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Abstract

The human brain vasculature uniquely regulates the influx of nutrients into the brain
while restricting the penetration of toxins and blood constituents. Blood-brain barrier (BBB)
properties include efflux transporter activity and other passive resistances which limit brain
uptake of pharmaceuticals, creating a roadblock for neurotherapeutic development. Through this
document we sought to expand knowledge of both the in vivo BBB, and of in vitro models to
provide an understanding of the biology and models of the BBB. Analysis of laser extracted
microvessels from human and mouse brains revealed key species specific differences including
lack of human expression of a key mouse brain pericyte marker. Additionally, this dataset
provides a valuable supplemental tool to current efforts to assess the human brain transcriptome
via single cell sequencing by providing greater depth and limited inflammatory and temperature
shock gene expression associated with disassociation of brain tissue. Utilizing in vitro models we
explored the dynamic response of the BBB to increased shear stress. Previous research
demonstrated regional neuronal activation in a mouse model drives a local increase in BBB
permeability. We hypothesized that this increase in permeability may be partly driven by the
transient increase in blood flow that accompanies neuronal activation. We observed shear stress
was sufficient to reduce efflux transport of the Rhodamine123 fluorescent efflux substrate in
primary rat BMECs. In addition, we observed pharmacological activation of Piezol, a recently
discovered mechanosensitive ion channel thought to be involved in vascular pathfinding and
development, led to a reduction in P-gp activity. Overall, we believe this work suggests a
potential shear mediated mechanism to reduce efflux activity, and that this effect could
potentially be mediated by Piezol. We further assessed the effect of long term shear stress on the

transcriptome of four BBB in vitro models which drove upregulation of BBB relevant genes, but



iii
did not reverse a loss of phenotype due to extended in vitro culture. Together this work provides

several transcriptional datasets with value to literature, compares multiple commonly utilized

models with relevance to drug design, and provides several insights into potential BBB biology.
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Chapter 1 — A Review of Human in vitro Blood-Brain Barrier

Models Derived from Stem Cells!

! The following chapter is adapted from [1]:

Foreman KL, Palecek SP, Shusta EV. Chapter 9: Human in vitro Blood-Brain Barrier Models Derived from Stem
Cells. In: De Lange ECM, Hammarlund-Udenaes M, Thorne RG, editors. Drug Delivery to the Brain: Physiological

Concepts, Methodologies and Approaches [Internet]. Cham: Springer International Publishing; 2022



1.1 Summary

In vitro blood-brain barrier (BBB) models have significant utility in understanding the
BBB in health and disease. While human BBB models using primary and immortalized brain
endothelial cells have been described, issues regarding retention of BBB properties and
scalability have hampered their use for certain applications cells exhibiting BBB properties
offers advantages including high barrier, human relevance, and ease of scaling. In this chapter
we will introduce stem cells and how they are being used to model the blood-brain barrier
(BBB). We will focus predominantly on the characteristics of models differentiated from human
pluripotent stem cells (hPSCs), which express some BBB markers and exhibit barrier and
transporter activities. We will also discuss incorporation of co-culture with other stem cell-
derived or primary cells of the neurovascular unit (NVU) into stem cell-derived BBB models, as
well as microfluidic and suspension culture models. These stem cell-derived BBB models have
applications in modeling human BBB development, studying the roles of disease on BBB

function, drug discovery, and development of strategies for neurotherapeutic delivery.



1.2 Introduction

The blood-brain barrier (BBB) is a major roadblock in the development of new
therapeutics targeting central nervous system diseases such as brain tumors and
neurodegenerative diseases [2]. Human in vitro BBB models offer platforms for systematic study
of BBB development and its role in disease, as well as for drug discovery. However, primary and
immortalized human brain microvascular endothelial cells (BMECSs), which typically are the
basis for these models, often possess significantly diminished BBB characteristics. For example,
transendothelial electrical resistance (TEER), a commonly used metric of paracellular
permeability, is frequently abnormally low. TEER of these models typically falls below 100 Q-
cm? [3,4]; however, it is estimated that the true physiologic TEER can be above 5000 Q-cm? in
vivo [5,6]. Human BBB models with low TEER values (~100-200 Q-cm? ) allow aberrant
paracellular passage of larger proteins and increased penetration of small molecules [7], making
these models insufficient for predictive in vitro drug permeability studies. Primary human
BMEC:s are a finite resource that cannot be easily scaled for scientific or drug development
studies. The use of primary animal BMECs can alleviate scaling and availability pressures;
however, animal models possess numerous key differences compared to human BBB
performance, particularly with respect to efflux transporter expression, a key component of BBB
resistance [8-11]. To address issues such as human relevance, scalability, and model fidelity,
researchers have recently begun to build BBB models using human stem cell sources. These
models are comprised of stem cell-derived brain microvascular cell-like (BMEC-like) cells
possessing BBB properties which can be combined with supporting cells of the NVU such as

stem cell-derived astrocytes, pericytes, neurons and microglia. Below we will outline the stem



cell sources, cellular differentiation strategies and multicellular constructs that can be used to

investigate the BBB in health and disease.

1.3 Stem Cell Sources for BBB Modeling

With the development of stem cell isolation, culture, and differentiation technologies,
scalable human BBB models with physiological properties have become possible. A stem cell is
defined as a cell that is capable of self-renewing and differentiating into more specialized cell
types [12]. This self-renewal capacity means that the stem cells can be expanded in the
undifferentiated state and serve as a source for large quantities of the various cell types, enabling
large scale studies and screens. Having a single self-renewing precursor can also help limit the
batch-to-batch variability intrinsic to human primary cells. Moreover, stem cells can be isolated
from individual patients, allowing the study of disease conditions with a genetic basis. Finally,
the transition from an undifferentiated stem cell to one possessing BBB properties could offer

insights regarding the mechanisms of human BBB induction and maintenance.

There are many different types of stem and progenitor cells found throughout
development, only some of which reside in the adult. Here, we will largely focus on human
pluripotent stem cells (hPSCs), which include human embryonic stem cells (hESCs) and induced
pluripotent stem cells (iPSCs). hPSCs possess the theoretical capacity for infinite self-renewal
(although in practice, they are limited by eventual acquisition of genetic mutations) and can
differentiate into any cell type in the adult [13]. hESCs, are derived from the inner cell mass of
human blastocysts, as first demonstrated in 1998 by the Thomson lab [14]. iPSCs are generated
by reprogramming somatic cell types, such as fibroblasts or lymphocytes, by inducing expression

of core transcription factors that regulate pluripotency to produce an hESC-like cell [15,16]. As



will be discussed below, iPSCs enable a whole new spectrum of patient-specific BBB modeling,

with particular application in studying how human genetic diseases influence the BBB.

Umbilical cord blood-derived stem cells have also been used to generate human BMEC-
like cells. While these cord blood-derived adult stem cells are substantially more fate restricted
than hPSCs, they have the capacity to differentiate to endothelial cells [17] and some attempts

have been made to induce BBB properties in these endothelial cells [18,19].

It is important to note that while stem cell-derived BBB models recapitulate some aspects
of BBB protein expression and phenotypes, they are not perfect facsimiles of the in vivo BBB.
They differentiate under conditions inspired by human BBB development, but do not receive all
cues found in the developing brain. Moreover, the culture conditions in vitro differ from the in
vivo microenvironment. Thus, in matching a model to a specific application, it is important to
consider particular attributes the model lacks or possesses relative to the in vivo BBB. Below, we
will discuss the various routes that researchers have employed for the differentiation of BMEC-

like cells and the use of these cells in modeling the BBB.

1.4 Differentiation of Stem Cells to BMEC-like Cells

The incorporation of stem cell-derived BMEC-like cells into BBB models has been
enabled by the development of several differentiation protocols, as discussed in detail below.
From here forward, we will refer to all the different forms of stem cell-derived BMEC-like cells
simply as BMECs. This is not meant to imply, however, that they are perfect facsimiles of in
vivo or in vitro human BMECs. In fact, it has been well established that many lack key

components of BMEC



1.4.1 hPSC-Derived BMECs

1.4.1.1 Co-differentiation with Neural Progenitors

As the endothelial cells of the perineural vascular plexus invade the developing neural
tube during development, they acquire a BBB phenotype in part by interactions with developing
neural cells [20]. A stem cell co-differentiation technique was developed to attempt to mimic this
interaction to generate hPSC derived BMEC-like cells [21]. Initially, hPSCs are seeded and
allowed to expand for three days prior to inducing differentiation. Next, the hPSCs are exposed
to basal medium supplemented with amino acids, a serum replacement cocktail, and 3-
mercaptoethanol that drives differentiation to a mixed population containing neural and
endothelial cells, among other cell types. This co-differentiation results in colonies of PECAM-1
positive endothelial cells surrounded by BIII tubulin and nestin expressing neural tracts that
somewhat resemble the in vivo cellular environment [21,22]. During this phase, cells gain
GLUT-1 expression in concert with nuclear -catenin localization, likely a consequence of Wnt
signaling from the co-differentiating neural cells [21]. These data suggested the importance of
Whnt signaling in induction of BBB properties during the differentiation process, in agreement
with BBB development in mice [23-26].The co-differentiating cell mixture is then switched to

endothelial medium [21].

At the end of this growth phase, the endothelial cells exhibited expression of BBB
markers including tight junction associated proteins ZO-1, occludin, and claudin-5; and efflux
transporters MRP1, BCRP, and P-gp (Table 1.1). Extremely weak signaling of endothelial
markers were observed. Passaging and subculture of the cell mixtures onto a matrix of collagen
IV and fibronectin yields a monolayer of BMEC-like cells [21]. This model demonstrates strong

tight junction formation with TEER values up to 500 Q-cm?[27], which is below in vivo levels



[5,6], but equivalent to or greater than most other models [3]. The cells also possess polarized P-
gp, MRP1, and BCRP efflux transporter activities [21,27—-29]. The barrier quality can vary
greatly depending on initial stem cell seeding density and stem cell line, so careful optimization
is required to generate cells that express BMEC markers and exhibit BBB phenotypes [28,30,31].
BMEC-like cells at both the subculture stage and post-differentiation can be cryopreserved,
though addition of a ROCK inhibitor post-thaw is necessary to restore barrier function and

increase cell attachment and survival [31,32].

Addition of retinoic acid (RA) during the endothelial expansion and subculture phases of
BMEC differentiation improved expression of endothelial markers and increased barrier
tightness [33]. RA is critical for the patterning of the central nervous system along the anterior-
posterior axis [34], and has been implicated in BBB specification in vivo, possibly through
regulation of Wnt signaling [35-38]. RA addition during the endothelial expansion phase of
BMEC differentiation was shown to improve multiple BBB phenotypes [33]. Supplementation
significantly increased TEER, peaking between 1000-3000 Q-cm? for monocultured BMECs,
corresponding with increased continuity of tight junction proteins occludin and claudin-5. Efflux
transporter transcripts were also upregulated, but this did not translate to improved efflux

transport activity as assessed by substrate accumulation assays [33].

1.4.1.2 Accelerated Co-differentiation

The accelerated co-differentiation protocol is a variant of the previously described
method that reduces differentiation duration from thirteen to seven days. The stem cell expansion
period is reduced from three days to one. The co-differentiation occurs in the same basal
medium, but rather than use a serum replacement mixture, a combination of L-ascorbic acid 2

phosphate sesquimagnesium salt, sodium selenite, sodium bicarbonate, human insulin, and



human holotransferin is used instead [39]. This modified medium is applied for four days in the
compared with six days in the co-differentiation protocol. The following endothelial expansion
and subculture phases, including media compositions, remained the same. The resulting cells

require four fewer days to generate, but display similar barrier properties as assessed by TEER,

efflux substrate accumulation assays, and immunocytochemistry (Table 1.1).

Further modifications of this accelerated protocol demonstrated that B-27 and N-2 media
supplements, originally designed for neural differentiations [40,41], can be applied in place of
the platelet poor plasma-derived serum in the endothelial expansion phase [42]. The B-27
supplement performed as well or better than supplementation with serum with respect to efflux
transporter activity and TEER. In addition, reducing the supplement to only insulin, transferrin,
and selenium was sufficient to differentiate cells having similar barrier properties. Taken
together, these approaches provide a rapid, and chemically-defined-serum free method to

differentiate hPSCs to BMEC-like cells.

1.4.1.3 Differentiation in Low Osmolarity Medium

Control of osmolarity during the differentiation has also been suspected to affect the
quality of the differentiation. Therefore, during the induction phase, the basal medium was
replaced with a low osmolarity alternative [43]. The differentiation continues in medium
supplemented with platelet poor plasma-derived serum and bFGF. The authors claim that unlike
the aforementioned protocols, the extended low osmolarity protocol generated BMEC-like cells
without coculture, though neural cell presence was not explored. There is no selective matrix
used for purification and the method can take up to twenty-one days before an optimal barrier
forms. The resulting BMEC-like cells demonstrate TEER up to 1500 Q-cm?and could be used to

discriminate BBB passage of antibodies for targeted drug delivery. The cells express the vascular



markers von Willebrand factor and CD31, tight junction associated proteins occludin, claudin-5,
and ZO-1, as well as the transporters P-gp and GLUTL1 (Table 1.1). An RNA microarray for
transport and BBB-related transcripts showed good transcriptional alignment with primary

human BMECs. As of this writing, this method has only been applied to a single iPSC line.

1.4.1.4 Induction of BMEC Properties in Endothelial Progenitors

Two approaches for BMEC differentiation have been reported which first generate
endothelial progenitors from hPSCs using general endothelial cell differentiation protocols and
subsequently induce BMEC phenotypes by factor addition and co-culture with NVU cells
[44,45]. The first demonstration of this approach treated hPSCs with a proprietary mesoderm
induction medium with additional VEGF, Activin A, BMP4, and CHIR99021 for three days
[45]. Cells were then driven to a vascular fate using proprietary vascular specification medium
supplemented with VEGF and SB431542, a TGFp signaling inhibitor, for eight days. The
resulting endothelial progenitors were then sorted via magnetic activated cell sorting for CD31
expression and added to transwells containing hPSC-derived pericytes and primary human
astrocytes and neurons. Compared to monoculture, co-culture improved TEER to a peak near
100 Q-cm?, increased expression of GLUT1 and occludin, and decreased caveolin 1 expression,
demonstrating some acquisition of BBB character (Table 1.1). There was no observable increase
in P-gp activity or resistance to small molecule transfer and TEER remained substantially below

other BBB models, indicating less robust BBB functions.

In the second approach, immature endothelial progenitors were differentiated from
hPSCs using medium containing BMP4, FGF-B, and VEGF to generate a mixed population of
endothelial progenitors and non-endothelial cells. The population was sorted for PECAM-1

positive cells via magnetic activated cell sorting. The purified endothelial progenitor population
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was then treated with endothelial growth medium that contained VEGF for one passage,
followed by treatment with VEGF, Wnt3a, and RA over four passages [44]. This combination is
similar to previously described protocols which combined Wnt and retinoic acid signaling. In
vivo, VEGF and RA are released by or present in the neural tube during the invasion of nascent
endothelial cells [38]. Wnt7a, but not Wnt3a, is suspected in BMEC specification in vivo [24,26],
although any Wnt activation may be sufficient to elicit the transition in vitro. The resultant cells
demonstrate expression of tight junction and endothelial cell markers including claudin-5,
occludin, VE-cadherin, CD31, von Willebrand factor, and GLUT-1. However, TEER does not
exceed 60 Q-cm?, similar to non-tissue specific endothelial cells [46]. In addition, the cells
demonstrated P-gp activity through substrate accumulation assays, but this required the presence
of pericyte co-culture. Taken together, the findings from these endothelial progenitor-based
protocols indicate the difficulty in inducing BBB barrier properties onto immature endothelial
cells as well as the value of pericytes in barrier induction. However, the similarity to in vivo
developmental processes and high endothelial nature could make this a useful model for studying

BBB development and identifying cues that can induce more robust BBB properties.

1.4.2 Comparison of BMEC-like Cells Using the Various Protocols

Above, and in Table 1.2, we have compared some of the phenotypes of the hPSC-derived
BBB models arising from various differentiation protocols. hPSC-derived endothelial
progenitors co-cultured with astrocytes, neurons, and hPSC-pericytes saw induction of barrier
related protein transcripts, but at a lower level than those observed in co-differentiated hPSC-
BMEC-like cells in coculture (Delsing et al. 2018). However, the BMECs derived from
endothelial progenitors had much higher expression of endothelial transcripts, such as CD31 and

VE-cadherin, than those generated from alternate routes. Instead, the co-differentiated BMEC-



11

like cells had a much higher expression of epithelial-associated transcripts (Delsing et al. 2018).
Similarly, a recent study also noted the expression of epithelial associated transcripts in co-
differentiated BMECs [47]. Given the epithelial signatures of BMECSs derived through co-
differentiation or directed differentiation routes, BMECs derived from induction of endothelial
progenitors may prove more effective at modeling endothelial attributes such as inflammatory
response or studying cues involved in endothelial development, despite their subpar barrier and
transport properties [48,49]. Identifying routes to an hPSC derived BBB model with both barrier

and endothelial properties is still an area of active research.

1.4.3 Cord Blood Progenitor Cell Models

In addition to the numerous hPSC derived models described above, others have used
umbilical cord-derived progenitor cells to produce BMEC-like cells. A population of CD34+
mononuclear cells was isolated from cord blood, and when exposed to an endothelial cell growth
medium, these expanding colonies progressed into endothelial cell progenitors that expressed
CD31, VE-cadherin, and von Willebrand factor [19]. To induce BBB properties in these
endothelial progenitors, they were exposed to co-culture with bovine brain pericytes [19]. The
resulting endothelial cells displayed membrane polarization and P-gp activity, tight junction
associated proteins occludin, claudin-5, and ZO-1 were expressed, and TEER was ~100-200 Q-
cm? (Table 1.1). Application of selective agonists or ligands once again implicated Wnt signaling
in development of BBB characteristics due to pericyte co-culture, which aligns with in vitro [21]

and in vivo [24,26] studies.

A similar protocol employed outgrowth of cord blood mononuclear cells in endothelial
growth medium to generate cord blood endothelial progenitors [18]. In an effort to induce BBB

properties, these endothelial progenitors were co-cultured with primary rat astrocytes. Compared
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to monoculture endothelial progenitors, resultant BMEC-like cells possessed increased occludin,
GLUT-1, and P-gp expression, and improved resistance to small molecule transport [18] (Table
1.1). Since these models are derived from donor umbilical cord blood, they are less amenable to
the modeling of genetic disease than BMECs differentiated from patient-sourced iPSCs.
However, this model has been used to measure the rates of transmigration of different CD4+ T
helper cell subpopulations across the BBB, and comparison with transmigration across a model
of the choroid plexus allowed the authors to conclude that different T helper cell populations

may enter the CNS through different routes [50].

1.5 Co-culture Models

Thus far, we have described sourcing for stem cell-derived models. Monocultures are the
simplest models and are oftentimes well suited for experimental goals. However, monoculture
BMEC models lack several cellular components of the NVU. Therefore, there are situations
where BMECs are combined with other NVU cell types in various co-culture architectures,
particularly if the addition of NVU cells is required to induce a specialized property in the
BMECs or if one wishes to examine intercellular communication between cell types of the NVU.
In the CNS, various cells of the NVU induce and maintain BBB phenotypes in BMECs [38,51—

53] (Figure 1.1).

Co-culture is often performed in a Transwell setting with some combination of neurons,
pericytes, and astrocytes in the basolateral chamber and a BMEC model on the porous filter
(Figure 1.2). These models are simple, scalable and allow paracrine signaling via release of
soluble factors, but the cells are not able to form cell-cell contacts even when co-cultured cells
are plated on the opposite side of a BMEC-containing filter [54]. There are many variations of

models using the Transwell configuration with stem cell-derived BMECs and different
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combinations of NVU cell types and sources. We will examine each co-cultured cell type in

more detail below.

1.5.1 Neurons

Neurons are frequently added to the lower chamber of transwell-based BBB models
(Table 1.2). Most approaches to date have employed hPSC-derived neurons that are generated
from the EZ-sphere neuron differentiation method [55]. Using this approach, hPSCs are placed
in a neural progenitor growth medium with additional bFGF, epidermal growth factor, and
heparin. To generate the EZ-spheres that are reminiscent of primary human neurospheres, the
cells are maintained in low attachment conditions, resulting in spheres of nestin expressing
neural progenitors. These cells can be disassociated and treated with basal medium supplemented
with B-27 without vitamin A to induce differentiation to neurons [56]. Co-culture of neurons
with hPSC-BMECs has been shown to improve TEER above monoculture, and the impacts were

additive with astrocyte co-culture [56] (Table 1.2).

1.5.2 Astrocytes

Astrocytes are also often used for co-culture because of their important roles in BBB
induction and maintenance [38]. Since astrocyte end feet contact the vasculature in vivo, there
have been some attempts to keep astrocytes in close proximity and encourage both paracrine and
juxtacrine signaling [47]. Astrocytes, like neurons, have been generated in multiple ways,
however most co-cultures have employed EZ-spheres to generate hPSC-astrocytes. The EZ-
spheres can be treated with medium with RA and N-2 supplement [57], resulting in a cell
population that, when disassociated and maintained in basal medium with N-2, forms astrocytes
[56]. Though astrocytes are not present during the initial stages of development when invasion

and BBB patterning occurs [38], primary rat astrocytes have been used to induce BMEC
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phenotypes in cord blood-derived stem cells [18]. Co-culture of BMECs with hPSC-derived or
primary astrocytes, often in addition to other NVU cell types, has been shown to result in
increased TEER, resistance to small molecule permeability, and improved tight junction
continuity [21,39,56] (Table 1.2). A recent study has also shown that brain region specific hPSC-
astrocytes demonstrate different barrier inductive properties as assessed by TEER and small
molecule permeability [58]. However, co-culture of hPSC-derived BMECs with a mixture of

astrocytes and neurons does not appear to affect efflux transporter expression and activity [56].

1.5.3 Pericytes

Pericytes are found throughout the body in close association with capillaries. In the brain,
pericytes have been shown to be indispensable to BBB function. Mouse experiments have
indicated a marked increase in BBB permeability that correlates with a loss in pericyte number
[59,60]. In addition, as described above, bovine brain pericytes have been used to induce BBB
phenotypes in endothelial progenitors in vitro [19]. Moreover, co-culture of pericytes with hPSC-
derived endothelial progenitors prior to endothelial maturation was necessary for acquisition of

efflux transport activity [44] (Table 1.2).

When mesoderm-derived pericytes were directly plated on hPSC-BMECs to simulate the
close proximity of pericytes to the vasculature, there were not significant changes in the barrier
properties. However, the pericytes were found to self-organize to the basolateral side of the
hPSC-derived BMEC-like cells [61]. While most pericytes in the body are derived from
mesodermal lineages, forebrain pericytes derive from the neural crest, a multipotent ectodermal
cell population [62]. Until recently, there were no established differentiation protocols for brain-
specific pericyte-like cells. Two techniques have recently been reported to generate neural crest-

derived hPSC-pericyte-like cells. Both approaches begin by generating neural crest stem cells.
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One neural crest protocol accomplishes this through application of CHIR99021, B-27
supplement, and bovine serum albumin over five days [63]. The second neural crest protocol
employs fifteen days of basal medium supplemented with L-ascorbic acid 2-phosphate
magnesium, bFGF, heparin, sodium selenium, insulin, transferrin, CHIR99021, sodium
bicarbonate, and TGF and BMP pathway inhibitors to generate neural crest stem cells [64]. The
resulting neural crest stem cells can then be further differentiated to brain pericyte-like cells
using a proprietary pericyte medium [65] or basal medium supplemented L-ascorbic acid 2-
phosphate magnesium, sodium selenium, insulin, sodium bicarbonate, transferrin, heparin, and
fetal bovine serum [64]. Neural crest-derived pericyte-like cells express many of the "pericyte-
specific” transcripts identified by single cell RNA sequencing of in vivo brain pericytes [64,66];
however, there are differences between in vivo pericytes and neural crest-derived pericytes, as
expected [64,65]. Neural crest-derived brain pericyte-like cells increased resistance to
paracellular transport, as assessed by TEER and small molecule permeability, and decreased
non-specific transcytosis in co-cultured hPSC-derived BMEC-like cells [64]. Also, despite the
transcriptional differences between neural crest and mesoderm derived pericytes, both improved
TEER compared to monoculture in a side by side comparison [65]. While TEER increases and
reduction of permeability are seen with co-culture with other NVU cell types such as neurons
and astrocytes, reduction in non-specific transcytosis was observed only with pericyte co-culture
[54,64], indicating the importance of including pericytes in modelling applications where the
mechanisms of transcellular transport are important. This reduction in transcytosis persisted for

24 hours after removal of pericytes from co-culture [54] (Table 1.2).
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1.5.4 Multiple Cell Co-culture

To better mimic the in vivo NVU and account for crosstalk between the multiple cell
types of the NVU, researchers have performed multi-cellular co-cultures with various models.
These combined models often yield additive improvements in tight junction continuity and
TEER [39,54,56], as well as retention of the unique nonspecific transcytosis phenotype induced
by hPSC-brain pericytes [54] (Table 1.2). Other studies have reported more minimal impact of
co-cultured NV U cells [67]. The application of pericytes, astrocytes, and neurons have also been
used to induce modest BBB phenotypes in hPSC-derived endothelial progenitor cells [45]. In
choosing the cell types to include in a BBB model, the added complexity of obtaining and
organizing these cells should be balanced by improvements in model performance resulting from

each cell type.

1.6 Application of Physiologically Relevant Structures and Forces to Stem Cell-Derived
BBB Models

It is challenging to generate in vitro BBB models that capture all of the crucial elements
of the in vivo niche. Although co-culture approaches described above allow paracrine signaling
amongst NVU cells, there are other components missing, such as direct cell contact and shear
flow forces. As microfluidics and organ-on-a-chip technologies have developed, more realistic
models can now be developed. Microfluidic devices have been seeded with the stem cell-derived
NVU cells to model human brain microvessels in a more physiologic environment. Moreover,
stacked flow channels allow precise spatial and temporal regulation of the fluidic environment,
maintaining optimal conditions on the vascular and parenchymal sides of the chips (Figure 1.2).

These models certainly offer improved fidelity at the expense of increased complexity and cost.
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BBB organ-on-a-chip models typically consist of two overlaid channels, separated by a
non-cell permeable membrane which allows soluble factor exchange. Different NVU cell types
are seeded in each channel to simulate the vasculature and parenchyma, much like the transwell
co-cultures described above. Brain parenchyma is simulated by a combination of astrocytes,
neurons, and pericytes [47,67,68] (Table 1.2). Some models have successfully demonstrated
extension of astrocyte end feet through the membrane, more closely representing astrocyte-
BMEC interactions in vivo [47]. These models have also been shown to successfully localize

blood proteins to the apical side and restrict passage of small molecules [32,47,68].

