduce better the mechanical properties of the basement membrane of brain ECs and

facilitate their assembly [27,42,52].
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Figure 2- Advances in the differentiation protocols of iPSCs into BLECs. (A) First line of
differentiation protocol. The iPSCs were cultured in unconditioned medium for 5-7 days followed by
their culture in defined endothelial cell medium for 2-5 days, and finally sub-cultured in a transwell
system coated with a mixture of collagen IV and fibronectin. (B) Second line of differentiation
protocol. The iPSCs were differentiated for 24 h in chemically defined medium supplemented with
Wnt agonist (CHIR) followed by their differentiation into mesoderm and endothelial progenitor cells
in medium without the agonist. At day 6, cells were cultured in the presence of medium supplemented
with B27, RA and bFGF for 2 days. Finally, cells were cultured for 2 days in a transwell coated with

a mixture of collagen IV and fibronectin.

Figure 3- In vitro disease BBB model generated from iPSCs derived from Huntington’s disease
(HD) patients. The in vitro HD model showed altered tight junctions (claudin 5 was localized both
at junctions and intracellularly) and increased paracellular permeability than control BBB model. The
BBB model showed also higher drug efflux (e.g. lipophilic drugs) due to an impaired function of Pgp.
Moreover, the HD BBB model showed enhanced transcytosis due to a high expression of caveolin-1

in brain endothelial cells.

Figure 4- Scientific knowledge that has been collected from human in vitro BBB models. (A)
Neuroinflammation: new insights have been collected about the dynamics of T cell migration across
the BBB as well as the response of individual cells of the NVU to inflammation. (B) BBB biology:
(B.1) new information has been collected about the paracrine signaling between cells of the NVU,
specifically the paracrine signals secreted by astrocytes lead to a BBB with higher TEER and lower
paracellular permeability than the factors secreted by neurons (see text); (B.2) new insights about the

response of human BBB to mechanical stress including alignment, proliferation and migration as well
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as the permeability of the BBB to the temperature have been collected. (D) Identification of drugs

regulating the BBB as well as formulations able to cross the BBB (see text).
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Despite the limitations of human in vitro BBB models to reproduce the in vivo complexity
and activity of the BBB, they are useful tools to study BBB development, BBB regulation in
health and pathologic settings, and BBB transport activity.

Stem cell-based BBB models offer the possibility to generate personalized BBB models to
better understand BBB heterogeneity between individuals and for the identification of drugs
and their concentrations to regulate and to cross the BBB.

The generation of BBB models from iPSCs generated from individuals having
neurodegenerative diseases open new opportunities to understand and treat BBB in a disease
setting, in particular, in the context of rare diseases.

Recent advances in the human in vitro models have been done, specifically in the derivation
of human neurovascular unit cells from stem cells, in recapitulating in vivo BBB extracellular
matrix and in the BBB modeling, particularly in the BBB-on-a-chips.

The human in vitro BBB models are useful to elucidate neuroinflammation, BBB biology and
maintenance, BBB response to mechanical stress, as well as to evaluate drug toxicity,

permeability and regulation of the BBB.
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Table 1- Phenotypic and functional characteristics of human in vitro BBB models.
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Model Paracellular Pgp, BCRP | TEER Tight junctions | Vascular
permeability and MRP1 | (Qcm?) inflammation
activity
Static, Dextran 4 kDa: 0.3x103 | Yes 30-40 Expression  of | Up-regulation of
immortalized cm/min claudin-5; ICAM-1 and
brain Dextran 70 kDa: 0.01x10-3 claudin-3  and | VCAM-1 after
endothelial cells | cm/min occludin  were | treatment with
hCMEC/D3[4] not consistently | inflammatory
detected at the | cytokines
cell-cell contacts
Static, Lucifer yellow: 1.2x103 | Yes for Pgp ~60 Expression  of | NA
circulating cm/min occludin,
endothelial claudin-5,
progenitor- claudin- 3 and
derived Z0-1
BLECs([7]
Static, Lucifer yellow: 0.6x103 | Yes for Pgp 165 Expression  of | Up-regulation of
hematopoietic cm/min occludin, ICAM-1 and
stem/progenitor- claudin-5, VCAM-1 after
derived claudin-1  and | treatment with
BLECs[6] Z0-1 inflammatory
cytokines
Static,  iPSC- | NA Yes >2000 Expression  of | Upregulation of
derived occludin, ZO-1 | ICAM-1  after
BLECs[18] and claudin-5; | treatment  with
claudin-1  and | inflammatory
claudin-3 were | cytokines;
not evaluated VCAM-1  was
not tested
Static,  iPSC- | Sucrose: 5x107 cm/s Yes >2000 Expression  of | NA
derived occludin, ZO-1
BLECs[20] and claudin-5;
claudin-1  and
claudin-3  were
not evaluated
Static, HD | NA Altered Pgp | >2000 Expression  of | NA
iPSC-derived activity; occludin, ZO-1,
BLECs[16] BCRP and claudin-5,
MRP1 activity claudin-3  and
not tested claudin-1
Dynamic, 3D- | Dextran 10 kDa: 3x107 | Expression NA Expression  of | NA
human BBB | cm/s but not Z0-1, occludin,
model with cells | Dextran 40 kDa: 0.89x107 | activity and claudin-5
derived  from | cm/s analyses  of
iPSCs[27] Pgp, BCRP
and MRP1
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Figure 3
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Figure 4
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