In efforts to improve performance of BBB fluidic chips, design elements have been added
to simulate other in vivo conditions. For instance, hPSC-pericytes have been embedded inside the
gel to mimic the position of pericytes in vivo [61]. In addition, to more accurately mimic the
environment in the developing brain, hypoxia was applied to differentiating BMEC-like cells
followed by shear stress after differentiation. These conditions increased TEER and expression
of endothelial markers and transporters in the resulting BMECs [69]. Hydrogel scaffolds have
been constructed to create small capillaries lined with BMEC-like cells and NVU cells
embedded in the surrounding hydrogel. Such constructs can capture the size of microvessels,
flow shear stress, and physical positioning of BMECs relative to NVU cells [32,61,70,71]. Other
work has focused on replacing the commonly used transwell membrane with more biologically
relevant collagen | hydrogels [72]. In addition, iPSC-BMECs, iPSC-mural cells, and iPSC-
astrocytes have been combined in a Matrigel scaffold and the combination allowed to mature for
up to a month in an effort to better mimic the three dimensional structure of the NVU [70]. These
models are useful when trying to mimic the behavior of cells within the in vivo BBB,

understanding the mechanisms by which environmental cues regulate BBB behavior, as well as
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potentially providing a more accurate model for drug penetration. Of course, complexity of these
models will impact cost, throughput, and robustness. Thus, the experimental questions must

warrant the added complexity of creating these advanced models.

1.7 Stem Cell-Derived Aggregate BBB Models

Several recent reports have described efforts toward the development of 3D cell
aggregate models of the brain and NVU. In these models, cell types of interest are formed into
small free-floating aggregates, reminiscent of an organ or tissue (Figure 1.2). A spheroid is
assembled from somatic cells post-differentiation while an organoid is a co-differentiated 3D
structure that spontaneously self-organizes [73]. These models provide direct cell-cell contact
and 3D structures similar to those observed in vivo which fluidic and transwell models struggle
to generate. In addition, organoid models most closely recapitulate BBB developmental stages,
allowing us to study human CNS development in vitro and elucidate critical pathways regulating

BBB induction.

Some neurovascular spheroids have been created entirely from primary cells [74].
Frequently these spheroids are constructed from primary astrocytes, pericytes, and endothelial
cells [74-76] though more complicated combinations utilizing neurons and microglia have also
been developed [77]. These spheroids spontaneously organize with a layer of endothelial cells
surrounding the brain parenchymal cells. With endothelial cells on the exterior, the spheroids can
be exposed to a compound of interest and accumulation within the brain “parenchyma” can be
measured [74,75]. Recently, neurovascular spheroids have been assembled from stem cell-
derived cells [78], including human bone marrow-derived mesenchymal stromal cells (MSCs),
hPSC-derived neural progenitor cells, and hPSC-derived endothelial cells. The neurovascular

spheroids were formed by fusion of neural, endothelial, and MSC aggregates. The neural
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progenitors differentiate into astrocytes and neurons during spheroid maturation, demonstrated
by the presence of mature neuron and astrocyte markers such as BIlI-tubulin, S100B, GFAP, and
vimentin. Imaging post-aggregation showed CD31 expressing endothelial cells were dispersed
throughout the spheroids but did not form a perfusable vasculature. A similar approach to form
neurovascular spheroids first seeded human neural progenitors in a polyethylene glycol-based
scaffold [79]. Following spontaneous neuronal and glial formation and organization, hPSC-
derived endothelial cells were added, followed three days later by hPSC-derived microglial
precursors. The constructs contained a mixed population of astrocytes, neurons, as well as a
capillary network identified by CD31 expressing cells. It is not clear whether these capillaries
exhibited BBB barrier phenotypes. Another study integrated hPSC-derived endothelial cells into
hPSC-derived neural organoids before implantation into mouse brains to perfuse and enlarge the
organoid [80]. Despite the presence of mouse vasculature, the organoids contained capillary-like
networks composed of cells expressing human-specific CD31. It is not clear whether these

vessels exhibit BBB phenotypes.

Organoids are derived from a single source that proliferates and undergoes
morphogenesis to generate tissue-like structures. While unvascularized brain organoids derived
from hPSCs were among the first organoid systems developed [81], assembly of a brain organoid
with an integrated NVVU may be especially difficult because the cells of vascularized brain tissue
originate from multiple germ layers [82]. Thus, it may be necessary to assemble the organoids
from multiple progenitors to mimic the invasion of the vascular plexus into the developing neural
tube. A recent report attempted to generate an NVU organoid [83]. hPSCs were gene edited to
express ETV2, a transcription factor that regulates vascular development, under control of a

doxycycline-inducible promoter. These cells were aggregated with unmodified hPSCs and then
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treated with neural induction medium. Next, doxycyclin was applied in situ to reprogram the
ETV2-inducible cells to an endothelial fate. The BBB phenotype of the integrated endothelial
cells was examined to a limited extent, but further work is needed to better understand their
properties. Generation of vascularized organoids is still in its infancy, but these models offer the
ability to understand mechanisms of BBB morphogenesis during brain development and to

model the roles of disease on NVVU structure.

1.8 Applications of Stem Cell-derived BBB Models
1.8.1 Drug Permeability

Many of the stem cell-derived BBB models described in this chapter possess well
developed tight junctions and exhibit substantial barrier properties. TEER is the standard metric
for measuring tight junction quality in vitro and through systematic study, it was found that
~1000 Q-cm? is sufficiently high to prevent aberrant paracellular leakage of both small and large
molecules [7]. Thus, these models have been used to examine correlation between a drug
permeability measured in vitro to the drug uptake in vivo, thereby demonstrating their potential
utility in drug permeability estimation and screening [7,21,68,84]. For example, candidate drugs
have been screened in an hPSC model to quickly eliminate those that may be unable to cross the
BBB at therapeutically relevant rates [85]. Also, fluorescently-conjugated cancer targeting
molecules, which could be potentially used for intraoperative brain cancer imaging, were
evaluated for their permeabilities across hPSC models. The data indicated that the fluorophore
conjugated molecules, unlike the parent molecule, had lower BBB permeability because of
selective MRP and BCRP efflux [86]. Such information can help guide further drug

development.
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1.8.2 Studying Human BBB Development

One of the major benefits of stem cell-derived BBB models is the ability to elucidate the
molecular and cellular mechanisms of human BBB development and maintenance of human
BBB properties. For example, the co-culture of BMEC-like cells with hPSC-derived or primary
brain pericytes resulted in a reduction of nonspecific transcytosis [54,64] while astrocyte or
neuron co-culture did not have the same effect [54,56]. Also, hPSC-BMEC differentiations can
be used to explore human BBB development in a tractable in vitro setting. As discussed in
section 1.5.1.1, induction of GLUT1 expression in differentiating BMECs correlated with
nuclear localization of B-catenin [21]. Conversely, Wnt inhibition during endothelial progenitor
induction increased permeability compared to vehicle controls [19]. These data suggest that, like
in mouse, Wnt signaling is important to the development of the human BBB. In addition, RA has
been shown to improve the quality of the BMEC barrier [33,44], consistent with findings in
mouse models [37]. Subsequent analysis of specific retinoic acid receptor agonists and
antagonists revealed that RARa, RARy, and RXRa activation mimicked the effects of RA

application [87].

Stem cell derived in vitro BBB models also permit investigation of factors that induce
and regulate BMEC phenotype. In many types of endothelial cells, shear stress from blood flow
is well known to cause a change in morphology and orientation with direction to the flow [88—
91]. However, it has been observed that BMEC-like cells do not undergo any substantial
alignment or morphological change with respect to shear stress [92]. This is consistent with
immortalized BMECs [93] and seems to indicate that BMECs respond uniquely to shear stress,

although the physiologic significance of this difference is not yet understood.
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1.8.3 Modeling BBB Disease

Another major benefit of stem cell-derived models over other in vitro BBB models is the
ability to model genetically-linked human diseases by employing patient-sourced or gene-edited
iPSCs. While many CNS diseases are thought to be associated with BBB dysfunction, it has been
difficult to mechanistically investigate this dysfunction in vitro. Since iPSC lines can be
generated from patients with disease-related genotypes, subsequent differentiation into iPSC-
BMECs and other NVVU cells can allow in vitro analysis of human cells carrying disease-causing
mutations, which often result in cells that exhibit disease-associated phenotypes [94]. Genome
editing tools can also be used to either introduce or correct mutations to an iPSC line, allowing
direct exploration of the impacts of a single mutation on the BBB without the confounding

factors of patient-to-patient variability or line-to-line iPSC variability.

As an example, psychomotor retardation, a disease caused by inactivating mutations of
thyroid hormone transporter MCT8 [95] results in a thyroid hormone deficit in the brain, leading
to serious developmental deficits. A clear genetic link to molecular transport, which can readily
be quantified in vitro, made this disease an ideal test case for patient-sourced iPSC-derived BBB
models. While MCT8-deficient iPSC-derived neural cells demonstrated thyroid hormone
responsiveness, transport across the iPSC-BMECs was impaired [85], suggesting that access to
thyroid hormone in the developing brain was restricted due to a dysfunctional BBB. In another
study, analysis of different neurodegenerative disease state derived iPSC lines (Alzheimer’s
disease, Huntington’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis)
consistently showed that disease iPSC-BMECs exhibited impaired efflux transport activity when
compared to healthy controls. Reductions in tight junction quality were also observed in the

disease models [96], and these data suggest that a weakened BBB could contribute to disease
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progression [96,97]. To explore childhood cerebral adrenoleukodystrophy, characterized by BBB
breakdown through a well-known mutation in ABCD1, hPSC-BMECs from patient and healthy
iPSC lines were used and demonstrated a reduction in tight junction quality as measured by
increased frayed tight junctions and a reduction in TEER [98]. Patient-sourced iPSCs were also
used to investigate BBB function in Huntington’s Disease (HD), a debilitating neurodegenerative
disease caused by a mutation in the HTT gene [99]. HD BMECs exhibited discontinuous tight
junctions as well as dysregulation in angiogenesis and activation of TGFf1, Wnt3a, GLI2,
ANGPT2 signaling cascades suggesting significant BBB dysfunction [97]. As mentioned
previously, model complexity should be justified by the experimental question. For example,
BBB dysfunction in Alzheimer’s disease (AD) is thought to be a result of interactions between
several cells of the NVU, warranting a multicellular three-dimensional BMEC model. The
resulting model using iPSCs carrying different APOE alleles was employed to assess the
deposition of amyloid B, a protein known to accumulate in AD progression, and the authors
concluded that that the APOE4 genotype led to increased amyloid- accumulation as a result of

pericyte effects [70].

In addition to modeling genetic diseases, stem cell-derived models of the BBB have been
used to analyze the mechanism of brain invasion in bacterial meningitis. The application of
Group B Streptococcus, a known pathogen responsible for meningitis, to a monolayer of hPSC-
BMECs resulted in a reduction of protein and transcript levels of occludin, claudin-5, and ZO-1,
three critical tight junction associated proteins [48] as well as in P-gp, a major efflux transporter
[100]. Another study applied Neisseria meningitidis, the pathogen responsible for a subtype of
meningococcal meningitis, to hPSC derived BMEC-like cells [49]. Neisseria infection resulted

in almost total loss of TEER within 48 hours, as well as increased permeability to small



24

molecules. This impact was directly observed via immunocytochemistry and corresponded to a
reduction in TIJP1land CLDNS5 transcripts. Infection also increased secretion of the cytokines
RANTES, IFN-y, and IL-8 after 24 hours, indicating an inflammatory response of the hPSC

derived BMEC-like cells.

1.9 Conclusion

Stem cell models of the human BBB provide advantages compared to other in vitro
models or in vivo animal studies. In particular, human stem cells provide a renewable source of
human BMEC-like cells and other cell types in the NVU, enabling a consistent product and

scalable models. hPSCs in particular facilitate modeling genetic diseases that influence the BBB.

Human stem cell-derived BBB models have been implemented in various configurations.
Transwell models offer ease of use, and high expandability which are useful for screening
studies. While these models can capture interactions between BMECs and other NVU cell types
mediated by soluble factors, direct contact between cells and flow are difficult to implement in
transwells. Fluidic models capture dynamic flow of the in vivo microenvironment and enable
precise spatial and temporal control over application of soluble factors, however they are not as
easily scaled. Brain spheroids and organoids offer the potential to study BBB morphogenesis,
however assessing the barrier properties of the BMECs is more complicated than other
configurations. To date, proof-of-concept studies of generating vascular networks in neural
aggregates indicate promise for these models, but additional work is needed to recapitulate
development of bona fide neurovascular organoids containing mesoderm and ectoderm-derived

cell types.

hPSC-derived BBB models can advance efforts for accurate, human relevant in vitro

screening of novel neurotherapeutics. The high passive resistance of these models and polarized
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expression of BBB transporters make them especially adept at eliminating prospective
candidates that cannot penetrate the human BBB and developing trans-BBB delivery strategies.
hPSC-derived BBB models also provide a useful tool for studying molecular and cellular
mechanisms of BBB induction and regulation, complementing animal models. Disease models
using patient-derived or gene edited iPSCs have thus far focused on genetic diseases impacting
BMECs and microbial disease. There is significant potential in expanding these disease models

to investigate the roles of different NVU cell types in more complex neurodegenerative diseases.
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1.10 Figures
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Figure 1.1 NVU diagram. The NVU is composed of BMECs that possess the properties most

often associated with BBB function as well as surrounding cells such as pericytes which share a
basement membrane with BMECs, astrocytes whose endfeet are intimately associated with

microvessels, neurons and microglia which communicate without contact with BMECSs.
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Figure 1.2 Examples of the different architectures of BBB models. Transwells can be utilized in

monoculture or co-culture formats, with hPSC-BMECs on the top of the membrane and co-
cultured cells on the bottom of the membrane and/or on the bottom of the well. The Fluidic

model chip shows a co-culture enabled chip, though single channel chips are also widely

employed. The aggregate model gives an example of an aggregated BBB spheroid with a shell of

BMECs organized around a core of NVU cells. However, not all aggregates exhibit this

localization.



1.11 Tables

Table 1.1 Summary of human stem cell-derived BMEC properties

Tight Junction Other Efflux
Endothelia Associated Efflux BBB Activity Additional
Refs | Proteins Proteins Transporters Proteins TEER  Measured Assays
[21,27] | VWF, Z0-1, Ocln, P-gp, BCRP,  GLUT-1  100- P-gp, Tube
VE-cad, Cldn-5 MRP1 2000 BCRP, formation,
PECAM-1 Q-cm®> MRP1 small/large
(RA molecule and
Depend drug
ent) permeability
[39,42] | PECAM-1, Ocln, GLUT-1  2000- P-gp, Small
VE-cad Cldn-5 8000 MRP molecule
Q-cm? permeability,
TEER
duration,
[43] | PECAM-1, ZO-1, Ocln, P-gp GLUT-1  400- Drug
VWF Cldn-5 1500 permeability,
Q-cm? sucrose
permeability
[30] | PECAM-1, ZO-1, Ocln, P-gp, BCRP,  GLUT-1  2000- P-gp, Tube
VE-cad, Cldn-5 MRP1 3000 BCRP, formation,
Flk-1 Q-cm?  MRP1 small
molecule
permeability
[101] | VWF, Z0-1, Ocln, GLUT-1  ~100 P-gp, Drug
VE-cad, Cldn-5 Q-cm®>  BCRP permeability,
PECAM-1 small
molecule
permeability
[44] | VWF, Z0-1, Ocln, P-gp GLUT-1 ~60Q- P-gp
VE-cad, Cldn-5 cm?
Tie2
[19] | JAM-A Z0-1, Ocln, P-gp, BCRP, RAGE, ~60 Q- Small and
Cldn-5 MRP1, LRP1 cm? large
MRP2, molecule and
MRP4, MRP5 drug
permeability
[18] | VE-cad Z0-1, Ocln, P-gp GLUT-1 P-gp Small and
Cldn-5, Cldn-3 large
molecule
permeability,
tube
formation

Cldn-5 = Claudin-5, Cldn-3 = Claudin-3, Ocln = occludin, VE-cad = VE-cadherin, vVWF = von

Willebrand factor, RA = retinoic acid
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Table 1.2 Summary of hPSC-BMEC and NVU cell co-culture conditions

Reference NVU Cells Architecture  Changes Observed
[21] rA Transwell Increased TEER
[33] hNPC,hP Transwell Increased TEER
[39] h A/P Transwell Increased TEER with all cell types, further improvement
with both
[42] hPSC A Transwell Increased TEER
[19] bP Transwell Used to drive cord-blood derived cells to BBB phenotypes
like decreased permeability and increased efflux
transporter activity
[18] rA Transwell Used to drive cord-blood derived cells to BBB phenotypes
like decreased permeability
[45] hPSC Mesoderm P, h  Transwell Induction of BBB properties in endothelial progenitors,
A hN improvement of TEER, improved resistance to small
molecules
[44] hP Transwell Necessary to see efflux transport activity in patterned
hPSC-EPC derived BMECs
[56] hPSC N/A, r A Transwell TEER improvements, continuous tight junctions, no
improvement of P-gp activity or increase in tight junction
protein levels
[54] hPSC N/A/P Transwell As previous, with pericyte induced reduction of non-
receptor mediated transcytosis
[64] hPSC Neural Crest P Transwell Improvement in TEER, resistance to small molecule
permeability, lowered non-receptor mediated transcytosis
[65] hPSC-Mesoderm and ~ Transwell Improvements in TEER with mesoderm and neural crest
Neural Crest P, h pericytes, tube formation assay
Neural Crest P
[58] h A Transwell Investigation of the effects of region specific astrocytes on
TEER, small molecule permeability, and tight junction
continuity
[50] h T Cells Transwell Selective T cell transmigration was observed
[67] hPSC NSC, h A, h P,  Transwell Increased TEER and assessed transcript and protein level
h NSC changes
[61] hPSC Mesoderm P Direct No TEER change, rescue of TEER under stress
+ Fluidic
[47] hPSC A/N Fluidic Resistance to blood-to-brain transport in chip
[69] h P/A Fluidic Improved BBB relevant transcripts when applied with
hypoxia
[102] hPSC A Fluidic No changes in TEER observed on coculture with
astrocytes suspended in 3D hydrogel
[70] hPSC Mesoderm P, Direct Improved TEER compared to monocultured controls

hPSC A,

r = rat, h = human, b = bovine, hPSC = human pluripotent stem cell derived, A = astrocyte, P = pericyte, N =
neuron, NSC = neural stem cell, NPC = neural progenitor cell
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2.1 Summary

The brain vasculature maintains brain homeostasis by tightly regulating ionic, molecular,
and cellular transport between the blood and the brain parenchyma. These blood-brain barrier
(BBB) properties are impede brain drug delivery, and brain vascular dysfunction accompanies
many neurological disorders. The molecular constituents of brain microvascular endothelial cells
(BMECSs) and pericytes, which share a basement membrane and comprise the microvessel
structure, remain incompletely characterized, particularly in humans. To improve the molecular
database of these cell types, we performed RNA sequencing on brain microvessel preparations
isolated from snap-frozen human and mouse tissues by laser capture microdissection (LCM).
The resulting transcriptome datasets from LCM microvessels were enriched in known brain
endothelial and pericyte markers, and global comparison identified previously unknown
microvessel-enriched genes. We used these datasets to identify mouse-human species differences
in microvessel-associated gene expression that may have relevance to BBB regulation and drug
delivery. Further, by comparison of human LCM microvessel data with existing human BMEC
transcriptomic datasets, we identified novel putative markers of human brain pericytes. Together,
these data improve the molecular definition of BMECs and brain pericytes, and are a resource for
rational development of new brain-penetrant therapeutics and for advancing understanding of

brain vascular function and dysfunction.



47

2.2 Introduction

The blood-brain barrier (BBB) regulates blood flow, supplies the brain with nutrients,
and facilitates clearance of a variety of substances. The BBB is comprised of brain microvascular
endothelial cells (BMECS), the principal barrier-forming cell. BMECs are also intimately
associated with brain pericytes, mural cells that line the outside of microvessels and are linked to
endothelial cells by a shared vascular basement membrane[2]. The BBB is required to maintain
brain homeostasis, but also prevents clinically relevant doses of many therapeutics from entering
the brain[3,4]. Brain vascular dysfunction plays a role in several neurological disorders,
including some with cell-autonomous defects in BMEC or pericyte function[5-8]. Due to its role
in neurological disorders and important implications for brain drug delivery, the brain
vasculature has been the subject of intense research, often focused on identifying mechanisms
underlying its unique behavior. Our understanding of brain vascular development, function,
dysfunction, and molecular constituents, however, has been advanced largely by mouse models.
The scarcity of human brain tissue and low abundance of brain vascular cells has limited
molecular profiling of the human brain vasculature. Improved molecular understanding of human
BMECs and pericytes could aid in the development of new BBB-penetrant therapeutics and

advance new hypotheses about mechanisms of brain vascular dysfunction in disease.

Mouse brain vascular cells have previously been isolated and transcriptionally
profiled[9-13]. For example, fluorescence-activated cell sorting (FACS) has been used to isolate
brain endothelial cells from Tie2-GFP mice, and microarray analysis identified transcripts that
were enriched or depleted in brain endothelial cells compared to lung and liver endothelial
cells[9]. Full transcriptomic datasets of mouse brain endothelial cells and pericytes have also

been obtained by performing RNA sequencing (RNA-seq) after cell isolation by FACS or
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immunopanning methods[12,14]. Similarly, bulk and single cell RNA-seq of endothelial cells in
mice have also been used to identify transcription factors and B-catenin-regulated genes related
to blood-brain barrier specification during the developmental timecourse[13]. Recently, single
cell RNA-seq has also been used to improve the transcriptomic definition of mouse brain
pericytes and identify positional variation in mural and endothelial cell gene expression[10,11].
While the mouse data have been instrumental in advancing our understanding of BMECs and
pericytes there are numerous species-specific differences that have been identified between
mouse and human brain including in solute carrier and efflux transporter expression[15-17].
Gene expression profiling in human brain samples has been much more limited and largely
focused on non-vascular cell types, including neurons and astrocytes. For example, single cell
RNA-seq of human adult and embryonic cortex samples has been used to identify regional,
developmental, and species differences in neuronal and glial gene expression; however, the
approaches employed yielded extremely small populations of endothelial cells and pericytes,
impeding analysis of human brain microvessel transcriptomes[18-20]. Recently, brain
microvessels isolated by centrifugation from two patient samples were subjected to RNA-seq to
analyze expression of ATP binding cassette (ABC) transporters and solute carriers (SLCs)[21],
and brain endothelial cells isolated via immunopanning from two patient samples were also
transcriptomically profiled[22]. A detailed, transcriptome-wide analysis of human brain
microvessels, however, is currently lacking. Furthermore, the limited number of existing human
brain vascular datasets motivates transcriptomic characterization of additional patient samples. A
more complete understanding of mouse-human species differences may help inform choice of

model systems for studying BBB biology or screening for brain penetrant therapeutics.
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In this study, we performed RNA-seq on normal mouse and human brain microvessels
isolated using laser capture microdissection (LCM). LCM allowed the isolation of brain
microvessels from snap-frozen tissue sections, limiting possible transcriptional changes induced
by techniques used in previous BBB transcriptomic analyses such as cell homogenization,
sorting, immunopanning, or short periods of in vitro culture[23-25]. The isolated microvessels
contained both BMEC and pericyte components and the transcriptomes were enriched in both
BMEC and pericyte transcripts as expected. Data analysis allowed the identification of genes
with microvessel-enriched expression despite patient-to-patient variability, identified species
differences between mouse and human samples, and suggested putative novel human brain

pericyte markers.

2.3 Results

2.3.1 Laser capture microdissection and RNA-sequencing of brain microvessels

Normal brain tissue from three human patients undergoing neurosurgery was obtained
and flash frozen immediately to preserve mRNA content. Similarly, brains were removed and
flash frozen from three C57/BL6N mice. Tissue sections were first labeled with fluorescent
lectins, which bind to the endothelial glycocaylx, to identify microvessels for capture (Fig. 1A).
The lectin® microvessels were manually outlined and captured for RNA isolation using an LCM
system (Fig. 1B). To enrich samples for microvascular endothelial cells and associated pericytes
while limiting the contribution of vascular smooth muscle cells, which vary in phenotype and
gene expression from microvascular pericytes[11], only vessels < 10 um in diameter were
isolated. Given the spatial resolving constraints of LCM, it is impossible to isolate solely
BMECs, and hence the isolated microvessels also contained microvessel-associated pericytes.

Thus, this combination of BMECs and pericytes will be defined as “microvessels” throughout
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the manuscript. Microvessel fragments totaling roughly 2.5 mm? and an equivalent area of whole
brain tissue were isolated from each human and murine brain sample, yielding 0.8-5.5 ng of total

RNA per sample (Supplementary Table S1; Supplementary Fig. S1).

RNA sequencing of the resulting LCM microvessel and whole brain RNA samples each
yielded approximately 20 million reads, which were then aligned to the human and mouse
genomes. The number of reads and alignment percentages for each sample are shown in
Supplementary Table S1 and gene count data are provided in Supplementary Table S2. To
validate the resulting datasets, we examined expression of a subset of known brain endothelial,
pericyte, and neural (astrocyte and neuron) genes in LCM microvessels and whole brain. As
expected, mouse LCM microvessels had increased expression of endothelial genes (Cldn5, Cdh5,
Slc2al, Abcbla, Vwf, Mfsd2a) and pericyte genes (Anpep, Cspg4, Rgs5, Kcnj8, Abcc9, Pdgfrb),
and no enrichment of neural genes (Gabbrl, Tubb3, Agp4) compared to whole brain samples
(Fig. 1C). In human LCM microvessels, we observed similar enrichment of endothelial genes
(CLDNS5, CDH5, SLC2A1, ABCB1, VWF, MFSD2A) and lack of enrichment of neural genes
(GABBRL1, TUBB3, AQP4). Compared to mouse, the human LCM microvessels had enrichment
of RGS5, ABCC9, and PDGFRB, but lacked statistically significant enrichment of other pericyte
markers, such as ANPEP, CSPG4, and KCNJ8, which may be a result of increased variability
between human patient samples, lower pericyte numbers in human samples compared to mouse,

or mouse-human species differences in pericyte gene expression (Fig. 1D).

To further examine the LCM microvessel datasets, we compared expression of all genes
in the mouse samples to recent single cell RNA-seq datasets of FACS-purified mouse BMECs
and pericytes (Supplementary Table S3)[11]. The Pearson correlation coefficient (rp) between

LCM microvessels (average of three biological replicates) and the reference endothelial dataset
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was 0.27 (P < 0.001), while the correlation for the reference pericyte dataset was 0.22 (P <
0.001), indicating a positive, but poor correlation for both cell types (Fig. 2A). Spearman’s
correlation coefficient (rs) between LCM microvessels and the reference endothelial dataset was
0.74, and for the reference pericyte dataset was 0.73, indicating similar ranking of genes despite
poor correlation on absolute abundance (Fig. 2A). Since LCM microvessel datasets are derived
from a mixture of cell types, largely BMECs and pericytes, these results were not surprising. In
an effort to adjust for the presence of multiple cell types, we recalculated Pearson correlation
coefficients between the LCM datasets and reference single cell RNA-seq datasets by
mathematically combining different ratios of endothelial cell and pericyte datasets (see Methods
for details). This analysis revealed an optimal Pearson correlation (rp = 0.33, P < 0.001) for a
reference dataset comprising approximately 42% pericyte-derived transcripts and 58% BMEC-
derived (Fig. 2B, C), while the Spearman’s correlation coefficient (rs = 0.74) did not increase
over the endothelial-only dataset (Fig. 2C). The low Pearson correlation, and lack of
improvement in Spearman’s correlation, is likely due to parenchymal cell contamination in the
microvessel preparations and technical differences between single cell and bulk RNA-seq
methodologies. Nonetheless, the non-monotonic relationship between Pearson correlation and
ratio of endothelial cell and pericyte reference datasets supports the presence of both endothelial

cells and pericytes in the LCM microvessel samples.

2.3.2 Comparison of LCM and whole brain transcriptomes identifies microvessel-enriched genes
We used hierarchical clustering and principal component analysis (PCA) to make
transcriptome-wide, unbiased comparisons of LCM microvessels and whole brain. Mouse

microvessel datasets clustered together and were distinct from whole brain datasets (Fig. 3A).



52

Human datasets did not produce this expected clustering, with one whole brain dataset clustering
more closely with a microvessel dataset from a different patient sample than with other whole
brain datasets (Fig. 3B). In PCA, mouse microvessel and whole brain datasets also clustered
together along principal component 1 (PC1; explaining 73% of the variance) (Fig. 3C), while
weaker clustering along principal component 2 (PC2; explaining 26% of the variance) was
observed for the human datasets (Fig. 3D). Together, these analyses suggest that patient-derived
human datasets have more variability than mouse samples, potentially attributable to differences
in genetic background, brain region, or underlying complications that required neurosurgical

intervention.

We next identified genes differentially expressed in LCM microvessels compared to
whole brain. This analysis revealed 1120 genes enriched and 986 genes depleted in mouse LCM
microvessels compared to whole brain (Fig. 3E; Supplementary Table S4). We similarly
identified 587 enriched and 861 depleted genes in human LCM microvessels (Fig. 3F;
Supplementary Table S4). Mouse microvessel-enriched genes included known pericyte and
endothelial markers (Rgs5, Slc2al, Fltl, Fnl, and Ptprb) (Fig. 3G). Human microvessel-
enriched genes included pericyte and endothelial markers (TAGLN2, RGS5, FLT1, VWF, FN1,
and EMCN) (Fig. 3H). Additional microvessel-enriched transcripts include, ATP10A, ADGRL4,
ITM2A, NET1, and PODXL, consistent with a role for podocalyxin in BBB maintenance as
recently demonstrated in mouse[26]. Whole brain-enriched (microvessel-depleted) genes
included RIMS4, encoding a neuronal synaptic regulator[27], CDH18, which is also highly
expressed in neurons[22], and SLC12A5 (KCC2), a potassium-chloride transporter involved in

synapse inhibition[28]. Thus, while the discrete set of neural genes examined in Figure 1



53

(GABBRL1, TUBBS3, and AQP4) were not depleted in LCM microvessels, our global differential

expression analysis indicated some depletion of neuronal genes.

Gene ontology (GO) analysis of the 100 highest confidence LCM microvessel-enriched
genes in mouse and human samples yielded GO terms such as tube morphogenesis, blood vessel
morphogenesis/development, and vasculature development, consistent with a vascular
transcriptomic signature (Fig. 31, J). We additionally performed Gene Set Enrichment Analysis
(GSEA) on the complete list of human genes ranked from the highest confidence microvessel-
enriched gene to the highest confidence microvessel-depleted gene (Supplementary Table S4).
Testing this list against 154 gene sets from the KEGG database revealed 13 gene sets enriched in
LCM microvessel samples (P < 0.05), including the TGFp signaling pathway, consistent with
known roles for TGF signaling in vascular biology, BBB development, and endothelial-pericyte
interactions[29,30] (Supplementary Fig. S2). We additionally tested our ranked list against 35
gene sets designed to infer which cell types are present in brain transcriptomic datasets[31]. This
analysis confirmed endothelial and mural cell enrichment in microvessel samples, and neuron

and astrocyte enrichment in whole brain (Supplementary Fig. S2).

2.3.3 Mouse-human species differences in vasculature-associated gene expression

Because our mouse and human datasets are derived from samples isolated using identical
methods for isolation, sequencing, and analysis, they provide a powerful opportunity to detect
species differences in brain microvessel gene expression. We performed a transcriptome-wide
comparison of homologous gene expression in the human and mouse LCM microvessel datasets,
which revealed 1122 human-enriched and 1278 mouse-enriched genes (Fig. 4A; Supplementary

Table S5). To identify genes for which microvessel, rather than parenchymal, expression drives
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species-specific enrichment, we filtered human- and mouse-enriched genes based on
microvessel-enrichment in the respective species (Approach 1; Fig. 4B). 142 mouse-enriched
genes were also microvessel-enriched over whole brain in mouse samples, including Slcolcl and
Vin (Fig 4B,C; Supplementary Table S5). Notably, expression of VTN/Vtn, which encodes the
ECM protein vitronectin and has been identified as a pericyte marker in mouse[11,12], was
highly enriched in mouse microvessels (Fig. 4A,C), suggesting human brain pericytes express
less VTN transcript than mouse pericytes. In fact, we detected no VTN transcripts in human
microvessels (Supplementary Fig. S3). We confirmed the ability of our pipeline to detect VTN
transcripts by mapping a human liver RNA-seq dataset[32] (Supplementary Table S3), which
had robust VTN expression at 1,330 TPM. We also reviewed two independent human single cell
RNA-seq datasets[19,20], which confirmed a lack of VTN expression in human brain pericytes,
although these datasets differ in developmental stage and brain region (Supplementary Fig. S3).
211 human-enriched genes were also microvessel-enriched over whole brain in human samples,
including SLCO2A1, GIMAP7, A2M, CD109, FGR, VWA2, RNASE1, and NHEJ1. (Fig. 4B,D;
Supplementary Table S5). We validated a subset of these human-enriched vascular genes using
single cell RNA-seq data from the literature[10,11,19,20] and immunohistochemistry from the
Human Protein Atlas[33] (Supplementary Fig. S4). For example, the GTPase-encoding transcript
GIMAP7 is not expressed by mouse brain pericytes or endothelial cells, but is expressed by
endothelial cells in human embryonic midbrain and neocortex single cell RNA-seq data[19,20],
and Human Protein Atlas data supports vascular enrichment of the protein in adult human
cortex[33] (Supplementary Fig. S4). Similarly, A2M, encoding alpha-2-macroglobulin, is not

expressed by mouse brain pericytes or endothelial cells, but single cell RNA-seq and
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immunohistochemistry data support its expression in human brain pericytes, endothelial cells,

and microglia (Supplementary Fig. S4).

Because Approach 1 eliminates genes of potential interest with expression both in
vasculature and parenchyma, we also filtered human-and mouse-enriched gene lists based on the
less stringent criterion of no microvessel- or whole brain-enrichment in the respective species
(Approach 2; Fig. 4B; Supplementary Table S5). Further, because Approaches 1 and 2 do not
consider genes without known mouse-human homology, or genes with similar expression in
microvessels in both species but microvessel-enrichment in only one species, we also identified
potential species differences by comparing the lists of mouse microvessel-enriched genes (Fig.
3E) and human microvessel-enriched genes (Fig. 3F) (Approach 3; Fig. 4E; Supplementary

Table S5).

This transcriptome-wide analysis identified several solute carrier (SLC) transcripts with
high differential expression and confidence: Slcolcl (Oatplcl) was highly enriched in mouse
microvessels (Fig. 4A,C). Expression of this thyroid hormone transporter in mouse, but not
human, brain endothelial cells is consistent with previous observations and explains the lack of
central nervous system (CNS) hypothyroidism in mouse models of Allan-Herndon-Dudley
Syndrome (AHDS) generated by Slc16a2 (MCT8) knockout[7]. The amino acid transporter
Slc6a20 and organic anion transporter Slc22a8 were also highly enriched in mouse microvessels
(Fig. 4C). SLCO1A2 (homologous to mouse Slcola5) was expressed in human microvessels and
absent in mouse (Fig. 4A,D), consistent with previous observations of SLCO1A2 expression in
human brain microvessels[34] and endothelial cells[22]. Given these discrete validated examples
and the importance of SLC and ATP-binding cassette (ABC) transporters in CNS drug delivery,

we compared expression of all SLC and ABC transcripts (Supplementary Fig. S5; Supplementary
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Table S5). We also found that the ratio of ABCB1 (mouse Abcbla) to ABCG2 transcripts, which
encode the efflux transporters P-glycoprotein (P-gp) and breast cancer resistance protein
(BCRP), respectively, was higher in mouse microvessels (Supplementary Fig. S5), consistent
with previous reports[15]. Together, this analysis reveals widespread species differences in
microvessel-associated gene expression and demonstrates the utility of whole brain datasets in

identifying which species differences are attributable to microvessel gene expression.

2.3.4 A putative gene expression profile of human brain pericytes

Pericytes play important roles in brain vascular function and BBB development[35-37].
While recent work has characterized the transcriptional profiles of mouse brain pericytes[11],
human brain pericytes after in vitro culture[38], and small numbers of human embryonic brain
pericytes[19,20], a comprehensive molecular definition of adult human brain pericytes in vivo is
lacking. We reasoned that because our human LCM microvessel samples contain both
endothelial and pericyte-derived transcripts, we could identify genes putatively expressed by
human brain pericytes by subtractive comparison of our microvessel datasets to existing
transcriptomic data from purified human brain endothelial cells (Supplementary Table S3)[18].
Similar strategies have been used to identify mouse brain pericyte enriched-genes from
microvessel and pericyte-depleted microvessel transcriptome datasets[9,39]. We compared
expression of the 587 human LCM microvessel-enriched genes identified via paired DESeq2
analysis (Fig. 3F) to expression in an adult human temporal lobe brain endothelial single cell
RNA-seq dataset[18] (Fig. 5A). Genes with expression of 1 TPM or greater in this reference
endothelial cell dataset were excluded from the list, resulting in 186 putative pericyte-enriched

genes (Fig. 5B). This 1 TPM threshold yielded a putative pericyte-enriched gene list that
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included known pericyte markers (PDGFRB, NOTCH3, S1PR3, ABCC9, ADGRA2 [GPR124])
and excluded known endothelial genes (PECAM1, A2M, SLC2A1, MSFD2A) (Fig. 5A,C;

Supplementary Table S6).

To identify potential species differences in pericyte gene expression, we compared this
putative pericyte-enriched gene list to the human-enriched gene list (Fig. 4A,B) and found 48
such human-enriched putative pericyte genes (Fig. 5D,E). We evaluated expression of a subset of
these genes using and immunohistochemical analysis from the Human Protein Atlas[33] and
several independent RNA-seq datasets from the literature: mouse brain vascular single cell RNA-
seq[10,11], human embryonic midbrain single cell RNA-seq[19], human embryonic neocortex
single cell RNA-seq[20], and adult human cortex single cell/nucleus RNA-seq[40]
(Supplementary Fig. S6). These data support expression of SLC6A12, SLC12A7, GEM, FRZB,
FOXL1, PTGDR2, FHL5, SMOC2, and LPL in human brain pericytes in at least one validation
dataset, and suggest lower or a lack of expression in mouse brain pericytes. For example, the
human single cell RNA-seq and immunohistochemistry datasets corroborated our finding of
human cortex and midbrain pericyte expression of SLC12A7 (Supplementary Fig. S6). Notably,
mouse single cell RNA-seq data suggests that Slc12a7 is expressed by a small number of
pericytes and endothelial cells[11], in contrast to humans where virtually no endothelial
expression is detected (Supplementary Fig. S6). Similarly, GEM, encoding a GTP-binding
protein, FRZB, encoding a Wnt-binding protein, and the transcription factor FOXL1 are absent or
nearly so in mouse brain pericytes but robustly expressed by human brain pericytes
(Supplementary Fig. S6). Other genes (MMP25, ANGPT2) were expressed in both human
endothelial cells and pericytes but nearly absent in the corresponding mouse cell types

(Supplementary Fig. S6).
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This multi-dataset validation also revealed that some genes, including ZIC1, NOTCHS3,
PRELP, NDUFA4L2, LRRC32, COLEC12, KIAA0040, and C1QTNFL1 are expressed by both
mouse and human pericytes; our analysis suggests that these genes may be enriched in relative

abundance in human microvessels versus mouse (Supplementary Fig. S6). Additionally,

EHD2, while expressed at similar levels by mouse brain endothelial cells and pericytes, was
highly pericyte-enriched in human single cell/nucleus RNA-seq datasets (Supplementary Fig.
S6). PRX (periaxin), a gene required for myelination by Schwann cells[41], was recently
identified as expressed in human brain microvasculature by immunohistochemistry[42], but PRX
transcripts were nearly absent in mouse microvessels and mouse brain pericytes and endothelial
cells (Supplementary Fig. S6). We again used independent, human single cell RNA-seq datasets
to corroborate these findings, and found very low PRX expression in both endothelial cells and
pericytes despite strong vascular localization in the immunohistochemistry dataset
(Supplementary Fig. S6). Finally, some genes (HAPLN3, SLC38A5, STARDS8) were indeed
expressed by endothelial cells in these validation datasets, suggesting an erroneous lack of
expression in the initial endothelial reference dataset or potentially reflecting differences in
developmental stage or brain region (Supplementary Fig. S6), highlighting the importance of

evaluating multiple datasets.

Together, this analysis demonstrates the utility of human LCM microvessel and whole
brain datasets in identifying potential human pericyte-derived transcripts, suggests additional
mouse-human species differences in endothelial and pericyte gene expression, and motivates the
integration of several independent RNA-seq datasets to build confidence in cell type-specific
gene expression. Further work will be required to confirm expression, cellular origin, and

potential functional roles of genes identified in this analysis in the human adult brain vasculature.
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2.4 Discussion

In this study, we isolated human and mouse brain microvessels and used RNA-seq to
characterize the transcriptomes of these samples. LCM yielded microvessel samples containing
the two cell types sharing the microvascular basement membrane, BMECs and pericytes. We
observed some expression of neuronal and glial marker genes in LCM microvessel datasets,
consistent with the technically unavoidable capture of some parenchymal cells. The common
issue of multiple or contaminating cell types in tissue-derived RNA-seq samples has been largely
obviated by single cell RNA-seq; however, single cell RNA-seq presents other challenges such
as poor ability to detect very low abundance transcripts and potential transcriptomic alterations
induced by cell dissociation and purification[43]. Thus, bulk and single cell RNA-seq are
complementary strategies, and LCM has been used previously to isolate human blood-nerve
barrier endoneurial microvessels from patient samples for downstream transcriptomic
profiling[44]. To further validate our mouse LCM microvessel datasets, we used data from
recent single cell RNA-seq of mouse brain endothelial cells and pericytes[10,11]. We found the
highest correlation between our data at an approximately 1:1 combination of endothelial cell-
and pericyte-derived transcripts, approximately consistent with the ratio of the two cell types in
mouse brain microvasculature[45], assuming similar global transcript abundance in BMECs and
pericytes. The maximum transcriptome-wide correlation we observed, however, had a Pearson
correlation coefficient of only 0.34, consistent with the presence of parenchyma-derived
transcripts in our LCM microvessel samples. Thus, the RNA-seq of matched whole brain
samples is paramount in identifying endothelial and pericyte genes based on microvessel-
enriched expression. Furthermore, while numerical methods to estimate the relative population

of different cell types from such datasets are available[46,47], they require reliable reference
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datasets for the cell types present. The extremely limited number and depth of human brain
endothelial and pericyte RNA-seq datasets currently precludes the application of such techniques

to our human LCM microvessel data.

Further analysis of our datasets via PCA and hierarchical clustering demonstrated
expected similarity between three biological replicates of mouse microvessels, which clustered
distinctly from whole brain. Similar analyses of the human datasets produced no such predictable
clustering, demonstrating patient-to-patient variability, differences in sampling location, or
different effects of neurological condition. Despite this, results of transcriptome-wide differential
expression analysis, GO analysis, and GSEA support depletion of neural-associated genes and
enrichment of vasculature-associated genes in both human and mouse LCM microvessel datasets
compared to whole brain in a pairwise differential expression analysis. Overall, though there was
high variability between human samples, LCM microvessel datasets were enriched in known
BMEC and pericyte genes, confirming the utility of both the isolation method and the resulting
datasets. The observed variability in human samples and uncertainty of sample location
motivates future efforts to characterize additional patient samples. Additional matched samples
would be required to understand how brain vascular gene expression varies with factors such as

brain region, age, or disease, some of which have recently begun to be explored in mouse[11,39].

To demonstrate the utility of the resulting datasets, we identified species-specific
differences in brain vascular gene expression. Species differences in neural progenitor, neuronal,
and astrocyte gene expression have been characterized by RNA-seq[19,22], but such differences
in vascular gene expression have not been comprehensively analyzed. In addition to a
transcriptome wide comparison of homologous gene expression, using whole brain datasets to

eliminate those genes with species-specific expression attributable to the brain parenchyma and
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not the vasculature, we focused on SLC and ABC transporters. Given that BBB efflux by ABC
transporters hinders delivery of many small molecule drugs, and SLC transporters may facilitate
transport of some pharmaceuticals, it is important to understand differences in expression
between human and mouse for drug development[15,16,21,48]. Additionally, recent work
demonstrated an enrichment of transporter genes in mouse brain pericytes compared to mouse
lung pericytes, suggesting that brain pericytes may be directly involved in molecular
transport[11]. Thus, our data permit identification of putative human pericyte-enriched
transporters that may be involved in molecular transport across the human BBB, such as the
potassium-chloride cotransporter SLC12A7 and the betaine transporter SLC6A12 identified in our
analysis. Further, improved insight into differences in gene expression between mouse and
human brain vasculature is key to assess potential limitations of mouse models of brain vascular
and BBB development and disease, as is the case in AHDS][7]. For example, we found that VTN,
a gene highly and selectively expressed in mouse brain pericytes with a recently-described
functional role in neurogenesis[49], was not expressed at a detectable level by human brain
pericytes. These results were validated in transcriptomics data collected by other groups, though
these datasets vary in developmental stage and brain region[19,20]. Availability of human
vascular transcriptomes can aid investigators in identifying potential roles for BMECs and
pericytes in the etiology of neurological disorders with known genetic bases. Thus, availability
of full transcriptome datasets should allow others to quickly assess expression of molecules with
potential relevance to drug delivery (e.g. SLCs, ABCs, and large molecule receptors) and disease

in human brain vasculature.

Finally, we demonstrated how human brain microvessel transcriptome datasets could

further be mined by comparison to existing brain endothelial transcriptomes[18]. We identified
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several genes enriched in our human LCM microvessel datasets compared to both whole brain
and existing human brain endothelial cell datasets, such as SLC6A12, SLC12A7, PRELP,
NDUFA4L2, GEM, FRZB, LRRC32, EHD2, FOXL1, COLEC12, KIAA0040, PTGDR?2,
C1QTNF1, FHL5, SMOC2, and LPL, suggesting these as possible human pericyte-expressed
genes some of which are human-specific. For example, SLC12A7, which is weakly expressed in
both pericytes and endothelial cells in mouse brain vasculature, was strongly and selectively
expressed by human brain pericytes in single-cell RNA-seq datasets, and had vascular
localization in immunohistochemistry data from the Human Protein Atlas. These results motivate
the use of several independent datasets to account for patient-to-patient variability and technical
differences in cell isolation and sequencing methodologies to validate putative human pericyte
and BMEC gene expression. Our human LCM microvessel datasets should facilitate hypothesis
generation and future validation of hypothesized human pericyte-expressed transcripts with

potential roles in vascular function or disease.

2.5 Conclusion

Overall, this work contributes brain microvessel transcriptome datasets enriched in
BMEC and pericyte genes from three human patient and three mouse samples. We also
contribute matched whole brain datasets to aid in identification and assessment of microvessel-
associated genes. Further, our work demonstrates the utility of LCM as a valuable tool for
isolation and molecular analysis of brain microvasculature. Finally, we have demonstrated
application of our datasets to identify differences between mouse and human brain vasculature
with potential implications for drug delivery and disease, and to discover previously unknown
human BMEC- and brain pericyte-expressed genes within these relatively unexplored

transcriptomes.
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2.6 Methods

2.6.1 Human tissue

This analysis was performed on normal human brain tissue that is usually discarded during
surgery to access deeper diseased brain regions. Human brain tissue was obtained during three
surgeries for other indications under a protocol approved by the University of Wisconsin-
Madison’s Institutional Review Board. All research was conducted in accordance with the
guidelines and supervision of the University of Wisconsin-Madison’s Institutional Review Board.
The obtained tissue specimens were flash-frozen in liquid nitrogen and stored at —80°C until

sectioned.

2.6.2 Mouse tissue

All procedures were performed in compliance with the University of Wisconsin-Madison
Animal Care and Use Committee and following National Institutes of Health (NIH) guidelines for
care and use of laboratory animals. Mouse brain tissue was obtained from C57/BL6N mice aged

6—7 weeks, and tissue was flash-frozen in liquid nitrogen and stored at —80°C until sectioned.

2.6.3 Laser capture microdissection and RNA extraction

Tissues were sectioned onto RNase-free membrane slides (Molecular Machines &
Industries) using RNase-free techniques at a thickness of 8 um and stored at —80°C until
proceeding to laser capture. Tissue sections were used within 1 week of sectioning to prevent RNA

degradation.

All subsequent procedures were performed at room temperature using RNase-free
techniques. Slides were thawed for 1.5 min, fixed in 100% acetone (Sigma) for 2 min, and air dried
for 2 min. Capillaries were labeled for 2 min using a lectin stain: mouse tissue was stained with

fluorescein labeled Rincinus communis Agglutinin | (RCA-I, 1:20, Vector Labs), and human tissue
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was stained with fluorescein labeled Ulex europaeus Agglutinin I (UEA-I, 1:10, Vector Labs)
diluted in water. Slides were washed 3 times with water and placed in a desiccator for 10 minutes.
Slides were then dehydrated via two 30 s incubations in 95% ethanol (Sigma) followed by two 30
s incubations in 100% ethanol and finally a 3 min incubation in 100% isopropyl alcohol (Sigma).
Slides were placed in a desiccator for another 3 min before proceeding to capture. The lectin-
labeled blood vessels were cut from the sections and captured on an adhesive cap (Molecular
Machines and Industries) using the MMI Cell Cut instrument (Molecular Machines and

Industries). Only microvessels (<10 pm in diameter) were selected for capture.

A total of 2.2-3.0 mm? of mouse brain microvessels and 2.3-3.0 mm? of human brain
microvessels were collected per biological replicate, and three biological replicates were obtained.
An equivalent area of whole brain tissue was captured onto an adhesive cap from each sample as
a control. Captured tissue was lysed with buffer RLT (Qiagen) supplemented with f-

mercaptoethanol (Sigma), vortexed for 30 s, and stored at —80°C until RNA extraction.

For RNA isolation, lysed tissue was thawed at room temperature and total RNA was
extracted using an RNeasy Micro kit (Qiagen) per the manufacturer’s instructions. On-column
DNase | digestion was performed to remove genomic DNA. RNA was quantified on an Agilent
Bioanalyzer using the RNA 6000 Pico kit, and electropherogram presence of 18S and 28S
ribosomal RNA was used to confirm intact RNA prior to library construction and sequencing

(Supplementary Fig. S1).

2.6.4 RNA-sequencing and data analysis
Sequencing libraries enriched for non-rRNA sequences were constructed using the NUGEN

Ovation Single Cell RNA-Seq High Volume Beta Kit. Libraries were sequenced on an lllumina
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HiSeq 2000 sequencer using 100 bp single-end reads. Between 19 and 33 million reads were

collected per sample (Supplementary Table S1).

Raw FASTQ files from our sequencing or obtained from NCBI SRA (for reference dataset
accession numbers, see Supplementary Table S3) were mapped to the mouse genome (mmZ10) or
human genome (hg38) using STAR[50] (version 2.6.0b-1) implemented in Galaxy[51] on the
public server at http://usegalaxy.org. Gene-level transcript abundances were calculated using

featureCounts[52] (version 1.6.3) also implemented in Galaxy.

Differential expression analysis was performed using DESeq2[53] (version 3.10),
implemented in R (version 3.6.2), using raw counts as input. When comparing LCM microvessel
and whole brain samples, sample pairing was included in the DESeq2 design. Elsewhere in the
paper, transcript abundances are presented as transcripts per million (TPM). For each gene i, TPM;
was calculated as

FPKM,

TPM, =
" aFPKM,

~10° (1)

where fragments per kilobase of transcript per million mapped reads (FPKM) was calculated as

counts.
FPKM = ——-1—
" Lacounts,

l

“10° (2)

where L is the length of the transcript, in kilobases, reported by featureCounts, and sums run over
all genes in a single sample. Count, FPKM, and TPM data for our datasets and reference datasets
are provided in Supplementary Table S2. All P-values presented in the context of differential
expression analyses are those adjusted for multiple comparisons by DESeq2 using the Benjamini-

Hochberg procedure.
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Hierarchical clustering on TPM was performed with GENE-E (version 3.0.215), using the
one minus Pearson correlation with average linkage. Principal component analysis on TPM was
performed using MATLAB. GO analysis was performed using the PANTHER][54] online tool at
http://pantherdb.org. Gene Set Enrichment Analysis (GSEA)[55,56] was performed using a list of
genes ranked based on DESeq2 output, using the ranking metric —logio(P)xsign[logz(fold
change)], which organizes high-confidence microvessel enriched genes at the top of the list, and

high-confidence microvessel-depleted genes at the bottom.

2.6.5 Human-mouse gene expression comparison

To compare gene expression in human LCM microvessels and mouse LCM microvessels,
a human-mouse gene homology database was obtained from Mouse Genome Informatics
(http://www.informatics.jax.org/homology.shtml) and manually curated to match gene symbols to
those in featureCounts outputs derived from genome annotation files. Human genes with no mouse
homolog and mouse genes with no human homolog were not considered in this analysis. The
majority (98%) of genes had 1:1 mouse-human homology. For human genes with multiple mouse
homologs, TPM values for the mouse homologs were summed. For mouse genes with multiple
human homologs, either (i) the single human homolog with the highest TPM was retained and the
human homolog(s) with zero or negligible expression were eliminated, or (ii) if multiple human
homologs existed with similar expression, these were each compared individually to the mouse
homolog. Supplementary Table S5 contains a complete list of mouse-human homology as used in
this analysis. Because mouse and human homologs for a given gene differ in transcript length, raw
counts from each dataset do not permit an authentic comparison of expression. Thus, as a DESeq2

input, we used TPM values to reverse-calculate an unnormalized counts metric for each gene in
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mouse and human samples using the human gene length. Other comparisons of mouse and human

gene expression were performed using TPM values.

2.6.6 Comparison to single cell RNA-seq reference datasets

Raw counts from mouse brain endothelial single-cell RNA-seq datasets[11]
(Supplementary Table S3) were averaged across all single cells and normalized using transcript
lengths to generate a single vector of TPM values. The same process was used for mouse brain
pericyte single-cell RNA-seq datasets (Supplementary Table S3). We mathematically generated
new vectors of TPM values by combining these reference datasets in different pericyte-to-

endothelial ratios as
TPM = a(TPM,,, ) +(1-&)(TPM,,,, @3)

where « represents the fraction of transcripts derived from pericytes and varies between 0 and 1.
To assess global similarity between reference datasets and LCM microvessel data, Pearson and

Spearman’s correlation coefficients were calculated on TPM values using MATLAB.

2.6.6 Validation of pericyte-enriched transcripts

Human and mouse brain single-cell and single-nucleus RNA-seq
datasets[10,11,19,20,40] were used for validation of putative pericyte-enriched transcripts, with
cell assignments to clusters as reported by the authors. Seurat (version 3.1.2)[57] implemented in
R was used for visualization except where indicated in figure legends. Images from the Human

Protein Atlas (http://v19.proteinatlas.org)[33] were also used for validation.

2.6.7 Statistical Analyses
DESeqg2 was used for all differential expression analyses as described above, and all P-

values reported in the context of differential expression analyses are those generated by DESeq2
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using the Wald test and adjusted to control the false discovery rate using the Benjamini-Hochberg
procedure, except where otherwise indicated. P-values reported for Pearson correlation
coefficients were calculated in MATLAB using Student’s t distribution. P-values reported for GO
and GSEA analyses were those generated by the tools as described above. Student’s t test was used

to compare the ratio of ABCB1 and ABCG2 transcripts (Supplementary Fig. S5).
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Figure 2.1 LCM of brain microvessels yields transcriptomic datasets enriched in endothelial and

pericyte markers. (A,B) Representative lectin-stained mouse brain sections before (A) and after

(B) LCM. Scale bars: 50 pm. (C,D) Transcript abundance [log,(TPM+1)] of endothelial,

pericyte, and neural genes in mouse (C) and human (D) whole brain and LCM microvessel

samples. Lines connect datapoints from matched LCM microvessel and whole brain samples. *P

< 0.05 versus whole brain, DESeq2 Wald test with Benjamini-Hochberg correction. Exact P-

values are provided in Supplementary Table S4.
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Figure 2.2 Comparison of mouse LCM microvessel with existing mouse BMEC and pericyte
transcriptomic datasets. (A) Comparison of transcript abundances [logio(TPM)] in mouse LCM
microvessels (y-axes; average of three biological replicates) versus the reference BMEC dataset
or the reference pericyte dataset [11]. Each point represents one gene with nonzero expression in
both LCM microvessel and reference endothelial or pericyte datasets. The Pearson (rs) and
Spearman’s (rp) correlation coefficients are inset and were calculated on raw TPM values prior to
removal of undetected transcripts and log-transformation. Pseudocoloring indicates relative
population density. (B) Pearson correlation coefficient (rp) for the average of the biological
replicates of mouse LCM microvessels calculated against reference datasets generated by
combining brain pericyte and endothelial cell transcriptomes in different ratios (x-axis). (C)

Comparison of transcript abundances [logio(TPM)] in mouse LCM microvessels (y-axis; average
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of three biological replicates) versus the optimal combined reference dataset (42% pericyte
transcript and 58% BMEC transcript weighting). Each point represents one gene with nonzero
expression in both LCM microvessel and the reference dataset. The Pearson (rs) and Spearman’s
(rp) correlation coefficients are inset and were calculated on raw TPM values prior to removal of
undetected transcripts and log-transformation. Pseudocoloring indicates relative population

density.
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Figure 2.3 Differentially expressed genes in mouse and human LCM microvessels compared to

whole brain. (A,B) Whole-transcriptome hierarchical clustering of mouse (A) and human (B)
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LCM microvessels and whole brain datasets. Color indicates expression that has been
normalized within each gene (column). (C,D) Principal component analysis of mouse (C) and
human (D) LCM microvessels and whole brain datasets. Data are plotted in the space of the first
two principal components, with the percentage of variance explained by principal component 1
(PC1) and principal component 2 (PC2) shown in axis labels. Microvessel and whole brain
datapoints of the same color are derived from matched samples. (E,F) Volcano plots illustrating
genes differentially expressed between LCM microvessels and whole brain samples from mouse
(E) and human (F). The number of LCM microvessel-enriched (Up) and depleted (Down) genes
with adjusted P-values < 0.05 (from DESeqg2) are shown in the legends. Full results of
differential expression analysis are in Supplementary Table S4. (G,H) Heat maps illustrating
transcript abundance in biological triplicates of LCM microvessels and whole brain for the 10
highest confidence LCM microvessel-enriched and the 10 highest confidence microvessel-
depleted genes in mouse (G) and human (H). Color indicates expression that has been
normalized within each gene (row). (1,J) Gene ontology (GO) terms for biological processes
enriched in LCM microvessels compared to whole brain from mouse (I) and human (J). ES:

enrichment score [-logio(P)].
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Figure 2.4 Mouse-human species differences in vasculature-associated gene expression. (A)
Volcano plot illustrating genes differentially expressed between human LCM microvessels and
mouse LCM microvessels. The number of human-enriched (Up) and depleted (Down) genes
with adjusted P-values < 0.05 (from DESeq2) are shown in the legend. The complete list of
mouse-human gene homology as used in this analysis, and full results of differential expression
analysis, are in Supplementary Table S5. (B) Summary of filtering strategies used to identify
human-mouse species differences potentially attributable to vascular gene expression. Of the

1278 mouse-enriched transcripts identified in (A), Approach 1 selects the 142 genes also
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enriched in mouse microvessels versus whole brain (Fig. 3E) and Approach 2 selects the 965
genes not enriched in mouse microvessels or whole brain (Fig. 3E). Of the 1122 human-enriched
transcripts identified in (A), Approach 1 selects the 211 genes also enriched in human
microvessels versus whole brain (Fig. 3F) and Approach 2 selects the 901 genes not enriched in
human microvessels or whole brain (Fig. 3F). Complete filtered gene lists are in Supplementary
Table S5. (C,D) Heat maps illustrating transcript abundance in biological triplicates of mouse
and human LCM microvessels and whole brain for the 20 highest confidence mouse-enriched
(C) and human-enriched (D) genes from lists filtered by Approach 1 (genes also microvessel-
enriched in the respective species). Color indicates expression that has been normalized within
each gene (row). (E) Summary of Approach 3, a filtering strategy that identifies species-specific
microvessel-enriched genes as those not also microvessel-enriched in the other species, or those
without known mouse-human homology. Complete filtered gene lists are in Supplementary

Table S5.
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Figure 2.5 Comparison of human LCM microvessel and brain endothelial cell transcriptomes.
(A) Average transcript abundance of the 587 human microvessel-enriched genes (Fig. 3F) in
human LCM microvessels (TPMwmv) versus reference human adult brain endothelial cells
analyzed by single cell RNA-seq (TPMec)[18]. Vertical line at log2(TPMec + 1) = 1 indicates the
1 TPM threshold employed to identify putative pericyte-derived transcripts in the microvessel
samples. Endothelial genes (e.g. PECAM1, MFSD2A, SLC2A1, A2M) fall to the right of this line
and are excluded, while known pericyte genes (e.g. NOTCH3, PDGFRB) fall to the left. Full
results of this analysis are in Supplementary Table S6. (B) Summary of results of thresholding
analysis described in (A). (C) Heat map illustrating transcript abundance in biological triplicates

of human brain endothelial cells and LCM microvessels and whole brain for the 186 putative



77

pericyte genes identified in (A). Known and putative novel pericyte genes are annotated. Color
indicates expression that has been normalized within each gene (row). (D) Summary of filtering
strategy used to identify putative human-specific pericyte genes. Of the 186 putative pericyte
genes identified in (A), 48 are also human-enriched (Fig. 4B). (E) Heat map illustrating
transcript abundance in biological triplicates of mouse LCM microvessels and whole brain,
human brain endothelial cells, and human LCM microvessels and whole brain for the 48 putative
human-enriched pericyte genes identified in (D). Genes are ranked by fold change in human
versus mouse microvessels. Color indicates expression that has been normalized within each

gene (row).
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Supplemental Figure 2.1 RNA electropherograms. (A,B) Agilent Bioanalyzer analysis of RNA
samples from mouse and human LCM microvessel and whole brain samples. Electropherograms

(A) and gellike images (B) are shown.
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Supplemental Figure 2.2 Gene Set Enrichment Analysis (GSEA) of human LCM microvessel
datasets. (A) Gene sets from the KEGG database enriched (P or FDR < 0.05) in human LCM

microvessels compared to whole brain. NES: normalized enrichment score. The GSEA input was
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a list of genes ranked from the highest-confidence LCM microvessel-enriched to the highest-
confidence LCM microvessel-depleted gene, using the ranking metric —logio(P)xsign[logz(fold
change)] (Supplementary Table S4). (B) GSEA enrichment plots for the KEGG TGF-beta
signaling pathway gene sets. (C) Heat maps illustrating transcript abundance in biological
triplicates of LCM microvessels and whole brain for the highest ranked LCM microvessel-
enriched genes in the indicated gene sets. Color indicates expression that has been normalized
within each gene (row). (D) Gene sets from Hagenauer et al. [30] enriched (P or FDR < 0.05) in
human LCM microvessels compared to whole brain (top) and enriched (P or FDR < 0.05) in
whole brain compared to LCM microvessels (bottom). GSEA input was as described in (A). (E)
GSEA enrichment plots for endothelial and interneuron gene sets from Hagenauer et al. [30]. (F)
Heat maps illustrating transcript abundance in biological triplicates of LCM microvessels and
whole brain for the highest ranked LCM microvessel-enriched genes in the indicated gene sets.

Color indicates expression that has been normalized within each gene (row).
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Supplemental Figure 2.3 Lack of VTN expression in human brain pericytes. (A) Transcript

abundance of VTN/Vtn in biological triplicates of LCM microvessels and whole brain from

human and mouse. Lines connect datapoints from matched LCM microvessel and whole brain

samples. Adjusted Pvalues (from DESeq2) are shown; Wald test with Benjamini-Hochberg

correction. (B) Vtn expression in single cell RNA-seq of mouse brain pericytes and endothelial

cells [9,10]. Single cell RNA-seq plot in this panel adapted from

http://betsholtzlab.org/VVascularSingleCells/database.html. (C,D) VTN expression in human brain

pericytes. Other pericyte genes (PDGFRB, CSPG4, RGS5, ABCC9, and KCNJ8) are included for

comparison. Single cell RNA-seq data from (C) La Manno et al. [18] and (D) Polioudakis et al.

[19].
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Supplemental Figure 2.4 Validation of putative human-enriched vascular transcripts. Each row
shows data from several sources for one transcript/protein of interest. (i) Transcript expression in
single cell RNA-seq of mouse brain pericytes and endothelial cells [9,10]. Single cell RNA-seq
plots in these panels adapted from http://betsholtzlab.org/VVascularSingleCells/database.html. (ii)
Transcript abundance (counts) in human embryonic midbrain single cell RNA-seq data [18]. Cell
assignment to clusters and cluster names are as reported by La Manno et al. [18]. hPeric: human
pericytes. hEndo: human endothelial cells. (iii) Transcript abundance (counts) in human
embryonic neocortex single cell RNA-seq data [19]. Cell assignment to clusters and cluster
names are as reported by Polioudakis et al. [19]. Per: pericytes. End: endothelial cells. (iv)
Immunohistochemistry on human cortex samples from the Human Protein Atlas

(v19.proteinatlas.org) [32]. URLSs for each image are provided in the figure.
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Supplemental Figure 2.5 Mouse-human species differences in SLC and ABC transporter
expression. (A) Summary of Approaches 1 and 2. Approach 1 is as shown in Figure 4. Of the
1278 mouse-enriched transcripts identified in (A), Approach 2 selects the 965 genes not enriched
in mouse microvessels or whole brain (as determined in Fig. 3E). Of the 1122 humanenriched
transcripts identified in (A), Approach 2 selects the 901 genes not enriched in human
microvessels or whole brain (as determined in Fig. 3F). The small number of genes not selected
by Approach 1 or Approach 2 (shaded dark) are whole brain-enriched. Complete filtered gene
lists are in Supplementary Table S5. (B) Summary of Approach 3, a filtering strategy that
identifies species-specific microvessel-enriched genes by comparing the lists of mouse genes
with microvessel enrichment versus whole brain (as determined in Fig. 3E) and human genes
with microvessel enrichment versus whole brain (as determined in Fig. 3F). 824 genes appear
only on the mouse list and 291 genes appear only on the human list. Complete filtered gene lists

are in Supplementary Table S5.
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Supplemental Figure 2.6 Validation of putative human brain pericyte-enriched transcripts.

Differential expression analysis for human LCM microvessels compared to human brain

endothelial cells. (A) Comparison of solute carrier (SLC) transcript abundance in human and

mouse LCM microvessels. The logz(fold change) of human transcript abundance versus the
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homologous mouse transcript abundance is plotted against the average abundance in human and
mouse. Each point represents one gene with known mouse-human homology. Genes with zero
expression in all samples were excluded. Genes to the right of the vertical line at log2(average
TPM) = 0 are moderately or highly expressed in at least one species. A subset of human-enriched
SLCs (SLCO1A2, SLC47A1, SLC43A3, SLCO5AL, SLC6A12, and SLC12A7) and mouse-
enriched SLCs (SLCO1C1, SLC22A8, and SLC32A1) are highlighted. Genes with zero expression
in one species were visualized with an average logz(fold change) of + 12. Complete results of
this analysis are in Supplementary Table S5. (B) Comparison of ATP binding cassette (ABC)
transcript abundance in human and mouse LCM microvessels. The logz(fold change) of human
transcript abundance versus the homologous mouse transcript abundance is plotted against the
average abundance in human and mouse. Each point represents one gene with known
mousehuman homology. Genes with zero expression in all samples were excluded. Genes to the
right of the vertical line at logz(average TPM) = 0 are moderately or highly expressed in at least
one species. A subset of human-enriched ABCs (ABCA6) and mouse-enriched ABCs (ABCB10
and ABCD?2) are highlighted. Genes with zero expression in one species were visualized with an
average logz(fold change) of + 8. Complete results of this analysis are in Supplementary Table
S5. (C) Transcript abundance of selected genes in biological triplicates of LCM microvessels and
whole brain from human and mouse. Slcola5 is the mouse homolog of human SLCO1A2. Lines
connect datapoints from matched LCM microvessel and whole brain samples. Adjusted P-values
(from DESeq2) are shown; Wald test with Benjamini-Hochberg correction. (D) Transcript
abundance of genes highlighted in (B) in biological triplicates of LCM microvessels and whole
brain from human and mouse. Lines connect datapoints from matched LCM microvessel and

whole brain samples. Adjusted P-values (from DESeq2) are shown; Wald test with
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BenjaminiHochberg correction. (E) Ratio of ABCB1 (mouse Abcbla) to ABCG2 transcript

abundance (TPM) in human and mouse LCM microvessels. P-value shown from Student’s t test.
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Supplemental files available online [1].

Supplemental File 2.1 Characteristics of RNA samples and associated RNA-seq datasets.

Supplemental File 2.2 Count, FPKM, and TPM values for mouse and human LCM microvessel

and whole brain datasets.

Supplemental File 2.3 SRA accession numbers for reference datasets.

Supplemental File 2.4 Differential expression analysis for mouse and human LCM microvessels

compared to whole brain.

Supplemental File 2.5 Human-mouse gene homology and differential expression analysis.

Supplemental File 2.6 Putative pericyte transcripts.
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3.1 Summary

Background: Recent work has suggested the efflux activity of the blood-brain barrier (BBB) is a
dynamic feature controlled by inputs such as the circadian rhythm. Here we test a major
component of the endothelial niche, shear stress, to identify if increased shear stress during
neuronal activity could reduce efflux transport activity. We further explored if induction of the
BBB relevant mechanosensitive channel, Piezol, through the agonist Yodal (Y1) could similarly

reduce efflux activity.

Methods: We accomplished this by the direct application of shear stress to cultured rat brain
endothelial cells and observed accumulation of Rhodamine123, a substrate for the major efflux
transporter, P-glycoprotein (P-gp). We further explored a potential contribution of
mechanosensory pathways by activating Piezol using the Y1 agonist. By applying Y1 to both a
human pluripotent stem cell derived BBB model and to rat brain endothelial cells, we were able

to artificially simulate shear and evaluate P-gp activity.

Results: The application of shear stress drove a significant increase in Rhodamine123
accumulation, consistent with reduced efflux transport activity in the BBB model. Further,
Yodal application similarly caused increased Rhodamine123 accumulation in an acute and

reversible manner.

Conclusions: In this work, we have demonstrated that shear stress and activation of Piezol can
reduce P-gp efflux activity at the in vitro BBB. Our work here could suggest an energy
conservation mechanism at the endothelium during periods of neuronal activity potentially
through Piezol. However, further experiments directly linking Piezol activation to shear stress

regulation of P-gp activity will be necessary to confirm this hypothesis.
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3.2 Introduction

The central nervous system (CNS) is protected by numerous mechanisms to ensure its
continuing function and health. The blood-brain barrier (BBB) allows the selective and
restrictive transport between blood and the brain parenchyma [1] which protects from
perturbations in blood compounds and nutrients, as well as preventing the passage of foreign
compounds including, but not limited to, most small molecule drugs and almost all antibody
therapeutics [2]. The BBB is predominantly a result of the unique properties of CNS
endothelium. These brain microvascular endothelial cells (BMECs), express substantial tight
junctions to restrict hydrophilic compounds and polarized efflux transporters which expel more
hydrophobic compounds that can successfully cross the cell membrane and return them to the

bloodstream[3,4].

Current work has begun to explore the impact of various components of the
neurovascular niche that may impact the behavior of the BBB endothelium. One factor of
interest is the mechanical forces caused by changes in blood flow. Shear stress has been linked in
generic endothelial cell models to increased transcription factor expression (KLF2, KFL4, e.g.)
[5-7], reduced proliferation [8], and alignment with flow [9,10]. Similarly, for brain
endothelium, immortalized and stem cell derived models saw reduced proliferation and apoptosis
rates, but no alignment to flow [11,12]. Other work with stem cell derived BBB models have
suggested transcriptional increases of BBB relevant genes including P-gp, encoded by ABCBL in
response to shear stress [13,14]. However, most of these experiments tend to apply shear stress
for a minimum of 24 hours. These experiments are particularly helpful in indicating genes

regulated or dysregulated by shear stress. They do not, however, describe short term sensing and
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response to dynamic changes in shear flow. One of the classic changes brought on by regional

neuronal activation is increased blood flow [15,16] which drives a transient increase in shear.

Endothelial cells across the body express numerous mechanisms to detect physical forces
and perturbations within their environment [17]. One particular mechanism of interest is
mechanosensitive cation channels. These channels open due to physical flow over the surface of
the cell or membrane deflection. These channels open and allow cation influx, including calcium.
Recent work into mechanosensitive cation channels has identified Piezol as a novel and
potentially important endothelial transport involved in tip cell invasion into developing tissues

[18,19] and in calcium influx in response to pressure at the mouse brain endothelium [20,21].

Additionally, an in vivo experiment utilizing mice with regionally expressed engineered
neuronal receptors (DREADD) saw regional permeability associated with regional neuronal
activation [22]. In this model, neuronal activation led to an increase in brain accumulation of
Rhodamine 123, a target of P-gp efflux transport. Conversely, reducing neuronal activity in that
region with a modified DREADD decreased accumulation. We therefore hypothesized that short
term increases in shear stress from neuronal activation may drive downregulation of efflux

activity and tested this hypothesis using in vitro BBB models.

3.3 Methods

3.3.1 Stem Cell Maintenance

In this study we utilized either the WTC 11 GCaMP or IMR90-4 hPSC lines. Both were
maintained on 6 well tissue culture polystyrene plates coated for a minimum of 1 hour with 2.5
mg of Matrigel. Cells were fed E8 stem cell maintenance medium every day. When at 70%

confluency, cells were passaged via a 7 minute (IMR90-4) or 5 minute (WTC11 GCaMP)
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Versene treatment followed by gentle disassociation and replating. Remaining cells were used to

start differentiations as described below.

3.3.2 hBMEC-like Cell Differentiation

These cells were differentiated as described previously [23] and will be briefly described
here. On Day -3, cells were lifted via 7 minutes of Accutase, quenched with 4 mL DMEM/F12
per 1 mL of Accutase, then spun down at 200 RCF for 5 minutes. Afterwards cells were
resuspended in 2 mL E8 + 10 uM Y-27632 per well to be coated and replated onto Matrigel
coated plates as above. Every 24 hours for the next 2 days, medium was replaced with 2 mL ES8.
On Day 0, medium was replaced with 2 mL DMEM/F12 + 1x Non-Essential Amino Acids + 2x
GlutaMAX + 4 uM CHIR99021. After 23 hours, medium was replaced with 2 mL DMEM/F12 +
1x Non-Essential Amino Acids + 2x GlutaMAX + 1x B27 and fed daily until Day 6. On Day 6
cells were fed HESFM + 1x B27 + 10 uM Retinoic Acid + 20 ng/mL FGF2. On Day 7 plates
were coated with 20 pg/mL fibronectin and 80 pug/mL collagen IV diluted with water and
transwells were coated with 100 pg/mL fibronectin and 400 pug/mL collagen 1V diluted with
water. On Day 8, cells were detached using 30-45 minutes of Accutase treatment followed by
quenching in 4:1 DMEM/F12 as previously. Cells were spun down at 200 RCF for 5 minutes
before being replated onto the previously prepared plates and transwells in HESFM + 1x B-27 +
10 uM Retinoic Acid + 20 ng/mL FGF2 at 500,000 cells/cm? for transwells and 25,000 cells/cm?
for plates. On Day 9, medium is replaced with HESFM + 1x B27. All assays are started on Day

10.

3.3.3 MDCK-MDRL1 Cell Culture
Cells were maintained on uncoated 6 well tissue culture treated polystyrene plates in 2

mL DMEM + 10% Fetal Bovine Serum. At confluency, cells were passaged 1:6 with Accutase.
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For experimental samples, cells were passaged to uncoated tissue culture treated polystyrene 24

well plates.

3.3.4 rBMEC Isolation

Half a rat brain was used to seed each chip as a rough way to control consistency. For
tissue culture plates, roughly 1 rat brain per plate was used. 96 wells for ICC were seeded from
small volumes of remaining liquid. Each isolation is a pool of 2 rat brains and treated separately
from other isolations to ensure sufficient numbers of microvessels. Sprague-Dawley rats between
220-250 g were first anesthetized with 2-5% isoflurane. Once the rats failed both the pinch and
righting tests, they were swiftly beheaded using a guillotine and brains extracted. Brain segments
were stored in DMEM on ice. Brain hemispheres were rolled on paper to capture meninges,
followed by vigorous disassociation into 1 mL DMEM. Solution was diluted with a further 9 mL
of DMEM before trituration. Then 0.75 mL of 10 mg/mL collagenase and 150 pL of 1 mg/mL
Dnase | were added. Solution was incubated for 1 hour and 15 minutes at 37 °C on a shaker at
250 rpm. Percoll gradient was prepared in a 30 mL Oakridge tube with 10 mL Percoll, 19 mL
PBS, 1 mL 10x PBS, 1 mL FBS and centrifuged at 30,000 g for at least 30 minutes. After
incubation, brain solution was diluted to 40 mL using DMEM, and then spun down at 1000 RCF
for 8 minutes. Supernatant was aspirated and pellet resuspended in 25 mL 20% (m/v) BSA in
DMEM, triturated again, and then centrifuged at 1000 RCF and 4 °C for 20 minutes. Neuron/glia
layer and supernatant were aspirated before resuspension in 6.75 mL DMEM followed by
trituration. 0.5 mL of 10 mg/mL Collagenase-dispase and 50 pL of 1 mg/mL DNase 1 were
added and solution was incubated for 1 hour at 37 °C on a shaker at 250 RPM. Fragments were
spun down at 700 RCF for 6 minutes and supernatant aspirated. Pellet was resuspended in 1 mL

DMEM and added to the top of the prepared Percoll gradient. Percoll was centrifuged at 1000
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RCF for 10 minutes at 4 °C. A 5 mL syringe with a blunt 16 gauge 5” needle was used to extract
the microvessel containing layer which was diluted with DMEM at roughly 4 mL per mL of
microvessel solution. This was spun down at 200 RCF for 10 minutes and then and plated into
ibidi 0.8 mm and 0.6 mm microfluidic chips coated 250-300 pL of 0.2 mg/mL collagen IV and
0.2 mg/mL fibronectin for at least 1 hour, in rat primary medium (DMEM + 10% FBS + 1x
GlutaMAX + 1x Anti-anti + 4 ug/mL puromycin + 100 ng/mL heparin + 20 ng/mL FGF2) every
8 hours until confluent (usually between 3-4 days). To ensure medium was successfully changed,
200 pL was added to one side and removed from the other two times. Cells were connected to

microfluidics devices after visibly confluent.

3.3.5 Immunocytochemistry (ICC)

Cells were plated onto 96 well tissue culture polystyrene plates on the appropriate plating
day dependent on cell type. Cells were washed with cold PBS and then 50 pL of methanol was
added for 15 minutes to fix. Cells were washed again in PBS before 100 uL of 10% Goat Serum
in PBS for 1 hour at room temperature. Primary solutions were prepared with the dilutions in
Table 3.1 in 10% Goat Serum in PBS. Cells were incubated with primary solution overnight at
4 °C shaking slowly. Afterwards, cells were washed 3 times with cold PBS before applying
secondary solution and shaking at room temperature for 1 hour or overnight at 4 °C protected
from light. Cells were then washed twice, treated with Hoechst 33342 solution for 5-10 minutes,

switched to PBS and then imaged.

3.3.6 Rhodamine 123 (Rh123) Accumulation Assay
Assay was performed as previously described [24], with modifications as described in the
experiment. Cells were plated onto 24 well tissue culture treated polystyrene plates and allowed

at least 24 hours to recover. Wells were treated preemptively with 1 hour of various
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concentrations of Y1, 10 uM CsA or an appropriate amount of DMSO to serve as a vehicle in
100 puL Hanks’ Balanced Salt Solution (HBSS) to ensure that CsA or Y1 had time to take effect
before addition of the Rh123. Plates were shaken at 30 RPM in a 37 °C incubator with
humidification and 5% CO». HBSS was then replaced with HBSS + Y1/CsA/DMSO as
previously + 10 uM Rh123 and returned to the incubator and shaker for 1 to 2 hours depending
on the experiment. Cells were then thoroughly washed with cold PBS 3 times before being lysed
with 100 pL of RIPA. Lysate was then imaged on a TECAN Plate Reader to assess Rh123
accumulation. Samples were frozen and at a later time an BCA Assay Kit was utilized to assess
protein concentration in each well used for normalization. A blank well with cells but no Rh123

was used as a background control.

3.3.7 RNA Isolation and gPCR
Cells were plated onto 24 well tissue culture treated polystyrene plates and treated with Y1 or
vehicle. RNA was isolated by utilizing the Qiagen Miniprep kit. gPCR was performed using

SYBR Green gPCR mix. Primers used are provided in Table 3.2 and normalized to GAPDH.

3.3.8 Microfluidic Device Assembly and Operation

Fluidic devices were assembled from cell culture grade silicone tubing of internal diameter 1/16”
or 1/32” with nylon 1/16” hose barb to luer lock or Y-splitter connectors. Lengths of tubing were
designed according to ibidi devices. All components were soaped, soaked in bleach, and then
soaked in Ethanol to kill contaminants before being autoclaved and assembled prior to use. ibidi
Fluid flow was controlled by using tubing of different internal diameters and measured at the

start of each run to ensure consistent shear stress.
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3.4 Results

3.4.1 BBB Models Used

We chose two BBB models to assess reductions in efflux activity associated with shear
stress and Piezol activation. We chose these models due to presence of efflux activity, ability to
support genetic modifications, and similarity to in vivo BMECs [24-26]. The first model was
primary cultured rat BMECs (rBMECs). The rBMECs have good efflux transport activity
although they are known to suffer from de-differentiation over time in culture [25,27]. To avoid
the effects of de-differentiation, we used rBMECs as soon as they were confluent to minimize
time in culture. The other model we utilized was hPSC-derived brain microvascular endothelial
cell-like (hBMEC-like) cells [23]. This model has high resistance across the tight junctions, and
expresses active efflux transporters [23,28] and is therefore applicable to this work, although the
model has its shortcomings, transcriptional in particular [29,30]. In addition, hBMEC-like model
is more easily scaled up and can be differentiated from genetically modified stem cell lines

allowing mechanistic experiments experiments as described below.

For each rBMEC isolation or h(BMEC-like cell differentiation, we plated cells or
microvessels onto static 96 well tissue culture polystyrene plates. When assays were performed
in microfluidic chips, we simultaneously fixed the static cultures and performed validation
immunocytochemistry (ICC). For rBMECs, we stained for Cldn5, PECAM-1, and Ocln which
showed good endothelial “spindle like” morphology in a monolayer as well as expression of P-
gp (Fig 3.1B). For the hPSC derived model, we stained for P-gp, Cldn5, Ocln, and MRP1 (Fig
3.1C). These markers are relevant to critical barrier properties and have previously been shown
to be expressed in this model [23]. Tight junctions, as shown by Cldn5 and Ocln, appear

continuous with no significant breaks, and transporter expression appears membrane associated
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both of which are consistent with previous work [23,28]. Once we were confident that the
differentiation and purification protocols were successfully generating the cell types of interest,

we proceeded with functional assays.

3.4.2 Shear Stress Drives Increased Accumulation of Rhodamine 123 in rBMECs

As discussed briefly, neuronal activation drives increased blood flow, and a
corresponding local increases in shear stress and a coordinate decrease in P-gp activity. We
therefore initially hypothesized that application of shear stress would be sufficient to reduce P-gp
efflux transport activity in the rBMEC model. To test this hypothesis, we plated microvessels
into ibidi microfluidic chips. Chips were fed media containing puromycin every 8 hours for 4-5
days under static conditions until rBMECs expanded and reached confluence [25]. After which,
shear stress was applied for 3 hours. We exposed each isolation to either ~0 dyne/cm?, a minimal
shear perfusion control to ensure nutrient delivery and waste removal from the chips, or 16
dyne/cm?which is within the physiological range for brain capillary beds [31], and this
magnitude had previously been shown to induce effects in BMEC models under longer treatment
durations (24+ hours) [11,12]. Flow rate and total reservoir volume were chosen to ensure that
the Rh123 efflux substrate solution was thoroughly mixed in each reservoir before being passed
over the cells (Fig 3.2A). . We also added cyclosporin A (CsA), a known inhibitor of Pgp, to

serve as a maximum accumulation control.

In static culture controls, we observed a statistically significant increase in accumulation
on application of our P-gp inhibitor, CsA, indicating that rBMECs exhibit efflux activity in static
96 well plate conditions as expected (Fig 3.2B) [24]. We observed a statistically significant
increase in accumulation of Rh123 in CsA conditions versus vehicle in both high and low shear

comparisons in the microfluidic device as expected (Fig 3.2C), demonstrating rBMECs in this
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geometry are still capable of Rh123 efflux. However, there was no statistically significant
difference between low and high shear with CsA which suggests that the total efflux capacity of
rBMECs was not impacted by the shear treatment (Fig 3.2C). Most interestingly, the high shear
vehicle condition also showed a statistically significant increase in accumulation over the low
shear control. This suggests, consistent with our hypothesis, that high shear stress reduces Pgp

efflux activity.

3.4.3 Piezol Activation Increases Intercellular Calcium in the hPSC Derived Model
Endothelial response to shear stress can activate numerous mechanosensitive pathways
[17]. We chose to explore efflux transport inhibition to Piezol because it has been implicated in
vascular pathfinding throughout the body [18,19] and specifically in the developing neural tube
[20,21]. In addition, knock out (KO) experiments in extracted mouse microvessels have
suggested that the loss of Piezol severely inhibits calcium influx [20]. Further, it has a readily

available semi selective agonist, Yodal (Yl) [32]. We hypothesized that activation of a singular mechanosensory

pathway would be sufficient to inhibit P-gp efflux transport.

We started by confirming successful calcium influx, a known effect of Piezol channel
opening [32], upon application of Yodal to a BBB model. The WTC11 GCaMP hPSC line was
differentiated into the hPSC-derived BMEC-like cells as described previously [23]. These cells
constitutively express GCaMP, which fluoresces upon binding intercellular calcium. After
differentiation, we applied Y1 at 25 uM, and immediately performed live cell imaging for 5
minutes (Sup File 3.1). We observed a sudden spike in calcium influx in the first 2 minutes after
Y1 addition (Fig 3.3A). ANOVA analysis further confirmed a statistically significant difference
in normalized fluorescence over time due to Y1 treatment (FDR < 0.05) versus a vehicle

(DMSO) control (Fig 3.3B), though there was clear well-to-well variability in response time. It
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should be noted that there is basal GCaMP fluorescence due to normal levels of intracellular
calcium, which drives a clear drop in fluorescence over time consistent with photobleaching. The
observed calcium influx is consistent with known effects of Piezol activation [18-21], and with
studies establishing Y1 as a selective activator of Piezol [32]. We next proceeded to investigate

the impact of Y1 on efflux activity.

3.4.4 Piezol Activation Leads to Reduced Efflux Activity

Once calcium influx upon Piezol activation was confirmed, we differentiated IMR90-4
iIPSCs into BMEC-like cells plated onto 24 well tissue culture treated polystyrene plates to
perform efflux transport assays. Cells were first allowed to reach confluence following
differentiation and replating. Y1, vehicle, or CsA were added for 3 hours. Rh123 was applied
after 1 hour to ensure that the Y1 and CsA had time to successfully inhibit activity and to match

other previously published in vitro Rh123 accumulation protocols (Fig 3.4A) [24].

We observed a statistically significant decrease in efflux activity following treatment
with Y1 (Fig 3.4B). At the highest concentrations of Y1, we observed comparable inhibition to
CsA treatment, suggesting a total loss of efflux transport in this model. In addition, thereisa Y1
dose-dependent response. At the lowest concentrations of Y1 there is minimal to no additional
accumulation above vehicle with steady increases with increasing concentration before reaching
maximum accumulation as demonstrated by CsA. This suggests that Y1 is sufficient to inhibit P-
gp activity within our hBMEC-like cell model. Withdrawal of Y1 after 1 hour of treatment, and
prior to application of Rh123, led to a complete restoration of accumulation to baseline after 2
hours, efflux activity had returned to normal (Fig 3.4B), suggesting that the effects of Y1 are

reversible.



109

We repeated the experimental with rBMECs (Fig 3.4C). There was again a reduction in
efflux transport activity. Due to the higher noise within this dataset, it is difficult to confirma Y1
dose dependent response. There is a statistically significant increase in accumulation on
increasing dosage. The highest concentration of Y1 is not statistically different from the CsA

control however, which suggests that Y1 can elicit maximum inhibition of P-gp at this dose.

To ensure that P-gp efflux activity is not reduced by direct interactions with Y1, we
repeated the accumulation assay utilizing MDCK-MRPL1. These canine cells overexpress human
P-gp, but do not express any regulatory mechanisms for human P-gp. On treatment with Y1, we
observed no change in accumulation behavior, even going well beyond the concentrations
utilized in previous experiments (Fig 3.4D). This shows that Y1 itself is not driving the change in
efflux behavior. Taken together, we see that Y1 treatment inhibits P-gp in the in vitro BBB

models tested here.

3.4.5 Effect of Y1 is Retained for a Short Period After Treatment

We hypothesized that if we were observing a regulatory inhibition of efflux activity, it
would last for a short period post Piezol activation. However, our previous Y1 withdrawal
condition had shown a complete restoration to baseline (Fig 3.4B). We then measured
accumulation after 1 hour instead to capture a restoration to baseline on removal of Y1 (Fig
3.4A). At 1 hour of accumulation, we observed partial efflux inhibition relative to CsA.
Suggesting that efflux inhibition returns to basal activity levels within 2 hours of Piezol

activation (Fig 3.4B,E).

3.4.6 Y1 Activation Does Not Drive P-gp Transcriptional Changes
Since we had demonstrated that there were decreases in P-gp activity, we further sought

to explore whether these could be linked to transcriptional changes. There have been several
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reports suggesting, either an up or downregulation of ABCB1, the gene encoding P-gp, under
shear stress dependent on model and duration of shear [13,22]. We took both our hPSC-derived
BMEC-like cell and rBMEC models and applied Y1 at 25 uM for 3 hours to match the Rh123
accumulation assays. After treatment, cells were immediately lysed and RNA was collected. We
performed qPCR for ABCB1 for the hPSC model and Abcbla and Abcblb in rBMECs (Fig 3.5).
Our results indicate that there were no statistically significant changes in ABCB1, Abcbla, or
Abcblb upon Y1 application. While this runs contrary to some previous work, we have activated
only a singular mechanotransduction system as opposed to either neural activation [22] or shear
stress (Fig 3.2C). It is likely that we have simply not captured the entirety of the niche with
regards to this transcriptional change or that our treatment duration is insufficient compared to

shear stress application experiments which typically go for 24+ hours.

3.4.7 Long Term Application of Yodal Reduces Barrier Properties in BMEC-like Cells
Therefore, we repeated our initial assays of Y1 treatment utilizing hPSC BMEC-like
cells. Cells were plated onto either 24 well plates or transwells before application of Y1 for 24
hours. Afterwards, cells on plates were subjected to the same Rh123 accumulation assay as
performed previously, while BMEC-like cell monolayers on transwells were used to measure
tight junction integrity via transendothelial electrical resistance (TEER). Interestingly, no
increased accumulation was observed at any Y1 concentration versus the no Y1 control (Fig
3.5B). This is in contradiction to clear results from the 3 hour treatments with Y1. There was also
retained efflux activity in all samples, as evidenced by increased accumulation upon CsA
treatment. Interestingly, you would not expect a change in CsA conditions between samples. We
also observed a substantial statistically significant drop in TEER (Fig 3.6A), a loss of roughly

75% at concentrations of 10 uM Y1 or higher. Though the TEER value was high enough to
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continue to exclude most small molecules [33], this could be indicative of cell stress. Overall,
activation of Piezol for 24 hours does not inhibit efflux transport activity, but does lead to a

substantial reduction in TEER.

3.5 Discussion

We started by first exploring shear stress as an inhibitor of P-gp efflux transport and
observed a reduction in activity on application of shear stress, but no reduction in maximum
efflux transport in an rBMEC model. These results are consistent with prior work demonstrating
the impact of increased neural activity on Rh123 efflux [22] and suggest that shear alone is able

to recreate the in vivo phenotype with regards to efflux activity.

We further narrowed our experiments to target a single mechanotransduction pathway
that has been linked to calcium influx in BMECs in vivo [20]. We found that artificial activation
of Piezol via Y1 induces calcium influx in our hPSC BBB model. This is consistent with
literature regarding cations permeability through Piezol and the effects of Y1 and Piezol
opening [20,32]. In addition, calcium has been strongly linked to both immediate short term
shear response [20] in cultured mouse BMECs and P-gp efflux transport has been linked in prior
literature to fluctuations of magnesium or calcium [24,34-37]. This is consistent with subsequent
experiments where Y1 successfully reduced P-gp activity, possibly through this calcium influx in

both rBMECs and the hPSC model.

Of note, numerous studies regarding BBB P-gp activity with regards to magnesium and
calcium cycling over the circadian rhythm also observe transcriptional cycling of P-gp
[22,36,37]. We observed no changes in P-gp transcripts on Piezol induction, but do observe
changes in activity. This is possibly because shear at that time scale, is not sufficient to drive

transcriptional differences and that the differences observed in other work is due to alternative
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signaling from the brain parenchyma, increased duration, additional shear responsive signaling,
or through circadian mechanisms, none of which are captured within this experimental design
[13,14]. Alternatively, calcium concentrations have been linked previously to P-gp activity and
changes in calcium have been linked to the application of force on the brain endothelium [20]

and to Piezol channel opening [32,34]

Our Y1 removal experiments further cemented the reversibility of this response while
simultaneously strongly suggesting that the effect observed was not due to direct P-gp
interaction. Fluorescent accumulation returned to baseline in our hBMEC-like model following 2
hours without Y1, which suggested either a direct interaction of P-gp and Y1 or activity was
restored. A measurement at 1 hour instead of 2 hours showed some loss of efflux activity, but not

as much as positive controls potentially suggesting a reversible effect.

We also attempted longer term experiments with a 24 hour treatment window, more
closely mimicking some of the in vivo shear stress work. However, we observed a loss in tight
junction integrity as measured by TEER, and no change in efflux activity. A drop in tight
junction integrity was not observed in short term in vivo experiments and we did not observe
conclusive reductions in P-gp activity [22]. It is difficult to interpret these results given the
changing magnitudes of CsA inhibited controls suggested a change in maximum efflux activity

or altered accumulation rates.

Lastly, we sought to demonstrate a conclusive link between shear response and Piezol
activation in our models. However, siRNA knockdown in rBMECSs proved ineffective in the
microfluidic devices. We additionally tried to generate an hPSC Piezol KO line, however loss of
Piezol expression appeared to negatively impact proliferation rate, leading to loss of

heterozygous knockouts after two or three passages and we were not able to isolate any
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homozygous knock outs. Therefore, we are currently unable to definitively conclude that Piezol

is the cause of the calcium influx or the changes observed under shear.

3.6 Conclusion

Our data here demonstrates that shear plays a role in short term regulation of P-gp
activity. In addition, we were able to capture a similar phenotype using a Piezol agonist in two
BBB models. However, further work is needed to confirm the exact mechanism behind this shift
in behavior as well as to confirm if Piezol is the shear-responsive agent responsible for the

reduction in efflux activity.
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Figure 3.1 ICC of various, previously published, markers of the BBB models utilized in this
study. A) r BMECs fixed and imaged at the same time as down stream assays demonstrating tight
junction protein expression and localization and efflux transporter expression. B) hBMEC-like

cells demonstrating continuous tight junctions and efflux transporter expression.
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Figure 3.2 Shear stress leads to deactivation of P-gp. A) Visual depiction of experimental

design. B) Static plate accumulation assay control. Lines represent paired isolations (N = 6).

Black lines are grand means with standard deviation. Statistics via a paired t-test *p<0.05 C)

Rh123 accumulation inside microfluidic chips treated with shear stress for 3 hours. Left is all

conditions, right is just the vehicle + shear conditions. Lines represent a single isolation (N = 6).

Statistics via paired t-test with Sidak’s correction * p < 0.05
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Figure 3.3 Y1 drives calcium influx in hBMEC-like cells. A) Example images of hBMEC-like

GCaMP expressing cells treated with either vehicle (DMSO) or 25 uM Y1 and imaged at

multiple images. B) Y axis is change in fluorescence from initial fluorescence normalized to

initial fluorescence. Mean of n = 3 biological replicates over N = 3 differentiations. Statistically



118

significant difference with an FDR < 0.05 according to 2 Way ANOVA. C) Same data as in B,
but with each individual well used shown to demonstrate variability of Y1 response and the

consistency of the vehicle photobleaching response between wells.
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Figure 3.4 Application of Y1 to three different BBB models. A) Visual depiction of treatment

design and similarity to shear stress treatment B) Rh123 accumulation on a static Y1 treated

IMR90 hPSC-BBB model with CsA positive control. Dots represent n = 4 biological replicates,

colors represent N = 3 differentiations. Statistics only shown versus Vehicle for clarity. C)

Rh123 accumulation assay in rBMECs treated with Y1. Normalized to average of the vehicle.

Dots represent n = 6 biological replicates from 1 isolation. Statistics only shown versus Vehicle.

D) Rh123 accumulation in MDCK-MDRL1 cells treated with Y1, normalized to the average of the

vehicle controls. Dots represent n = 4 biological well replicates. E) Rh123 accumulation in

IMR90 hPSC-BBB model cells post treatment with Y1 with only 1 hour for accumulation. Dots

represent biological replicates (n = 3), colors represent differentiations (N = 3). All statistics via

a Two-way ANOVA with Tukey’s post hoc * p<0.05
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Figure 3.5 Transcriptional changes after 3 hours of treatment with Y1. A) hPSC derived cells in
static culture treated with Y1 for 3 hours. Dots represent different biological replicates (n = 6),
colors represent differentiations (N = 3). No statistically significant (p < 0.05) difference was
observed between DMSO control and Y1 treatment by Student’s t test. B) rBMECS in static
culture treated with Y1 for 3 hours. Dots represent biological replicates (n = 6). No statistically

significant (p < 0.05) difference was observed between DMSO control and Y1 with either

Abcbla or Abcblb via Student’s t-test.
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Figure 3.6 24 hour treatment of the IMR90 derived hBMEC-like cells with Y1. A) TEER after
24 hours. Dots represent biological replicates (n = 3), colors represent differentiations (N = 3),
black lines represent average and statistical significance. B) Rh123 accumulation performed post
24 hours of Y1 treatment with and without CsA or DMSO (Vehicle) all normalized to the
average value of 0 uM Y1 + DMSO. Dots represent replicates (n = 4), colors represent
differentiations (N = 3), black lines represent average with standard deviations. C) Total protein
concentration per well post lysis for the Rh123 accumulation assay. All samples treated with
either CsA or DMSO were aggregated to determine if there was an effect due to Y1

concentration.
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Table 3.1 Antibody dilutions used for ICC
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Target Manufacturer Cat. No. Species Concentration
PECAM Thermo Fisher RB-10333-P1 Rabbit 1:100
Ocln Invitrogen 33-1500 Mouse 1:50
Pgp Invitrogen MADS 13854 Mouse 1:25
Cldn5 Invitrogen 35-2500 Mouse 1:200
MRP1 Sigma-Aldrich MAB4100 Mouse 1:50
Mouse IgG (H+L) 488 Invitrogen A-11001 Goat 1:200
Rabbit IgG (H+L) 488 Invitrogen A-11008 Goat 1:200

Table 3.2 Primers used for rat and human samples
Target Length Forward Reverse

(bp)

GAPDH 231 GAAGGTGAAGGTCGGAGTCAACG TCCTGGAAGATGGTGATGGGAT
ABCB1 110 GAAGAGATTGTGAGGGCAGC CCACCAGAGAGCTGAGTTCC
PIEZO1 212 ACCAACCTCATCAGCGACTT AACAGGTATCGGAAGACGGC
Gapdh 89 GGGAAACCCATCACCATCTT CCAGTAGACTCCACGACATACT
Piezol 100 GCCGAGAGACAGAGAAGAAATAC GCAATGAGGAAGAGGATGATGA
Abcbla 100 TCCCGAATATGCCAACAGCA CTTGTATGTTGTCGGGTTTGTG
Abcblb 145 TCTCGCTGCTATCATCCACG GCTGACGGTCTGTGTACTGT

3.9 Supplemental

Supplemental files available upon request

Supplemental File 3.1 — GCaMP video example
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Chapter 4 — Transcriptional Responses of in vitro Blood-Brain

Barrier Models to Shear Stress
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4.1 Summary

Background: Endothelial cells in vascular beds throughout the body sense blood flow eliciting
transcriptional and phenotypic responses. Brain endothelium, known as the blood-brain barrier
(BBB), possesses unique barrier and transport properties which are in part regulated by blood
flow. Here, we assessed the impact of flow-based shear stress on the transcriptome for multiple
in vitro BBB models to provide insight into the role of shear in regulating BBB attributes and to

potentially improve the predictive capabilities of these in vitro models.

Methods: We utilized next generation sequencing to analyze the transcriptome of primary
cultured rat brain microvascular endothelial cells (BMECs) as well as three human induced
pluripotent stem cell-derived models. We compared the transcriptional responses of these cells to
either low (~0.5 dyne/cm?) or high (12 dyne/cm?) shear stresses, and subsequent analysis

identified genes and pathways that were influenced by shear.

Results: Several key BBB-associated genes including SLC2A1, LSR, and PLVAP increased in
expression at high shear stress in all of the models. We then utilized pathway analysis tools to
identify potential BBB relevant signaling cascades and upstream regulators. We observed
pathways such as the canonical endothelial shear stress response, KLF2 and KLF4, and BBB
associated pathways like Wnt, PPAR, and TGFp superfamily signaling. We also used the
transcriptomics data to explore if shear stress application could reverse the transcriptional de-
differentiation induced by in vitro culture of primary BMECs. Interestingly, we saw no
statistically significant improvement in global transcriptional fit to in vivo BMECs suggesting
that shear stress does not provide an appreciable maintenance or restoration of BBB

characteristics lost under in vitro culture.
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Conclusions: In this work, we characterized the effects of physiologic shear stress on several in
vitro BBB models. In addition to identifying shear-responsive genes and pathways, we identified
potential upstream regulators of the differential response to shear and show that shear alone is
insufficient to rescue de-differentiation caused by in vitro primary BMEC culture. Overall, these
data sets and analyses provide new insights into the role of shear on BBB models that will aid in

model selection and further development.
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4.2 Introduction

Despite the prevalence of central nervous system (CNS) diseases, new therapeutic
treatments are approved at a much lower rate than therapies targeting other tissues [1,2]. A major
challenge to treating disorders within the CNS is the general inaccessibility of circulating drugs
to brain tissue, driven in part by the blood-brain barrier (BBB)[1-3]. The brain endothelial cells
comprising the BBB mediate selective resistance to molecular transport. Brain microvascular
endothelial cells (BMECSs), working in conjunction with the surrounding pericytes, astrocytes,
and neurons of the neurovascular unit (NVU), help maintain brain homeostasis by facilitating the
transport of nutrients like iron and glucose, while simultaneously insulating the brain from
changes in blood composition, including brain accumulation of blood-borne drugs [4-6]. While
brain-specific properties of BMECs are largely thought to arise from NVU interactions, CNS
endothelium also experiences physical cues such as shear stress originating from cerebral blood
flow. Blood flow has long been known to impact the behavior of aortic [7,8], capillary [9], and
human umbilical vein [10,11] endothelial cells. As a few examples of the effects of flow and
fluid shear stress, endothelial cells undergo structural changes and align [7,8,10], have reduced
proliferation [12,13], exhibit downregulated p21 signaling [14] and upregulated TGFp [15,16]
and JAK-STAT [17,18] signaling, and possess altered transcriptomes [19,20] that include

increased expression of transcription factors like KLF2 [21] and KLF4 [22,23].

The transcriptional response of brain endothelium in response to shear has not been
studied as extensively, particularly in human cells. However, numerous human BBB models
ranging from immortalized BMECs to human hematopoietic and human pluripotent stem cell-
derived models have previously been generated [24,25]. Of particular interest to this study are

induced human pluripotent stem cell-derived BBB models which can facilitate human disease
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modeling [26-28] as well as provide an isogenic source of additional cells of the NVU [29].
Studies using hematopoietic stem cell and iPSC-derived BBB models have noted transcriptional
increases in many BBB relevant genes under shear stress [30,31], suggesting a BBB-specific
response to shear stress. For example, genes encoding efflux transporters including P-gp
(ABCB1), tight junction forming proteins like claudin-5 (CLDN5), and the canonical BBB
glucose transporter, Glutl (SLC2A1), were upregulated by shear in these models. However, other
work has suggested that the general shear response phenotype is less pronounced in in vitro BBB
models compared to endothelial cells cultured from other tissues [10,11,32]. For example, both
an iPSC BBB model and immortalized human BMEC model reported a lack of alignment under
flow, a well characterized response of endothelial cells to shear stress [10,11], although there
was a reduction in both apoptosis and proliferation [11], consistent with non-brain endothelial
cells [13]. Unfortunately, direct comparisons between various published datasets can be difficult
due to differences in shear magnitude, duration of shear, parenchymal cell types, vascular model,

transcriptomic sequencing depth, in vitro chip geometry, and data availability.

Here, to partially address this knowledge gap, we employed RNA sequencing to directly
compare the shear responses of four endothelial or BBB models: primary rat BMECs (rBMECS),
iPSC-derived ECs without BBB character (hECs) [33], Wnt-activated iPSC-derived ECs with
CNS-like character (hCECs) [34,35] and iPSC derived brain microvascular endothelial cell-like
(hBMEC-like) cells [36]. Each model was subjected to the same magnitudes of low (~0.5
dyne/cm?) and physiological (~12 dyne/cm?) shear stress for 72 hours [10,11,37] in identical
microfluidic chips to enable direct comparison of their transcriptional responses to shear flow.
Subsequent transcriptional analysis and comparison was performed to identify genes and

pathways that are shear responsive.
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4.3 Results

4.3.1 Endothelial Cell Models Used

Rat brain microvessels (Fig 4.1A) were isolated using standard enzymatic isolation and
culture techniques and outgrowing rBMECs contaminant cells removed via puromycin treatment
as previously described [38,39]. Importantly, the microvessels were directly plated into the
microfluidic device to minimize time ex vivo which is known to drive de-differentiation of
rBMECs [40]. Rat BMECs cultured in this way express efflux transporters as well as numerous
endothelial and BBB markers [38] and rBMECs grown in companion 96-well static tissue

culture wells were evaluated PECAM-1 and occludin here (Fig 4.1B).

All'iPSC derived models were differentiated from the IMR90-4 iPSC line. For the iPSC
derived endothelial like cells (hECs) and Wnt-activated iPSC-derived ECs with CNS-like
character (hnCECs) models. iPSCs were differentiated according to previously published
protocols [33-35]. hECs represent a naive EC lacking organospecific signatures [34,35] and
served as both a generic EC control for shear response and to provide a genetically matched
comparison to the hCECs and hBMEC-like cells derived from the same iPSC line. iPSC-derived
endothelial progenitor-like cells (hEPCs) were first generated from iPSCs according to
previously published protocols [33] before enrichment via magnetic activated cell sorting
(MACS). The hEPC population was then either maintained for one passage to yield hECs or
treated with CHIR99021, a GSK3 inhibitor, to generate hCECs (Fig 4.1A, Sup Fig 4.1). The
hECs and hCECs expressed PECAM-1 and VE-cadherin as expected [33,34] (Fig 4.1B). hCECs
also display several hallmarks of in vivo BMECs including elevated Glutl expression, decreased

PLVAP expression and increased barrier properties [34]. Here, we demonstrate GLUT-1 and
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VE-Cadherin expression in hCECs [34](Fig 4.1B). For the fourth model, iPSC-derived brain
microvascular endothelial cell-like (nBMEC-like) cells were differentiated as described
previously [36]. The hBMEC-like cells have substantial barrier and transport properties and
expression of barrier-related genes (Fig 4.1B), but express epithelial-related genes and

significantly lower levels of EC genes than the other three models used here [34,36,41-44] .

4.3.2 Shear Stress Induces a Transcriptomic Shift in Each Model

All models were seeded onto ibidi microfluidic chips (Sup Fig 4.2) and allowed to reach
confluence before application of fluid flow (see Methods, Fig 4.1A, Sup Fig 4.1). Flow rates
were chosen to generate shear stress at two levels: low shear stress of ~0.5 dyne/cm? which
allows nutrient supply to the cells in the chip but which is below where shear responses are
typically detected [10,11,25], and high shear stress of 12 dyne/cm? which is approximately the
physiological levels observed in the brain microvasculature [7,45]. Flow was applied for 72
hours before cells were lysed and collected for RNA-sequencing analysis. RNA quality measures
are available in Supplemental File 4.1 and all transcript counts are provided in Supplemental File

4.2.

We utilized two forms of unbiased whole transcriptome data dimensionality reduction,
hierarchical clustering and principal component analysis (PCA). Both analysis methods showed
separation predominantly by model type (Fig 4.2A,C). This suggests that shear accounted for
less of the transcriptional variability between the samples than species and model cell type
differences. Given known species-specific differences at the BBB [46,47] and the differences in
the stem cell-derived models, it is perhaps unsurprising that the largest differences captured were

between models and not between high and low shear. To directly assess the effects of shear on
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the transcriptome, we performed PCA on each model separately (Fig 4.2B), which showed a

clear separation between low and high shear within each model on PC1 and/or PC2, as expected.

Once it was evident that shear treatment drove a transcriptional change, we compared the
transcriptional fold changes between low and high shear in each model via the DESeq2 package
which analyzes raw counts of transcriptional samples to compare two input conditions, and
accounts for the paired nature of our samples. High versus low shear was compared in each
model with hECs exhibiting the most differentially-regulated genes (1253 Up, 1329 Down), and
rBEMCs (193 Up, 119 Down) exhibiting the fewest differentially-regulated genes (Table 1, Fig
4.2D). Of note, though many of the genes in hBMEC-like cells were regulated by shear, the
magnitude of the fold changes were more modest (< 2-fold) compared to other models (Table 1).
A complete list of all gene expression TPM data (Sup File 4.3) and DESeq?2 results (Sup File

4.4) are available in the supplement.

4.3.3 Shear Response Elements are Upregulated in Each of the Models

We next utilized several tools to relate cellular behavior to shear-induced changes in gene
expression. Statistically significantly (padj < 0.05) and positively upregulated genes from
DESeq?2 were used to perform gene ontology (GO) analysis utilizing the bioprocess collection
[48]. Every result is available in supplemental information (Sup File 4.5). We observed terms
such as response to fluid shear stress (GO:0034405) or response to laminar fluid shear stress
(GO:0071499) in all models except the h(BMEC-like cells (Fig 4.3A), suggesting that the hECs,
hCECs, and rBMECs respond in a canonical manner to shear flow. We additionally generated a
relative heat map of all genes in the response to fluid shear stress (GO:0034405) GO term, where
we can see shear responsive elements such as KLF2/KIf2 and KLF4/KIf4, as well as TGFf

signaling inhibitors SMAD6/Smad6 and SMAD7/Smad7 (Fig 4.3B). Since we used genes
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upregulated by shear in this analysis, genes downregulated by shear (e.g. SMADG in hECs) were
not included in the GO analysis list. While hBMEC-like cells did not return GO terms directly
relevant to shear, they did upregulate several shear-associated transcripts such as MMP2 and
TFPI12. Once it was clear that fluid flow was sufficient to induce a shear stress response in the

models, we sought to identify signaling pathways that are affected by shear.

4.3.4 Key Signaling Pathways are Transcriptionally Upregulated Under Shear Stress

Further analysis of the GO results identified shear-regulated terms relevant to key
endothelial phenotypes and signaling pathways (Fig 4.3A). However, one of the weaknesses of
GO is it does not take into account whether a gene is up or downregulated in a given pathway.
Therefore, we also utilized Gene Set Enrichment Analysis (GSEA) [49] to compare a list of
genes pre-ranked by padj and all fold change (see Methods) against those that would be expected
to change in response to cataloged signaling pathways. GSEA terms responsive to shear included
DNA replication and cell cycle along with developmental signaling pathways such as TGFp,
Whnt and VEGF signaling (Fig 4.3D). Interestingly, while some pathways were conserved
amongst several models, such as PPAR and Wnt signaling, GSEA indicated that different models
responded to shear in opposite directions for some pathways, including TGFp signaling. A

complete list of all GSEA results is provided in the supplement (Sup File 4.6).

We next coupled our GO and GSEA analysis to infer shear effects on the different
models. We initially compared which GO terms were upregulated in each model (Fig 4.3C).
Among those shared between all samples were generic terms such as positive regulation of
biological process (G0O:0048518). Across all but the r BMECs, we observed GO terms related to
either DNA replication or cell proliferation, including positive regulation of cell cycle phase

transition (G0O1901989), positive regulation of cell population proliferation (GO:0008284), and
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regulation of cell cycle G2/M phase transition (GO:1902749) which suggests transcriptional
regulation of cell proliferation by shear (Fig 4.3A, Supplemental File 4.4). However, two GSEA
gene sets, Cell Proliferation and DNA Replication, moved in opposite directions amongst the
models (Fig 4.3D) with rBMECs and hBMEC-like cells both having reduced DNA Replication.
By contrast, hECs and hCECs had upregulation of DNA Replication as well as Cell Proliferation

for hECs, which suggests that the hECs and hCECs may be more proliferative under high shear.

GO terms associated with various signaling pathways were also identified upon shear
flow (Fig 4.3A,D). TGFp signaling, for example, was observed in all four cell types via GO
analysis, with terms such as cellular response to TGFB (GO:0071560) and regulation of TGFj
production (GO:0071634). Similar to proliferation, GSEA results suggested different directions
of TGFp signaling or that the TGFp pathway was not identified in the top 20 most enriched
pathways. hCECs and rBMECs saw no increase in TGFp signaling, while hECs exhibited
downregulated signaling and hBMEC-like cells exhibited upregulated TGFf signaling with
shear. Some signaling pathways were identified, primarily via GSEA, in only the BBB models
(hCECs, rBMECs, hBMEC-like cells) but not the general hECs. In fact, several of these
pathways are known to be associated with BBB property acquisition. The GSEA terms for PPAR
signaling were increased in all three BBB models, which includes genes which respond to the
BBB patterning molecule retinoic acid (RA) [50]. The GSEA term for Wnt signaling, which is
well known to be associated with BBB development [6,34,51], was upregulated in both rBMECs
and hBMEC-like cells and identified in the GO analysis for the hCEC. Finally, the GSEA term
for sonic hedgehog signaling, which has also been associated with BBB development [52], was

decreased in both the hECs and hCECs. Overall, GO and GSEA analysis suggested that shear
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can affect key signaling cascades involved in both cell proliferation and BBB relevant signaling

pathways.

4.3.5 A Subset of BBB Genes are Upregulated Under Increased Shear Stress

On seeing upregulation of BBB relevant signaling pathways via GSEA, we then
hypothesized that BBB relevant genes may similarly be upregulated. This led us to directly
assess the impact of shear on BBB genes expressed in human BMECs. We assessed the effects
of shear on a curated list of genes that was assembled to include key BBB tight junction and
transcytosis components and as well as highly expressed solute carriers and efflux transporters as

determined from a meta-analysis of human brain sScCRNAseq data [34,53].

Several of the BBB-associated genes were upregulated by shear, and in general the
changes differed between the models. For example, expression of SLC2A1/SIc2al, the gene
encoding the GLUT1 glucose transporter highly expressed at the BBB [5], was increased by
shear in both the rBMECs and hCECs but not in the hECs [34]. Similarly, LSR/Lsr encoding
lipolysis stimulated lipoprotein receptor which is typically seen associated at tri-cellular
junctions including at the BBB [54], was also increased in r BMECs and hCECs. Lastly,
CAV1/Cavl encoding caveolin 1, expected to be downregulated at the BBB, was slightly
downregulated in hCECs under shear. Conversely, PLVAP/Plvap, known to be downregulated in
brain endothelium [55] was increased under shear in the hEC, hCEC, and rBMEC models. 15
BBB-associated genes were regulated by shear in hBMEC-like cells with the bulk of these
changes occurring in the transporter subset. Only SLC6A6/SIc6a6, which encodes a cation
dependent transporter, was regulated in a conserved manner across all models. Interestingly, the

only model lacking BBB character, hECs, had the most BBB-associated genes that were
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decreased by shear. Our analysis suggests that that a subset of BBB-associated genes are

regulated by shear stress, and that this response is not conserved within the hEC model.

4.3.6 Transcriptional Machinery is Differentially Regulated Between hECs and BBB Models
We hypothesized that the differential shear responses observed between the hEC and the
BBB models could be driven by differential expression of shear-responsive transcription factors
or their associated machinery that results from their underlying BBB character. We employed
multiple tools that have been developed to predict upstream regulators of transcriptional changes
including Chea3 [56] (Fig 4.5A) and BART [57]. Both utilize previously published ChlP-seq
datasets and return potential transcription factors that could account for any observed changes.
Chea3 and BART analyses were performed with all genes differentially upregulated at high
shear according to DESeq?2 for each model. To be identified in this analysis the transcription
factors themselves do not need to be differentially expressed under high shear since the software
can accommaodate for transcription factors that are regulated via non-transcriptional mechanisms
like phosphorylation. However, we did limit our results to transcription factors that had an
average expression of at least 1 TPM (Figs 4.5 A-C). Similar to GO analysis, Chea3 and BART
do not account for fold change. Therefore we also utilized Quaternary Prod [58] which takes
both fold change and padj from DESeq?2 into account while predicting potential upstream
regulators. Further, Quaternary Prod can also suggest signaling factors as well as transcription
factors as potential upstream regulators. As before, we only kept results with average TPM
greater than 1 (Fig 4.5D, Sup File 4.9). We then compared upstream regulators generated by
each analysis package and identified those that were differentially regulated between hECs and
either hCECs or r BMEC:s, to identify potential regulators of BBB-selective responses to shear

(Fig 4.5D). We attempted to utilize those hits that were conserved between the analysis packages
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as well, however there were minimal overlapping upstream transcriptional regulators (Sup Fig

4.4A).

Chea3, BART, and Quaternary Prod together identified upstream transcriptional elements
for signaling cascades known to be involved in BBB development. For example, SMAD4 is
involved in TGFp superfamily signaling transduction while RXRA and RARG are RA receptors
(Sup Fig 4.4B). This is consistent with GSEA results which saw changes in both TGFf and
PPAR signaling in response to shear in some of the models (Fig 4.4D). Quaternary Prod also
returned 2 upstream regulators, ATIC and EDN1 that were elevated in hCEC and rBMECs and
not identified in hECs (Fig 4.5D,E). EDN1 encodes a precursor to endothelin-1, is a signaling
protein released by the endothelium that is thought to drive vascular contraction, though
interestingly this regulator was not predicted to be involved in the hEC response to shear [59].
Next, we identified regulators with different directionality in response to shear in the BBB (hEC
and rBMEC) and non-BBB (hEC) models (Fig 4.5E). Of the 5 upstream regulators shared
between these three models, 3 were differentially regulated and of the 75 between hECs and
either hCECs or rBMECs, 33 were differently regulated (Fig 4.5B, D). Among these
differentially upstream regulators were WNT5A, a ligand for Wnt signaling involved in BBB
patterning, SMAD4, and the shear-responsive transcription factors KLF2 and KLF4 (Fig 4.5E).
Overall, particularly among our Quaternary Prod hits, we see confirmation of BBB pathways
identified previously. In addition, we identified potential regulators that could drive this response

between the hECs and r BMECs and hCECs.

4.3.7 Application of Shear Stress Does Not Substantially Mitigate In Vitro Dedifferentiation
As a final utilization of this dataset, we assessed if shear stress maintained a more BBB

phenotype in rBMECs. It has long been known that BMECSs dedifferentiate upon in vitro culture.
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Previous work [30,31] and some of the data presented above (Fig 4.4), suggest that some aspects
of dedifferentiation could be reversed by application of shear stress. A recent detailed
transcriptomic analysis of the impact of dedifferentiation in mouse BMECs (MBMECs)
identified 164 genes associated with BBB and endothelial phenotypes that are downregulated in
mMBMECs as a consequence of in vitro culturing [40] (Fig 4.6A). To explore whether shear could
substantially impact culture induced dedifferentiation, we compared rBMECs under low (RL)
and high (RH) shear to the aforementioned previous data set which compared both acutely
isolated mMBMECs (MV) and cultured mBMECs (MC) [40]. Initially, we assessed whether shear
stress rescued expression of any of the 164 BBB genes reportedly lost during long-term in vitro
culture (Fig 4.6A). The rBMECs have been cultured in vitro for a similar length of time to the
mBMEC:s in culture and several genes such as Acacb, Ccl21a/Ccl21, Notum, and Slc7a3 clearly
track with cultured mBMECs. We observed that 14 out of 164 genes were improved in our
rBMECs under shear. One gene, Stégalnac2, was downregulated both by shear and extended
culture. To more quantitatively determine if the application of shear is driving a more in vivo-like
transcriptome we calculated the coefficient of determination (R?), which functionally represents
the goodness of fit of each r BMEC sample to the average TPM of acutely isolated mMBMECs (Fig
4.6B). However, when looking at the whole transcriptome, there is no statistically significant
improvement in R? (Fig 4.6C). We then limited the list to only those BBB specific genes in Fig
4.6A and Fig 4.4, which would be a list of BBB expressed barrier and carrier genes and in vitro
affected BBB genes. There was also no statistically significant improvement in R? (Fig 4.6C).
Overall this suggests that shear may be positively impacting some of the genes reduced on in
vitro culture, this component of the neurovascular niche alone is insufficient to reverse the

observed dedifferentiation model.
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4.4 Methods

4.4.1iPSC Culture
IMR90-4 human iPSCs were maintained in E8 stem cell maintenance media on Matrigel coated
tissue culture treated polystyrene six well plates. At 50-70% confluence, iPSCs were passaged

1:6 using Versene.

4.4.2 iPSC-EPC Differentiation

When iPSCs were ready for passaging, iPSCs were lifted using 1 mL Accutase per well for 7-8
minutes, when cells were mostly visible detached. Accutase and cells were then triturated to
break up clumps before addition to 4 mL DMEM/F12 per 1 mL Accutase. Cells were spun down
at 200 RCF for 5 minutes and supernatant aspirated. Pellet was resuspended in E8 + 10 uM Y-
27632. 12 well Matrigel coated tissue culture treated polystyrene plates were seeded at 70,000
cells/well in 1 mL E8 + 10 uM Y-27632 per well. Cells were fed 1 mL E8 per well for two days.
Afterwards cells were fed 2 mL LaSR (500 mL Advanced DMEM/F12, 30 mg ascorbic acid,
6.25 mL GlutaMAX) + 8 uM CHIR99021 per well daily for two days. Cells were then fed 2 mL
LaSR per well daily for an additional 3 days. Cells were then lifted and sorted via magnetic
activated cell sorting (MACS) via the Stem Cell Technologies EasySep Human FITC Positive
Selection Kit 11, using either the CD34-FITC (130-113-178) or CD31-FITC (555445). Cells were
resuspended in HECSR (HESFM + B-27) + 10% DMSO + 30% FBS at ~5 million cells/cm?. 1
mL vials were then frozen in a freezing container (UCP1001) following the manufacturers’
instructions at -80 °C for at least overnight before being moved to liquid nitrogen for long term

storage.
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4.4.3 iPSC-EC +/- Wnt Differentiation

This process was adopted from previously published protocols [34,35]. Briefly, to
generate iPSC-ECs +/- Wnt, EPCs were thawed into HECSR + 20 ng/mL FGF2 + 10 ng/mL
VEGF + 4 uM CHIR99021/DMSO. Media was changed every 48 hours until cells reached
confluency. At confluency, cells were passaged 1 confluent well to 2 fluidic chips and
maintained at minimum shear stress for 24 hours to ensure confluency was reached before shear
application. To note, differentiations of hECs and hCECs can generate contaminant
mesenchymal smooth muscle-like cells over time [33], but very few of these cells were observed
in this study due to the passaging step as well as the addition of CHIR99021 to the hCEC

cultures (Fig 4.1B) [33-35].

4.4.4 hBMEC-like Cell Differentiation

When iPSCs were ready for passaging, cells were seeded at 35,000 cells/cm? into Matrigel
coated tissue culture treated 6 well plastic plates in 2 mL E8 media + 10 uM Y-27632. Cells are
then fed 2 mL E8 for two days before switching to DeSR1 + 4 uM CHIR99021. 23.5-24 hours
after application of CHIR99021 to DeSR2 for 5 days. Cells were then fed HECSR + 10 uM
retinoic acid + 20 ng/mL FGF2. After 48 hours cells were replated onto collagen IV and
fibronectin coated ibidi microfluidic chips at 0.8 and 0.6 mm heights. Cells were given 24 hours
at minimal flow rate in HECSR + 10 uM retinoic acid + 20 ng/mL FGF2 + anti-anti before

changing to HECSR + anti-anti and applying shear stress.

4.4.5 rBMEC Purification
Half a rat brain was used to seed each chip as a rough way to control consistency. For conditions
where multiple rat brains were needed, rats were pooled and treated a singular isolation.

Sprague-Dawley rats between 220-250 g were first anesthetized with 2-5% isoflurane until they
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failed both the pinch and righting tests. Afterwards they were sacrificed using a guillotine to
swiftly remove the head. Surgical scissors were used to remove the back of the skull and extract
the brain. Brain segments were stored in DMEM on ice while awaiting processing. Microvessels
were initially mechanically separated by rolling brain hemispheres on paper to capture meninges,
vigorous chopping, and then mixing into 1 mL DMEM. Brain solution was then transferred to a
50 mL conical and an additional 9 mL of DMEM added. Solution was triturated to mechanically
disassociate fragments before the addition of 0.75 mL of 10 mg/mL collagenase and 150 pL of 1
mg/mL Dnase I. Solution was incubated for 1 hour and 15 minutes at 37 °C on a shaker at 250
rpm. During the incubation, Percoll gradient was prepared in a 30 mL Oakridge tube with 10 mL
Percoll, 19 mL PBS, 1 mL 10x PBS, 1 mL FBS and centrifuged at 30,000 g for at least 30
minutes. After incubation, solution was diluted to 40 mL using DMEM, and then spun down at
1000 RCF for 8 minutes. Supernatant was aspirated. Solution was resuspended in 25 mL 20%
(m/v) BSA in DMEM and triturated to further mechanically separate. Mixture was centrifuged at
1000 g and 4 °C for 20 minutes to separate the bulk of the neurons and glia. The neuron/glia
layer and supernatant were aspirated before resuspension and triturating in 6.75 mL DMEM. 0.5
mL of 10 mg/mL Collagenase-dispase and 50 pL of 1 mg/mL DNase 1 were added and solution
was incubated for 1 hour at 37 °C on a shaker at 250 RPM. Fragments were spun down at 700
RCF for 6 minutes and supernatant aspirated. Pellet was resuspended in 1 mL DMEM and added
to the prepared Percoll gradient and centrifuged at 1000 RCF for 10 minutes at 4 °C. After the
gradient, a 5 mL syringe with a blunt 16 gauge 5” needle was used to extract the microvessel
containing layer which was diluted with DMEM at roughly 4 mL per mL of microvessel
solution. This was spun down at 200 RCF for 10 minutes and then and plated into ibidi 0.8 mm

and 0.6 mm microfluidic chips coated 250-300 pL of 0.2 mg/mL collagen 1V and 0.2 mg/mL
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fibronectin for at least 1 hour, in rat primary medium (DMEM + 10% FBS + 1x GlutaMAX + 1x
Anti-anti + 4 pg/mL puromycin + 100 ng/mL heparin + 20 ng/mL FGF2) every 8 hours until
confluent (usually between 3-4 days) before proceeding with connection to microfluidic devices.
To ensure medium was successfully changed, 200 puL was added to one side and removed from

the other two times. After connection, medium was replaced every 48 hours.

4.4.6 Preparation of microfluidic devices

Microfluidic devices were assembled from 1/16” and 1/32” internal diameter silicone tubing cut
to lengths and connected to nylon components according to Sup Fig 4.2. Prior to assembly,
components were washed with water, soap and water, 10% bleach solution, and then ethanol
before autoclaving to sterilize. Components were assembled in a sterile laminar flow hood.
Tubing was rewashed and reassembled after usage up to 5 times before components were thrown

away and fresh devices constructed.

4.4.7 Application of shear stress

For all cells in chips, shear stress was applied after a confluent monolayer was achieved. Due to
the design of the ibidi pump system, a uniform pressure can be applied to all microfluidic
devices. By changing the size of the tubing and the height of the ibidi pLock chip, we were able
to apply different levels of shear to multiple chips simultaneously. Pressure was selected using
calibration curves calculated previously and flow rates were recalculated during the ramp up
phase to ensure correct shear stress was being applied. Low shear cells received between 0 and 1
dyne/cm? to ensure appropriate nutrient and oxygen levels while matching geometry. During the
ramp up phase, for the high shear chips, shear was increased by approximately 3 dyne/cm? every
half an hour until ~12 dyne/cm?was reached. Low shear stress chips, changed minimally over

the ramp up period. Chips were then maintained for 72 hours before collection for RNA.
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4.4.8 RNA Collection and Sequencing

Chips were first disconnected from the microfluidic device, followed by a short DPBS wash.
Chips were then assessed under a bright field microscope to ensure cells were still attached
before lysing with the cell lysis buffer provided in the Qiagen RNeasy Mini Kit. Samples were
then processed using Qiagen Shredder columns and the Qiagen RNeasy Mini Kit. Samples were
prepared using poly A enrichment, library preparation, and sequencing were performed by
Novagene. Samples were sequenced using paired-end reads. STAR was used for alignment to the
hg38 genome, featurecounts was used to generate count tables, and differential expression was

analyzed using DeSegz2 on the raw counts.

4.4.9 Immunocytochemistry (ICC)

For plate ICC, cells were initially washed twice with cold PBS, before fixing with either
Methanol or 4% PFA in PBS (see Sup Table 1). Afterwards, cells were blocked 10% Goat Serum
in PBS at either 4 °C overnight or 1 hour at room temperature. Cells were then incubated
overnight with primary (see Sup Table 1) at 4 °C while shaking at 30 rpm. Cells were washed 3
times with PBS and then secondary solution in 10% Goat Serum was applied for either 1 hour at
room temperature or overnight at 4 °C. Cells were then rinsed twice with PBS and a solution of 2
pg/mL Hoechst 33342 in PBS was applied for 10-15 minutes. Then aspirated and replaced with

PBS. Cells were stored at 4 °C in the dark before imaging.

4.4.10 Statistics and Analysis

Replication was at the differentiation/isolation level. Either with cells differentiated from
the same iPSC population at different passages or with isolated microvessels taken from multiple
rats. Paired DESeq2 was utilized for comparisons between High and Low shear samples.

Statistics reported are those returned by paired DESeq?2 analysis. Results for GO were only



147

considered significant if they had an FDR of less than 0.05. GO was performed via the
PANTHER online interface [48,60]. GSEA gene inputs were ranked by negative log base ten of
the padj value provided by DESeq2 multiplied by the log two fold change. These lists were input
into the GSEA software provided by the Broad institute [49,61]. For any comparison between rat
and human, we utilized the Homologene2 dataset which uses gene names updated to 2019 to
assign human orthologs for rat genes. Any gene lacking an ortholog was discarded from the
analysis. For Chea3 and BART analysis, we again used only genes with a positive fold change
and statistical significance according to DESeq2. For Chea3, which offers multiple libraries of
the aforementioned ChiP-seq meta analysis we utilized the “literature” library. Statistical
significance was set at an FDR/Irwin-Hall pvalue (as reported by Chea3/BART respectively) of
less than 0.05. Upstream factors that did not have an average TPM of 1 or greater were discarded
as non-expressed. For Quaternary prod analysis, the software package was provided with results
from prior DESeg2. All upstream regulators with a padj < 0.05 and average TPM > 1 were

considered statistically significant and expressed.

4.5 Discussion

Here we performed bulk RNA sequencing on one generic EC model and three models
that have been used to model various properties of the BBB. The BBB models were chosen to
capture a broad swath of potential usages. rBMECs are a definitively specified primary cell
model with BBB-relevant efflux activity, though previous work has identified a de-specification
that occurs over longer term culture [24,38,40]. The recently-reported hCECs express high levels
of endothelial markers and some BBB transporters [34,35], however they lack tight barrier

properties and efflux transporter expression. Finally, hBMEC-like cells possesses barrier
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properties such as efflux transport and tight junctions enabling modeling of barrier, but express
low levels of endothelial-specific genes and proteins limiting utility for studies regarding
endothelial function. This model in particular has been utilized numerous times in BBB
microfluidic constructs [26,31,44,62-65]. Our analysis contributes to better understanding the

transcriptional impact of adding shear to these typically static in vitro models.

To ensure that geometry of cell culture did not impact analysis of the effects of shear
stress, we utilized low, but non-zero, shear stress applied to cells in the microfluidic chips as a
control. A low level of fluid flow ensured that the low shear conditions did not suffer nutrient or
oxygen depletion over the 72 hour treatment [32,66]. Consequently, the cells in the low
condition experienced between 0 and 1 dyne/cm?. While this low value of flow is below that
required to induce shear-responsive gene expression and phenotypes in ECs [10,11,67], the

culture conditions differ from a typical static plate culture.

Our analysis revealed hundreds of differentially regulated genes between high and low
shear across the four models. h(BMEC-like cells demonstrated the fewest genes that changed
more than 2-fold in either direction, consistent with low endothelial nature of these cells (Table
1). r BMECs demonstrated the fewest differentially expressed genes overall, and this may be
partially explained by previous shear exposure, or could suggest a limited responsiveness

consistent with previous work.

Our results demonstrated that shear-regulated genes in hECs, hCECs, and rBMECs were
associated with GO terms relevant to shear stress (Fig 4.3A), individual shear responsive
transcripts (Fig 4.3B), and pathways involved in shear response via GSEA (Fig 4.3D). The
hBMEC-like cells saw minor increases in a few shear response elements, but did not return any

statistically significant terms relevant to shear response. Cell proliferation terms, shown to be
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reduced in endothelial cells under shear stress and in some BMEC models [8,10,11,68,69], were
predicted upregulated in our hEC and hCEC GSEA results, and down in our rBMECs (Fig 4.3D).
Some of these differences may stem from duration of shear treatment, which is typically much
higher than these other studies. Prior work, which demonstrated that immortalized BMECs and
hBMEC-like cells do not align under shear did observe, via video analysis, an increase in
proliferation at 40 hours, roughly half of our treatment duration [11]. It is also possible that
GSEA did not accurately assess the transcriptional readout, given that we took the 20 terms with
the highest and lowest enrichment factors, which emphasizes the importance of utilizing multiple
analysis packages as well as follow up experiments [10,11]. Similarly, TGFp signaling is known
to increase in ECs under short term (< 24 hour) shear application [15,16,70]. We observed GO
terms relevant to TGFP signaling in all four models, and GSEA suggested downregulation of
TGFp signaling in the hECs, while Quaternary prod analysis suggested that SMAD4 and BMP4,
both components of TGFf superfamily signaling were differentially regulated, between the hECs
and BBB models as well as matching the direction predicted by GSEA for hECs. It is possible
that compared to a 24-hour shear duration, long term application has led to feedback inhibition in
our hECs. This is consistent with some of our signaling results, as well as Quaternary Prod
results for KLF2 and KLF4 which were both listed as downregulated upstream regulators in
hECs (Fig 4.5C) despite being upregulated at a transcriptional level (Fig 4.3C) and well known

to drive endothelial shear response in literature [21-23].

Up and down regulated signaling cascades from GSEA also suggested a few BBB
relevant pathways regulated by shear, though only PPAR signaling was conserved in multiple
models. The ligand for that pathway, RA, is associated with BBB character acquisition during

the endothelial invasion of the developing neural tube [50,71]. Similarly, Wnt signaling has also
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been associated with BBB development and maintenance, however it was only upregulated in the
GSEA for r BMECs (Fig 4.3D) and as an upregulated upstream regulator in hCECs through
Quaternary Prod (Fig 4.5D) [5,34,51]. Though the hCECs did not experience upregulated Wnt
signaling upon shear, sonic hedgehog signaling, thought to be a principal part of astrocyte
communication with BMECs in the NVU, was transcriptionally downregulated by shear
according to just GSEA [52]. It is possible that Sonic Hedgehog signaling in BMECs is driven

by another component in the NVU rather than shear stress.

Interestingly, expression of some BBB-associated genes increased under shear, including
LSR and SLC2A1. This suggests some potential reversal of the loss of BBB relevant transcription
under in vitro culture at a transcriptional level (Fig 4.4). However, at both a whole transcriptome
and BBB only gene level we did not see improvement in transcriptional alignment to acutely
isolated, in vivo-like, mMBMEC transcriptomes (Fig 4.6). This suggests that shear alone is

insufficient to restore loss of phenotype due to in vitro culture conditions.

By assessing the effects of shear on various BMEC and EC models after 72 hours, we
identified genes and pathways chronically regulated by shear. However, this time frame also
limits conclusions we can make regarding acute, transient responses to shear. It is possible that

over the short term, a different transcriptional regime may occur [72].

4.6 Conclusion

Our data provides a valuable resource to inform model use as well as impacts of longer
term shear on these cell types that have previously been characterized under static conditions
[34,36,40]. Researchers seeking to deploy these models should consider the expression of genes
of interest and the corresponding effect of shear when assessing model use. We have also

identified several BBB patterning signals that are impacted by the activation of shear flow and



found that shear stress alone is unable to rescue the loss of BBB transcriptional specification
caused by long term culture. Future work should include protein level validation of potential
changes of interest, particularly those involved with BBB properties as well as potential
phenotype and pathway assessments such as measuring proliferation via video analysis and

phosphorylation of downstream intermediates of Wnt or TGFf superfamily signaling.
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Figure 4.1 Model establishment and validation. A) Schematic of model isolation/differentiation
methods before application of shear stress. B) Immunocytochemical analysis of cell fate markers
demonstrating cell morphology in rBMECs, hECs, and hCECs and protein expression consistent

with previously published literature for these models. Scale bars = 50 um
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Figure 4.2 Unbiased whole transcriptomic analysis. A) Principal component analysis utilizing
TPM for each model under low and high shear with only genes that have an established rat
orthologue. B) PCA of each model individually utilizing variance stabilized counts according to
DESeq2. C) Overall heat map of hierarchical clustering of logio(TPM+1) from all models. Any
genes without an established ortholog or with an average TPM across all samples of less than 1
were excluded. Gene clustering is from hECs and copied to all other samples. Color indicates
row normalized minimum or maximum per gene. Heat map and hierarchical clustering
performed via the Morpheus tool. D) Volcano plots for each model with the top 5 genes with the
highest fold change or lowest padj marked. Grey indicates statistically insignificant fold changes

(padj > 0.05 via DESeq2).
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Figure 4.3 Pathway analysis and comparison between models. A) Selected GO terms with an

FDR < 0.05 returned from all differentially expressed genes in each model with a positive

logz(fold change) > 0 and padj < 0.05. Remaining GO terms are provided in Supplemental File

4.5. B) Individual genes within the response to fluid shear stress (GO:0034405). Left is TPM in

each model with relative expression. Right is Logz(fold change high versus low) as reported by

DESeg2. All nonsignificant results are colorless (padj > 0.05 via DESeq2). C) Venn diagram of

overlapping GO results between models. Numbers are total GO terms. D) Direction of pathways

in the top twenty most enriched pathways according to GSEA analysis. Colors indicate direction.

Black rings indicate that GO terms related to this pathway were also enriched.
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Figure 4.4 Shear regulation of BBB-associated genes. The gene list includes tight junction and
vesicular transport according to literature and enriched SLC, ABC, genes identified as highly
expressed in BMECs identified in compiled brain single cell sequencing analysis. Since this list
was compiled with respect to human BBB gene expression, rat gene names were converted
utilizing the Homologene? list. Left is log2(TPM + 1) of the average expression in each model
under low or high shear. Right is log2(fold change) as reported by DESeq2. All nonsignificant

results are colorless.
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Figure 4.5 Upstream regulator analysis. A) Top 10 enriched transcription factors from Chea3
derived from a meta ChlP-seq in the “literature” library suggested from Chea3 to account for
upregulated genes between high and low shear in each model (with an FDR < 0.05). Graphs were
generated via Chea3 and represent top 10 most statistically significant transcription factors that
may account for differences between high and low shear in each model. Thickness and color of
arrow represents number of overlapping downstream targets. B) Venn diagrams demonstrating
total number of suggested upstream transcriptional regulators and overlaps between them.
Results were generated using the “literature” library and any transcription factor with an average
TPM <1 or FDR > 0.05 was removed. C) BART ChIP-seq analysis results compared between
the models. Any transcription factor with an average TPM < 1 or Irwin-Hall p value > 0.05 was

removed. D) Quaternary Prod analysis results compared between the models. Any potential
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upstream regulator with an average TPM < 1 or padj > 0.05 was removed. E) Chart highlighting
upstream regulators that were differentially regulated between hECs and either rBMECs or
hCECs. Colors indicate direction, black rings represent transcription factors suggested by BART

or Chea3.
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Figure 4.6 Comparing rBMECs with and without shear post culturing to acutely isolated
mBMECs. A) A list of BBB relevant genes lost under long term in vitro culture conditions [40]
in MBMECs. Color of the dot represents log2(Average TPM + 1) from either our dataset or
Sabbagh 2020. Gene names that are not consistent between mouse and rat are written mouse
gene/rat gene. Cultured mBMECs (MC), acutely isolated mBMECs (MV), rBMECs under low
shear (RL), and rBMECs under high shear (RH). Genes from this list that showed a statistically
significant change via DESeq?2 are in red font if upregulated and blue font if downregulated by
shear. B) Example alignment plots with average TPM from rBMECs versus acutely isolated
mBMECs. Black lines represent theoretical perfect alignment. C) Results of alignment utilizing
the whole transcriptome and comparing to acutely isolated mBMECs as measured by coefficient
of determination (R?). Colors represent separate rBMEC isolations and lines connect paired
datapoints. No statistical significance was observed via a paired Student’s t-test. D) Identical
analysis to C, except instead of assessing whole transcriptome alignment, a list comprised of all
genes in Fig 4.6A and Fig 4.4 was used instead as as “BBB Gene Specific” alignment. No

statistical significance was was observed via a paired Student’s t-test.



4.8 Tables

Table 4.1 Summarized of results of different analysis techniques performed

hEC hCEC rBMEC hBMEC-like
Model
Upregulated 1253 333 193 839
Downregulated 1329 110 119 567
Upregulated (> 2 fold) 480 187 92 18
Downregulated (>2 fold) 558 81 42 11
GO Hits (Up) 611 689 144 1112
GO Hits (Down) 66 67 0 275
Chea3 Hits 83 82 40 90
BART Hits 165 166 65 172
Quaternary Prod 331 208 49 241
Supplemental Table 4.1 Antibodies Utilized
Target Manufacturer Cat. No. Concentration
Glutl Invitrogen MA1-37783 1:100 (ICC)
PECAM/CD31 Lab Vision RB-10333 - P 1:100 (ICC)
Occludin Invitrogen 33-1500 1:50 (ICC)
VE Cadherin/CD144 Santa Cruz sc-52751 1:25 (ICC)
MRP1 Sigma Aldrich MAB4100 1:50 (ICC)
Goat Anti-Mouse 1gG (H+L) = Invitrogen A11001 1:200 (ICC)
488
Goat Anti-Mouse 1gG (H+L) = Invitrogen A32728 1:200 (ICC)
647
Goat Anti-Rabbit IgG (H+L) ' Invitrogen A11008 1:200 (ICC)

488
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Supplemental Figure 4.1 Overall differentiation schemes for each differentiation used and for

the rBMEC isolation. Heavy vertical lines represent daily media changes, thinner vertical lines

represent 8 hour media changes. Any day without a feeding does not have a line. Medium and

any additional small molecules is provided above the timeline. Differentiations on the final day
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are replated to the microfluidic chips. r BMECs are always in the chip due to passaging

constraints.
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A A

‘ ‘ 5cm
Y Y

14.5 cm

7 T

To chip

[] Female Lure Lock to 1/16” ID Barb
[]—]] Male Lure Lock to 1/16” ID Barb

Y 1/16” ID Barb Y-connector
— 1/16” or 1/32” ID Silicone Tubing
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Supplemental Figure 4.2 Microfluidic device. A) Diagram of tubing lengths and components

utilized to operate the pump. B) Picture of a fully assembled pump with chip and reservoirs.
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Supplemental Figure 4.3 MA plots for each of the models. Marked genes are those marked on

the volcano plots in Figure 2D and are the top 5 smallest padj and highest fold changes.
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Supplemental Figure 4.4 Transcription factor analysis hits shared between hCECs and
rBMECs. A) Venn diagram comparing suggested upstream transcriptional regulators returned by
the three methods utilized. Only includes those hits with TPM > 1, statistical significance, and
that are present in either hCECs or rBMECS, but not hECs. B) Lists of all suggested upstream
transcriptional regulators by either Chea3 or BART with an average TPM > 1 and FDR/Irwin-
Hall p value < 0.05. All hits shown were selected due to presence in either rBMECs or hCECs.
Red to blue colored dots represent logz(fold change) as reported by DESeq2. Non-statistically

significant results were colored white.
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Chapter 5 — Defined Differentiation of Human Pluripotent Stem

Cells to a Model of the Blood-Brain Barrier?

3 The following chapter is adapted from [1]:

Foreman KL, Shusta EV, Palecek SP. Chapter 10: Defined Differentiation of Human Pluripotent Stem Cells to a
Model of the Blood-Brain Barrier. In: Huang Y-WA, Pak C, editors. Methods in Molecular Biology: Stem Cell

Based Neural Model Systems for Brain Disorders. Springer International Publishing; 2023.
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5.1 Summary

The blood-brain barrier (BBB) comprises brain microvascular endothelial cells (BMECs)
that form a high resistance cellular interface that separates the blood compartment from the brain
parenchyma. An intact BBB is pivotal to maintaining brain homeostasis, but also impedes the
entry of neurotherapeutics. There are limited options for human-specific BBB permeability
testing, however. Human pluripotent stem cell models offer a powerful tool for dissecting
components of this barrier in vitro, including understanding mechanisms of BBB function, and
developing strategies to improve the permeability of molecular and cellular therapeutics
targeting the brain. Here, we provide a detailed, step-by-step protocol for differentiation of
human pluripotent stem cells (hPSCs) to cells exhibiting several key characteristics of BMECs,

including paracellular and transcellular transport resistance and transporter function.
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5.2 Introduction

Diseases of the central nervous system (CNS) can be devastating for patients, both in
terms of prognosis and quality of life [2]. However, novel CNS therapeutics, are much less likely
to make it to the clinic than those drugs developed for other indications due to a host of factors
that include the presence of the blood-brain barrier (BBB)[2—-4]. Delivering therapeutic doses
across the BBB is thought to hamper over 98% of all new small molecules, and most current
antibody therapies [4]. For instance, BMECs express polarized efflux transporters that semi-
selectively pump lipophilic compounds back into the bloodstream, thereby restricting
transcellular transport across the BBB[5,6]. BMECs also express transmembrane proteins that
mediate tight junctions between the cells which resist paracellular transport[5,7]. A better
understanding of this BMEC transport interface is vital to designing approaches to deliver

neurotherapeutics across the BBB.

Researchers have developed several cell-based systems to model the BBB. The most
direct method is to study molecular penetration and BBB behavior in a live animal [8-11].
Animal models capture the physiological aspects of the BBB, but there are known differences in
BBB molecular and functional phenotypes, including differential expression of efflux
transporters [12,13], between humans and experimental animals. Animal models are rather low
throughput, limiting their applications. By contrast, in vitro models consisting of primary brain
BMECs can offer a more controlled and scalable platform for evaluating compound transport
through the BBB, with human cells offering human relevance. However, these models suffer
from BMEC dedifferentiation and poor paracellular permeability after culture ex vivo [8,11].

Immortalized human BMECs provide a highly scalable model for BBB research with some
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barrier and efflux protein expression, but do not typically form substantial barriers amenable to

drug permeability screening [11].

The discovery of human pluripotent stem cells (hPSCs) [14] has opened the possibility of
developing a human BBB model for drug screening and permeability studies. Several BBB
models that demonstrate high paracellular and functional transcellular resistance have been
reported [15-23]. They have been shown to have continuous junctional staining for various tight
junction related proteins, and expression and activity of several common efflux transporters such
as P glycoprotein (P-gp) and Breast Cancer Resistance Protein (BCRP). Hence, these models
have been used to predict permeability of various small molecules and blood borne components

[20,24,25].

In addition to predicting molecular permeability, in vitro BBB models can be used to
study the effects of disease on BBB structure and function. Induced PSCs (iPSCs) reprogrammed
from differentiated cell types in adults can be used to study the impact of genetic modifications
in some diseases. For example, researchers have explored the effects of genetic defects known to
cause neurodegenerative diseases such as Allan Herndon Dudley Synrome, Alzheimer’s disease

and Huntington’s diseases on BBB properties using patient-derived iPSC sources [20,26,27].

Below, we detail a defined protocol for differentiation of hPSC-BBB model published
previously [28](Fig. 1A). The differentiation process applies CHIR99021, a GSK-3 inhibitor
used to drive Wnt signaling, as well as supplements and signaling factors like B-27, retinoic acid,
and FGF2 to further drive the observed BBB phenotypes. Importantly, like any hPSC
differentiation, some parameters, such as induction factor concentration, initial seeding density,
subculture seeding density and line-to-line variability [28-32] can impact the differentiation

process. The sensitivity to these variables can be observed in the attached sample data.
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5.3 Materials

Prepare all materials, unless stated otherwise, using cell culture grade sterile water and reagents
in a sterile laminar flow hood with proper aseptic technique. Differentiations will require a
suitable hPSC line. This method has previously been used in our lab with IMR90-4 iPSCs from

WiCell and H9 human embryonic stem cells (hESCs).

5.3.1 Small Molecule and Protein Aliquots

1. Y-27632 Aliquots — Y-27632 is typically provided as a sterile powder. Add water to
dilute to produce a 10 mM solution. Y-27632 should solubilize quickly in solution. This
is 1000x the needed concentration in the application used here. Aliquots should be 50-
100 pL, dependent on rate of use. Store at -20 °C, with one working aliquot kept at 4 °C
for up to 2 weeks.

2. CHIR99021 Aliquots — CHIR99021 is provided as a powder. Suspend in dimethyl
sulfoxide (DMSO) to 10 mM in aliquots of 20-50 uL, dependent on use. Store aliquots at
-80 °C and one working stock at 4 °C for up to 1 week.

3. Retinoic Acid Aliquots — Retinoic acid (RA) is provided as a powder. Suspend in DMSO
to 10 mM and aliquots to between 50-200 puL, dependent on use. Store aliquots away
from light at -20 °C and one working stock at 4 °C away from light for up to 1 week.

4. FGF2 Aliquots — FGF2 solution should be diluted according to manufacturer’s
instructions to 100 mg/mL in aliquots of about 20-50 puL, dependent on use. Store
aliquots at -80 °C, avoiding freeze thaw cycles, with one working stock at 4 °C for up to

1 week.

5.3.2 ECM Components and Plates

1. Tissue culture treated polystyrene 6-well plates.
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2. Matrigel Aliquots — Thaw Matrigel overnight at 4 °C. Chill 1.5 mL tubes. Do not thaw at
room temperature. Since Matrigel has batch to batch variability in protein concentration,
add sufficient thawed Matrigel solution to reach 2.5 mg per aliquot, which is sufficient to
coat 5 6-well plates or about 290 cm? of surface area. The concentration of solution will
be provided by the manufacturer and the volume is typically close to 250 pL. Once
thawed, place the Matrigel on ice, and each aliquot should be stored on ice until
transferred to -80 °C storage. Do not store at 4 °C.

3. Acetic Acid Solution (5 mg/mL) — Acetic acid is typically not provided sterile, so the
solution should be sterile filtered. Add approximately 100 mL water to the upper chamber
of a 0.4 um sterile filter. Add 1.25 g glacial acetic acid, swirling to mix. Fill with water to
the 250 mL line. Store at 4 °C.

4. Collagen Type IV Solution — Cell culture certified collagen type IV is provided as a
lyophilized powder. Add sufficient preprepared acetic acid solution to reach 1 mg/mL.
Collagen type 1V will solubilize slowly, so prepare at least a day in advance and allow to
resolubilize overnight at 4 °C. Store at 4 °C when not in use. 5 mg would require 5 mL of
acetic acid solution for example. Store at 4 °C for up to 2 weeks.

5. Fibronectin Solution— Purchase at 1 mg/mL or dilute to 1 mg/mL in appropriate solution

according to manufacturer’s instructions. Store at 4 °C for up to 2 weeks.

5.3.3 Media and Differentiation Materials
1. Accutase
2. Dulbecco’s Phosphate Buffered Saline (DPBS) — Purchase without calcium or
magnesium. Should be sterile and cell culture grade.

3. Dimethyl sulfoxide (DMSOQ)
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Fetal Bovine Serum (FBS) — Purchase at 500 mL. Thaw overnight at 4 °C. Prepare ~40
mL aliquots in 50 mL conical tubes. Store at -20 °C. Keep one working stock at 4 °C for
up to 2 weeks. If not using 40 mL of FBS in 2 weeks, create smaller 10 mL aliquots in 15
mL conical tubes and store as above.

Human Pluripotent Stem Cell Culture Medium- both E8 and mTeSR have been used
successfully.

DMEM/F12 — Either purchase directly or mix 1:1 of Dulbecco’s Modified Eagle’s Media
and F12.

DeSR1 — Add ~100 mL of DMEM/F12 to the top of a sterile 0.2 um pore size 500 mL
filter. Add 5 mL of MEM Non-Essential Amino Acids (NEAA), 2.5 mL of GlutaMAX,
and 3.5 uL of B-mercaptoethanol. Swirl and then fill to 500 mL with DMEM/F12 and
filter through a 0.2 um filter. Store at 4 °C for up to a month.

DeSR2 — Add ~100 mL of DeSR1 to the top of a sterile 0.2 um pore size 250 mL filter.
Add 5 mL B-27 media supplement. Swirl and fill to 250 mL with DeSR1 and filter. Store
at 4 °C for up to 2 weeks.

HECSR - Add ~100 mL of HESFM to the top of a sterile 0.2 um pore size 250 mL filter.
Add 5 mL B-27 media supplement. Swirl and fill to 250 mL with HESFM and filter.
Store at 4 °C for up to 2 weeks.

HECSR + 10 uM RA + 20 ng/mL FGF2 — Should be made day of use. Do not store. If
using aliquot concentrations as described in 2.2, then add 1 uL RA per 1 mL of HECSR

and 0.2 pL FGF2 per 1 mL of HECSR.
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5.3.4 Immunocytochemistry

1.

PBS — Add 20 L of ultrapure water (~18 MQ) to a 20+ L container. Add a stir bar, 4 g
KCI, 4 g KH2PO4, 160 g NaCl, and 43.2 g Na2HPO4-7H-0. Stir overnight to dissolve.
Aliquot into 1-2 L containers for longer term storage. Keeps indefinitely.

Methanol

16% Paraformaldehyde solution

4% Paraformaldehyde solution (PFA) — Mix 12.5 uL 16% paraformaldehyde with 37.5
puL PBS. Make fresh as needed.

10% Goat Serum — Dilute 1 mL goat serum in 9 mL PBS. Store at 4 °C for up to a week.
Hoechst 33342 — Purchase at or dilute with water to 10 mg/mL.

Dilute Hoechst Solution — Add 10 pL of Hoechst 33342 to 50 mL of PBS. Store
protected from light at 4 °C for up to a month.

Fluorescent microscope capable of exciting at 488 nm and 352 nm.

5.3.5 Accumulation Assay

1.

2.

Hank’s Balanced Saline Solution — Sterile

Ethanol

Rhodamine 123 (Rh123) Aliquots — Purchase powder, resuspend to 10 mM in ethanol.
Aliquots should be 500-1000 uL and stored at -20 °C protected from light

DPBS -As 2.3

Cyclosporine A (CsA) - CsA is provided as a powder. Suspend in DMSO to 10 mM in
aliquots of 20-50 uL, dependent on use. Store aliquots at -20 °C.

RIPA Buffer

Plate Reader capable of exciting at 485 nm and measuring fluorescence at 530 nm
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5.3.6 Trans Endothelial Electrical Resistance (TEER)
1. Transwells — Corning 3640 or equivalent with 0.4 um pore size
2. EVOM2 or equivalent
3. Chopstick electrodes
4. DPBS - cell culture and sterile without calcium and magnesium.
5. 70% Ethanol — Mix 7 mL of ethanol with 3 mL of cell culture grade sterile water
6. 70% ethanol in a spray bottle for sterilizing — mix 70% by volume ethanol and fill to

100% volume with deionized water.

5.4 Methods
Unless stated otherwise, all steps should be performed in a sterile laminar flow hood with proper
aseptic technique. All media should be warmed at room temperature at least 30 minutes before

application.

5.4.1 Differentiation of hPSCs
Differentiation of hPSCs to the previously published BBB model [28]. Equations are provided

for ease of scaling.

1. Human pluripotent stem cells should be maintained according to previous established
methods with culture at 37 °C and 5% CO.. We suggest protocols such as Stebbins et al.
[18] and maintaining cells on Matrigel-coated tissue culture treated polystyrene 6 well
plates, passaging cells between 50-70% confluency. Before starting a differentiation,
cells should not be stressed by poor passaging, changes in feeding schedule, exposure to
room temperature for prolonged periods, or storage in a non-humidified incubator. Cells

should also be at least 2-3 passages post thawing before initiating a differentiation.
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. A minimum of 1 hour before, but up to a week before starting differentiation: Prepare a
50 mL conical tube with ~32 mL of DMEM/F12 (if using the Matrigel aliquot sizes
provided in Materials).

Remove Matrigel aliquot from freezer and quickly suspend by pipetting 1 mL from the
prepared aliquot of DMEM/F12 into the Matrigel aliquot. Pipette up and down until
Matrigel is dissolved. Return DMEM/F12 + Matrigel to the DMEM/F12 aliquot.

. Add 1 mL of DMEM/F12 and Matrigel solution per well of a tissue culture treated
polystyrene 6 well plate using a 5 mL stripette. Work quickly.

Day -3: When hPSCs are 50-70% confluent, aspirate stem cell culture medium (see Note
1), then add 1 mL of Accutase per well. Typically, for each plate to be seeded, harvest 1
well; there will be excess cell solution (Fig 1A).

Return the plate to the 37 °C incubator for 5-7 minutes.

. While the cells are being incubated with Accutase, prepare a 50 mL conical containing 4
mL of DMEM/F12 per 1 mL of Accutase used to detach the cells.

. Swirl plate gently by hand. If the cells are not detached, return to the incubator for
another 2 minutes.

. Once ~70% of the cells are detached, use a 1000 uL pipette to wash the well 1-5 times
until cells are completely detached and singularized. Any cells still attached to the plate
should have been rinsed off during this process. There should be no visible clumps of
cells within the Accutase when done. See Note 2. Add cell solution to 50 mL conical
containing pre-prepared DMEM/F12. Invert 3-4 times to mix before reserving 50-100 pL

of cell solution to count.
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Centrifuge cells at 200 g for 5 minutes. While doing this, count reserved cell
concentration and calculate total cell number according to manufacturer’s cell counting
protocol.

Aspirate supernatant. There should be a visible pellet. Resuspend pellet to 2 million
cells/mL in stem cell culture medium by gently pipetting up and down using a 5 or 10 mL
stripette to generate concentrated cell solution.

Calculate cells needed per well. See Note 3

Cells _
well

ells

Optimal Seeding Density (lelz) * Surface Area of Well (cm?)
Prepare a volume of stem cell medium + 10 uM Y-27632 sufficient for one plus the
number of wells to be seeded (see Table 1). Remember to account for required volume of
the cell solution.

Add cell solution to provide enough cells for total number of wells to be seeded plus one
to the prepared stem cell medium plus Y-27632. Invert three times to mix.

Quickly fill 3 wells with appropriate volume of the cell suspension. Invert tube to ensure
the solution remains well mixed. Repeat until all wells are seeded. See Note 4.

Place plates into 37 °C incubator with 5% CO..

Shake plates 3 times forward and backwards, then 3 times left to right to ensure even
distribution of cells. Note 5.

Day -2: After 24 hours, aspirate spent medium, add 2 mL stem cell culture medium
without Y-27632 to each well (Fig 1A).

Day -1: Aspirate spent medium, add 2 mL stem cell culture medium to each well.

Day 0: Prepare 2 mL for each well of a 6-well plate of DeSR1 containing the optimal

concentration of CHIR99021 determined via an optimization assay (Fig 2B).
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Aspirate medium, add 2 mL of DeSR1 + CHIR99021 to each well. See Notes 6 and 7.
Day 1: After 22.5-24 hours from Step 21, aspirate spent medium and add 2 mL DeSR2 to
each well. See Notes 8 and 9.

Day 2: Aspirate medium, add 2 mL DeSR2 to each well.

Day 3: Aspirate medium, add 2 mL DeSR2 to each well.

Day 4: Aspirate medium, add 2 mL DeSR2 to each well.

Day 5: Aspirate medium, add 2 mL DeSR2 to each well.

Day 6: Prepare a conical with sufficient HECSR + 10 uM RA + 20 ng/mL FGF2.

Day 6: Aspirate spent medium, add 2 mL prepared HECSR + 10 pM RA + 20 ng/mL
FGF2 to each well. See Note 10.

Day 7: Prepare collagen IV and fibronectin-coated wells or Transwells. For Transwells
use 100 pg/mL fibronectin and 400 pg/mL collagen IV diluted with water. For flat plates
use a solution of 20 pg/mL fibronectin and 80 pug/mL collagen 1V. See Table 1 for
volumes. Incubate overnight at 37 °C and 5% CO.. Cell medium does not need to be
changed on Day 7.

Day 8: Aspirate medium and gently wash cells with DPBS.

Add 1 mL Accutase per well, incubate for 20-60 minutes. Check every 10-15 minutes by
gently swirling; if cells do not detach continue incubation. See Note 11.

During the incubation, prepare 4 mL DMEM/F12 per 1 mL of Accutase used to quench
the Accutase.

Prepare HECSR + 10 uM retinoic acid + 20 ng/mL FGF2 sufficient for all wells in the
experiment, and to resuspend the cells. Typical yield is close to 2-4 million cells per 10

cm?. Prepare more than needed.
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Once 60 minutes of Accutase treatment have elapsed or cells are visibly detaching from
the well, whichever comes first, rinse cells from each well using a 1000 uL pipette tip,
triturating to singularize the cells. Filter solution through a 40 um sterile filter to remove
cell clumps into the prepared DMEM/F12 quench. Collect ~100 uL of cell solution to
count

Centrifuge at 200 g for 5 minutes. While doing this, count reserved cell concentration and
calculate total number of cells according to manufacturer’s cell counting protocol.
Aspirate supernatant, being careful not to aspirate the cell pellet. Resuspend cells to 2
million cells/mL.

Aspirate the remaining collagen and fibronectin solution from prepared plates. Seed
Transwells at 500,000 cells/cm? (see Note 12) and plates at 100,000 cells/cm?,

Place plates or Transwells into 37 °C incubator with 5% CO,.

Shake plates or Transwells 3 times forward and backwards, then 3 times left to right.
Repeat 3 times to ensure even distribution of cells.

Day 9: Aspirate medium, add appropriate volume of HECSR per well. This is generally
the last medium change; cells can be maintained for up to at least six days afterwards (Fig
3)

Day 10: Most cell function assays are performed on this day. A small number of 96 well
seeded cells should be fixed and prepared for immunocytochemistry at this time point to
ensure appropriate expression of proteins relevant to the properties being assessed.
Examples of efflux transporters and tight junction associated proteins have been provided

(Fig 1B). See Note 13.
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5.4.2 Immunocytochemical Analysis

Unless stated otherwise, all steps should be performed in a sterile laminar flow hood with proper
aseptic technique. Staining protocols adapted from Stebbins et al. and Qian et al. [18,28] and
example images are provided in Fig 1B. Typically, once a differentiation protocol is optimized,
proper expression and localization of proteins of interest are assessed as quality control to ensure
appropriate marker expression. For example, if assessing permeability of a hydrophilic molecule,
continuous tight junction protein expression is important to validate. Table 1 lists several
proteins suggested as potential quality controls along with the antibodies we have used

previously.

1. Perform differentiation as described in Method 3.1. On Day 8, cells should be seeded at
100,000 cells/cm? or higher to ensure a monolayer into a wells of a collagen IV and
fibronectin-coated 96 well plate. See Note 14.

2. Store 100% methanol at -20 °C or allow to chill for at least 1 hour at -20 °C.

3. Day 10: Aspirate medium from each well, then wash 3 times with ~200 uL of DPBS per
well.

4. Aspirate DPBS, add 50 uL methanol or 4% PFA (antibody-dependent, see Table 1) per
well to fix the cells

5. Incubate for 15 minutes at room temperature.

6. Aspirate methanol or PFA, then wash each well once with ~200 puL PBS (can switch to
non-sterile PBS at this stage). Cells no longer need to be kept sterile and the remaining
steps can be performed on a bench top.

7. Aspirate PBS. Add 100 pL 10% goat serum per well to block.

8. Incubate 1 hour at room temperature or overnight at 4 °C.
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During goat serum incubation, prepare primary antibody solutions (See Table 2 for
concentrations and solutions) with 50 pL per well.

Aspirate blocking goat serum. Add 50 pL primary antibody solution to each well.
Incubate overnight at 4 °C.

Prepare 50 pL per well of species appropriate secondary antibody solution in 10% goat
serum. Protect from light. See Table 2 for concentrations.

Aspirate primary antibody solution. Wash 3 times with ~200 uL PBS per well. See Note
15.

Add 50 pL per well of appropriate secondary solution.

Incubate, protected from light, for 1 hour at room temperature or overnight at 4 °C.
Aspirate secondary antibody solution. Wash 2 times with ~200 pL PBS per well.
Aspirate PBS. Add 50 pL per well of dilute Hoechst solution. Cover and incubate for 10-
20 minutes at room temperature.

Aspirate dilute Hoechst solution. Add 200 pL PBS to each well.

Image on a fluorescence microscope with appropriate excitation and emission filters

according to secondary antibodies used.

5.4.3 Rhodamine 123 Accumulation Assay

Unless stated otherwise, all steps should be performed in a sterile laminar flow hood with proper

aseptic technique. This protocol is adapted from Stebbins et al. [18]. This assay can be used to

assess the relative activity of P-gp in the model cells by comparing accumulation of a fluorescent

substrate of P-gp, Rh123, in normal cells and in cells with P-gp inhibition. The fold change

represents both the activity and the maximum accumulation. Typically, fold increases of 1.5 to

2.0 of CsA treated cells over control have been observed [15,18,28,29].
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1. Perform differentiation as described in Method 3.1. On Day 8, cells should be seeded at
100,000 cells/cm? or higher onto a Collagen 1V and Fibronectin coated 24 well plate to
obtain a confluent monolayer. Experiment should be performed at n = 4-6. The assay
should include a vehicle control (DMSQO), an inhibited P-gp condition (CsA), and a single
blank well.

2. On Day 10-15 (See Fig 4): Add 0.5 mL of HBSS per well of vehicle control + 1 for the
blank to a 15 mL conical. Add 1 uL DMSO per mL of HBSS. Invert 3 times to mix.

3. In another 15 mL conical tube, add 0.5 mL of HBSS per well to be treated with CsA. Add
1 pL CsA per mL of HBSS. Invert 3 times to mix. A white particulate may be visible
initially, but should dissolve.

4. Aspirate medium and wash each well twice with 1 mL HBSS. Add 0.5 mL of HBSS +
DMSO to half the wells and HBSS + CsA to the remainder.

5. Incubate at 37 °C and 5% CO> for 1 hour on an orbital shaker at 30 rpm.

6. While incubating, prepare HBSS + 10 uM Rh123 at 0.5 mL per well. Dilution should be
1 uL of Rh123 solution per mL of HBSS if using the aliquot concentrations in Materials.

7. Split HBSS + Rh123 into two 15 mL conical tubes. One for DMSO, the other for CsA

8. Add 1 pL per mL DMSO or CsA to the conical tubes containing HBSS + Rh123

9. After 1 hour, aspirate HBSS + DMSO/CsA, add 0.5 mL of HBSS + Rh123 + DMSO/CsA
and return to shaker and incubator. Do not aspirate or change the contents of the blank
control well.

10. Incubate at 37 °C and 5% CO- for 2 hours on an orbital shaker at 30 rpm.

11. Place DPBS at 4 °C to chill.
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12. After 2 hours, aspirate Rh123 containing HBSS carefully. Be sure to not leave small
droplets on the sides of the wells.

13. Wash each well 3 times with 1 mL chilled DPBS.

14. Aspirate DPBS. Add 200 puL RIPA Buffer to each well.

15. Shake at 30 rpm for 10 minutes to completely lyse cells.

16. Scan each well on a plate reader with 485 excitation and 530 emission filters.

17. Freeze cell lysates at -20 °C this stage by placing the entire plate in the freezer.
Alternatively, proceed to BCA assay.

18. Perform BCA assay according to manufacturer’s instructions on lysate to allow proper
normalization.

19. Normalize each well (i) according to the following equation:

— (Rhi - RhBlank)
P;

Where Rhi is Rhodamine fluorescence from well i, P is protein concentration according
to the standard curve according to the manufacturer’s instructions in the BCA kit in well
i, Rheiank is Rhodamine fluorescence from the blank well.

20. Normalize results to the average of all fluorescent values for the control (DMSQO) wells.

This will provide the fold changes typically reported.

5.4.4 Trans Endothelial Electrical Resistance (TEER)

All steps should be performed in a sterile laminar flow hood with proper aseptic technique. This
protocol is adapted from Stebbins et al. [18]. This assay measures the resistance across a cell
monolayer and provides an assessment of the paracellular resistance of the model. TEER

measurement is nondestructive, and is an important quality control assay prior to measuring
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molecular permeability or when interested in passage of hydrophilic molecules. Typically the

cell monolayer should have a barrier above 1000 Q-cm? [24].

1.

10.

11.

On Day 7 of the differentiation, as described in Methods 3.1: Coat Transwells with
collagen 1V and fibronectin. Prepare an additional unseeded well to determine baseline
resistance of the Transwell membrane. Note 16.

On Day 8 of the differentiation: Seed Transwells at 500,000-1,000,000 cells/cm? as
described in Methods 3.1. Do not seed the unseeded control well.

Day 9+: Add ~10 mL of 70% ethanol to a 15 mL conical tube.

Place the chopstick probe in 70% ethanol for 5 minutes. Note 17.

Prepare a second 15 mL conical containing ~15 mL DPBS

Immediately before measuring TEER, remove Transwell plates from the incubator.
Minimize duration that the cells are outside the incubator. Lower temperatures can cause
erroneously high resistances.

Grasp the probe firmly with index finger and thumb.

Wrap remaining wire around middle and ring fingers (to avoid loose cable dragging over
or touching the wells).

Spray 70% ethanol onto the wire.

Gently dip the tip of the probe into the DPBS until the TEER reading drops and
stabilizes.

Insert probe into Transwell being careful to insert the long side into the basolateral
chamber. Do not touch the cell monolayer with the probe. Contact with the monolayer

will disrupt the barrier.
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12. Wait until the TEER measurement is approximately steady for 30 seconds. There is
always some volatility in the reading.

13. Record TEER.

14. Remove the probe from the well, taking care to not touch the cell monolayer.

15. Dip the probe gently in the conical containing 70% ethanol for 5 seconds.

16. Repeat Steps 9-12 until all wells are measured. The ethanol dips help to prevent
contamination. The DPBS dips prevent ethanol from contacting the cells.

17. When all wells are measured, dip the probe in DPBS and then then submerge in the 70%
ethanol for 2 minutes.

18. Allow the probe to air dry completely before returning to storage.

5.4.5 Cell Cryopreservation
Adapted from methods in Grifno et al. and Wilson et al. [25,30]. Unless stated otherwise, all

steps should be performed in a sterile laminar flow hood with proper aseptic technique.

1. Differentiate cells as described in Methods 3.1 up through Step 29 (Day 7). Do not coat
plates on Day 7.

2. Ensure freezing container is at room temperature and has sufficient isopropanol in the
lower chamber, according to manufacturer’s instructions.

3. Day 8: Aspirate medium and wash each well with 2 mL DPBS.

4. Add 1 mL Accutase per well, then incubate for 20-60 minutes at 37 °C at 5% CO,. Check
every 10-15 minutes by gently swirling. If cells do not start to detach, continue
incubation. See Note 11.

5. During the incubation, prepare 4 mL DMEM/F12 quench solution per 1 mL of Accutase

used to detach the cells.
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Prepare freezing medium consisting of 10% DMSO + 30% FBS + 60% HECSR
volumetrically. Typically 10-20 mL is sufficient for a differentiation. Volume required
will vary depending on final cell concentration. Typically, prepare enough to resuspend
to the chosen concentration for approximately 4 million cells per 6-well plate.

Once 60 minutes of Accutase treatment have elapsed or cells are visibly detaching from
the well, whichever comes first, rinse cells from each well using a 1000 pL pipette tip,
triturating to singularize the cells. Filter the cell solution through a 40 pum sterile filter to
remove cell clumps into the prepared DMEM/F12 quench. Reserve ~100 uL of cell
solution to count.

Centrifuge at 200 g for 5 minutes. While doing this, count reserved cell concentration and
calculate total cell number according to manufacturer’s cell counting protocol.

Label an appropriate number of cryotubes. Typically differentiation number, hPSC line,
technician, number of cells per tube, and freezing date are recorded.

Aspirate supernatant, being careful not to aspirate the cell pellet.

Resuspend to 1-10 million cells/mL, dependent on planned application of the cells.
Pipette 1 mL into each labelled tube. Lower concentrations are more useful for plate
assays, while higher concentrations are more convenient for seeding Transwells and other
high cell concentration applications.

Place tubes into a room temperature freezing container.

Place freezing container into -80 °C overnight.

Transfer tubes to liquid nitrogen tank for long term storage.
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5.4.6 Cell Thawing

Adapted from methods in Grifno et al. and Wilson et al. [25,30]. Unless stated otherwise, all
steps should be performed in a sterile laminar flow hood with proper aseptic technique. Cells can
be expected to have similar barrier and protein expression properties following thaw as if they

had not been frozen.

1. One day before thawing, prepare collagen IV and fibronectin coated plates and
Transwells as though it was Step 29 of Method 3.1 (Day 7). Seed transwells at 500,000
cells/cm? (see Note 12) and plates at 100,000 cells/cm?.

2. Prepare sufficient HECSR + 10 uM Retinoic Acid + 20 ng/mL FGF2 for plates to be
seeded. Volume is dependent on planned downstream experiments. Then add 10 uM Y-
27632.

3. Retrieve vials of frozen cells from liquid nitrogen storage.

4. Thaw rapidly by holding or floating in a 37 °C water bath. Do not allow the cap to touch
the water.

5. When only a small amount of ice remains in the tube, transfer the 1 mL of cell solution in
the vial to a 15 mL conical tube with a 1000 pL pipetter.

6. Add 4 mL of DMEM/F12 to the conical containing the cell solution at a rate of about 2-4
mL/min.

7. Centrifuge 200 g for 5 minutes.

8. Aspirate the supernatant, being careful to not disrupt the cell pellet.

9. Resuspend the cell pellet in prepared HECSR + 10 uM Retanoic Acid + 20 ng/mL FGF2

+ 10 uM Y-27632 to 2 million cells/mL.
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10. Add cell suspension to collagen and fibronectin coated plates at 100,000 cells/cm?. Seed
Transwells at 500,000 cells/cm? (see Note 12) and plates at 100,000 cells/cm?,

11. Place plates or Transwells into 37 °C incubator with 5% CO..

12. Shake plates or Transwells 3 times forward and backwards, then 3 times left to right.
Repeat 3 times to ensure even distribution of cells.

13. One day later, resume Method 3.1 at Step 40.

5.5 Notes
1. Our lab has used both mTeSR and E8 hPSC culture media to expand hPSCs prior to

differentiation.

2. Do not pipette too vigorously. Excess shear stress can damage the cells. Do not allow bubbles

to form while triturating. This can reduce cell viability.

3. Optimal seeding density must be determined for each hPSC line via a screen. Typically a
range of around 20,000-60,000 cells per cm? with increments of 10,000 cells/cm? will identify the
optimal density. Typically TEER (Fig 3) is used to screen for barrier properties. Once the
optimal density is found, further experiments can be performed at the optimal seeding density to
further ensure properties of interest (experiment dependent), such as protein expression or efflux

activity, are present. See Fig 2A for an example seeding screen focusing on TEER.

4. Cells will settle over time, so it is important to work quickly and mix frequently to ensure

consistent seeding across wells.

5. Shaking is necessary to ensure an even distribution of cells across the plate. After cells are in
the incubator, it is best to disturb the plate as little as possible. Heterogenous cell density can

result in poor or failed differentiations and high batch-to-batch variability.
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6. CHIR99021 concentration at Day 0 should be optimized for each hPSC used. Values typically
fall around 3-6 M. We suggest testing a range from 3-9 uM CHIR99021 at increments of 3 uM.
TEER is used to screen barrier integrity in the cells after differentiation (Fig 3B). Once an
optimal CHIR99021 concentration is identified, subsequent experiments can be performed at the
optimal CHIR99021 concentration. See Fig 2B for an example of CHIR99021 concentration

optimization.

7. Extended CHIR99021 exposure can result in toxicity. Do not expose the cells to medium
containing CHIR99021 for longer than 24 hours. If cells are not confluent by day 2-3, the

differentiation will not produce cells with appreciable barrier properties.

8. Typically a medium change during the differentiation is performed every 24 hours (plus or

minus 1 hour).

9. On Day 1, substantial cell death is to be expected. If noticeable cell death is visible on or after

day 3, the differentiation will likely fail to produce cells with appreciable barrier properties.
10. HECSR can be made in advance, but RA and FGF2 should be added at the time of use.

11. If detachment takes less than 15 minutes, the resulting cells typically have poor barrier
properties. After detachment, cell yield above 2-4 million cells per well also suggests a poor

quality differentiation.

12. Previously published protocols have typically used 1 million cells/cm? to ensure successful
formation of a confluent monolayer [16-18,28]. Testing has demonstrated that as low as 250,000

cells/cm? may be sufficient for confluent monolayer formation (Fig 4).
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13. A similar model [21] has been shown previously to maintain tight junction integrity for a
week. Similarly, this model retains TEER above 1000 Q*cm? for approximately one week

without changing medium (Fig 3B), and efflux transport similarly appears unaffected (Fig 3A).

14. 1If cells are not confluent by Day 10, tight junction visualization and localization will be

especially difficult to assess.

15. This wash step is critical. If secondary antibodies are applied without appropriate washing, a

low signal or nonspecific background signal could result.
16. TEER can be measured starting from Day 9 onward if the cells form a confluent monolayer.

17. Electrodes are vulnerable to ethanol and prolonged exposure decreases the probe longevity.

Do not exceed 15 minutes of treatment with ethanol.

18. This data is from a cell line which was found to contain a paracentric inversion in the short

arm of chromosome 11.
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5.6 Figures
A Culture Medium
| M StemCell H DeSR1 DeSR2 M HECSR H None
Day
-3 2 1 0 6 7 8 9 10
| | | | | | | | | S
| | | | | | | | | -
+Y27632 +CHIR +RA +RA

99021 +bFGF +bFGF

Figure 5.1 Differentiation scheme and BBB marker expression. A) Schematic of differentiation
process, color coded by medium composition. Timing and small molecule supplements are
provided underneath. B) Example immunofluorescence images stained on day 10 of a
differentiation using IMR90-4 iPSCs. i) Sample transporters ii) Sample tight junction associated

proteins. Target proteins are pseudocolored green and cell nuclei are blue (Hoescht)
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Figure 5.2 Effects of culture time and CHIR concentration on barrier properties. A) An example
Day -3 seeding density optimization of TEER. Performed with IMR90-4 iPSCs with n=3
biological replicates. B) Maximum TEER between Day 9 and Day 11 from 3 differentiations of
IMR90-C4 iPSCs treated with 0-9 uM CHIR99021 at day 0 for 24 hours. Black line is mean with
standard deviation. Circles represent biological replicates (n = 3), colors represent independent

differentiations (n = 3). *p < 0.05 via 2 Way ANOVA with Tukey’s post hoc test.
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Figure 5.3 P-gp activity and TEER as a function of duration post replating. H9 hESCs were
differentiated to BMEC-like cells., See Note 18. A) Cells were replated onto collagen IV and
fibronectin coated 24-well plates (Rh123 Accumulation Assay) or Transwells (TEER) on Day 8
and Pgp efflux transport activity measured by Rh123 accumulation. Statistically significant
increases above baseline of accumulation under CsA inhibition demonstrate continued activity
through 7 days post replating (Day 15 after initiation of differentiation). B) BMEC-like cells
were replated onto Transwell membranes on Day 8 and TEER monitored daily. TEER
measurements show maintained tight junction integrity through 7 days post replating (Day 15
after initiation of differentiation). Black line is mean with standard deviation. Circles represent
biological replicates (n = 3), colors represent independent differentiations (n = 3). *p < 0.05 via 2

Way ANOVA with Tukey’s post hoc test.
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Figure 5.4 Impact of Transwell seeding density on TEER. Performed in H9 hESCs, see Note 18.
On Day 8, cells were seeded onto collagen 1V and fibronectin-coated Transwells at the indicated
cell density, and TEER measured every day for 4 days. Black line is mean with standard
deviation. Circles represent biological replicates (n = 3), colors represent independent

differentiations (n = 3). *p < 0.05 via 2 Way ANOVA with Tukey’s post hoc test.
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5.7 Tables

Table 5.1 Working media volumes and coating solution volumes for wells by approximate size

Plate Volume Coating Solution Volume
(mL/well) (uL/well)

6 Well Plate | 2 1000
12 Well Plate | 1 500
24 Well Plate | 0.5 250
48 Well Plate | 0.25 125
96 Well Plate | 0.2 50

12 Well with | 0.5 Apical, 200 (Concentrated)

Transwell | 1.5 Basolateral

Table 5.2 Antibody Information

Protein Target Catalog Manufacturer Fixative Concentration Species
BCRP MAB4155 Sigma-Aldrich = 4% PFA 1:50 Mouse
MRP1 MAB4100 Sigma-Aldrich | Methanol 1:50 Mouse
Glutl MA1-37783 Invitrogen Methanol 1:100 Mouse
Occludin 33-1500 Invitrogen Methanol 1:50 Mouse
Claudin5 35-2500 Invitrogen Methanol 1:200 Mouse
Z01 33-9100 Invitrogen Methanol 1:200 Mouse
Mouse A11001 Invitrogen N/A 1:200 Goat

lgG(H+L) 488
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Chapter 6 — Conclusions and Future Directions
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6.1 Summary

In this work we generated multiple datasets to assist in development of future blood-brain
barrier (BBB) models as well as exploring the phenotypes and transcriptional profiles of both the
mouse and human BBB in vitro. Our work with laser captured brain microvessels (Chapter 2),
provides a tool for downstream drug development, suggesting exceptions between the mouse and
human endothelium and pericytes which can impact targeted drug delivery strategies [1,2].
Further, it suggests areas of improvement with regards to BBB models and supplements current
single cell brain endothelial and pericyte transcriptomes with greater depth. Phenotypic analysis
of multiple in vitro BBB models yielded insight into a potential regulatory mechanism driven by
shear stress. We also observed that activation of Piezol, a mechanosensitive cation channel,
induced a similar phenotype (Chapter 3). Finally, our analysis of the transcriptional responses of
multiple BBB models under long term shear stress suggests some BBB genes are positively
upregulated by the application of shear, but this is insufficient to prevent de-specification due to
in vitro culture (Chapter 4). This aids the field by demonstrating what genes may be impacted by
the application of shear across BBB models while simultaneously providing a uniform baseline
to compare shear responsiveness thereby informing development of BBB microfluidic models

[3-6].
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6.2 Future Directions

6.2.1 Further development of an in vivo blood-brain barrier transcriptome

Though our work in Chapter 2 created a brain pericyte and endothelial bulk
transcriptome, the ideal scenario would be an isolated transcriptome for both pericytes and
endothelial cells. This exists in some part thanks to brain single sequencing experiments already
[7-10], however these still suffer from low sensitivity compared to bulk sequencing [11]. One
potential future direction would be to work on expanding the understanding of the human in vivo
brain microvascular transcriptome. This could be accomplished by similarly sourcing human
brain samples, singularizing and utilizing fluorescent activated cell sorting (FACS) for an
endothelial marker such as CD31. This has been done with mice expressing a fluorescent
endothelial reporter [12—-14], which can reduce pericyte contamination while also retaining the
depth of bulk sequencing. Similarly, to ensure optimal usage of rare human samples, pericytes
could also be collected using a pericyte marker as well allowing further expansion of both
transcriptomes. Alternatively, instead of seeking to deepen the data, we could instead improve
the comparison between species. Previous experiments including our own work have utilized
poly A enrichment for RNA preparation, this removes regulatory RNAs such as miRNAs and
IncRNASs [15]. The importance of these types of RNA including with regards to the BBB [16] is
just beginning to be understood. To better explore this at the BBB, as well as uncover other
potential species differences, this same experiment could be conducted as before with human and
mouse samples. Alternatively this could be combined with the above isolation method to enable

a more pure cell population in addition to uncovering these less studied cell types.
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6.2.2 Connecting short term shear response to Piezol

Our work on the short term response of in vitro brain microvascular endothelial cell
(BMEC) models to shear stress demonstrated that shear stress alone was sufficient to drive an
appreciable reduction in efflux transport activity over 3 hours in the rat BMEC (rBMEC) model.
The work with the Piezol agonist, Yodal, demonstrated a single mechanosensory pathway was
sufficient to drive a similar reduction in efflux activity. The final connection this project requires
is a link between Piezol activation and shear stress. By confirming that Piezol is indeed the
chief driving component of BMEC response to shear, it would suggest calcium, the cation
impacted heavily by Piezol activation as a potential regulatory mechanism in line with previous
studies of P-gp activity in alternate cell and model types [17,18]. Previous attempts to simply
knock out Piezol in stem cells resulted in heterozygous populations that eventually were
outgrown by the homozygous Piezol expressing cells suggesting that loss of Piezol negatively
impacts cell expansion and proliferation. Alternate work utilizing rBMECSs treated with
lipofectamine loaded with siRNA targeting Piezol showed reduced transcript (Fig 6.1A).
However, when the same dosage of lipofectamine and siRNA was loaded into medium in the
constrained geometry of the microfluidic chips, we did not observe a similar reduction (Fig
6.1B). Finally, attempts were made to reduce all calcium influx utilizing the pan-calcium channel
inhibitor gadolinium chloride (GdCls). Preventing inhibition of efflux activity with gadolinium
chloride under shear stress would suggest whether mechanosensitive cation channels as a whole,
not specifically Piezol, were involved in the reduction in efflux transport observed. However, a
preliminary assay in static culture showed a statistically significant reduction in efflux activity
with just gadolinium chloride (Fig 6.1C). This inherent efflux transport inhibition is a

confounding factor making follow-up experiments pointless. Therefore, to confirm a link
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between shear induced efflux transport inhibition and Piezol activation induced efflux transport
inhibition an alternate strategy is required. One option is an inducible knock out, allowing
removal of Piezol without the risk of negatively impacting proliferation or embryonic lethality
[19-21]. This could be accomplished through direct editing of stem cells as previously, but
instead introducing an endothelial marker specific Cre recombinase followed by floxxing of
Piezol as has been done to many other genes previously or by purchasing dox inducible Piezol
knock out mice and performing a microvessel extraction as previously done with rat BMECs
followed by dox induction in vitro similar to other experiments [22]. In either case, the BBB
model, once exposed to shear stress with and without Piezol would demonstrate the importance,
or lack thereof, of Piezol on inhibition of efflux transport activity under shear. Given our data
with Yodal and other work suggesting an abolishment of cation influx in mouse BMECs without

Piezol [22] it seems likely that we would observe retention of efflux activity.

In addition to more thoroughly connecting Piezol to shear stress response, it would be
reasonable to explore alternative hypotheses. As mentioned in Chapter 3, we hypothesized that
shear stress increases driven by neuronal activity reduced efflux activity. However, increased
shear stress is one of several components within the neuroactivation niche. For example, release
of neurotransmitters such as acetylecholine and dopamine are thought to drive responses in brain
endothelium [23,24]. This subset would further characterize potential responsiveness of the BBB
to the needs of the surrounding brain parenchyma as well as potentially highlight a downstream
influx, like in our Piezol experiments calcium influx has been suggested as the intermediate

signal for downstream endothelial response [24].

This can accomplished by direct application of neurotransmitters, followed by

assessments of efflux activity as before. Many neurotransmitters are available in recombinant
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forms from different vendors. We could also more wholly capture the neuroactivation niche
utilizing genetically engineered neurons. In this case, to simulate the neural activation niche we
would utilize a designer receptor exclusively activated by designer drug (DREADD) expressing
neuron model, either by isolating these from a mouse model or by differentiating neurons from
genetically engineered human pluripotent stem cells that have previously been generated
[22,25,26]. In either case, this would explore an additional component that was not described in
our current experiments and opens new avenues for potential modeling applications in
microfluidic two chamber devices that accommodate both shear stress and alternative cell types
as well as the potential to model diseases with disruptions at both the BBB and in neuronal and

parenchymal behavior such as in epilepsy [27].

6.2.3 Validation of potential hits from long term shear exposure

Our assessment of the effects of long term shear on blood-brain barrier models
demonstrated some small transcriptional changes as well as confirming a lack of responsiveness
in the stem cell derived h(BMEC-like cells known from literature to be less responsive than
endothelial models [28]. Further, this suggests that shear stress alone is not the critical
component of the blood-brain barrier niche whose loss drives de-specification of the brain

endothelium.

The most obvious question, for the blood-brain barrier relevant genes, is if the
transcriptional changes are recapitulated at the protein level. First SLC2A1, LSR, CAV1 and
PLVAP are all prime options for downstream protein validation via standard protein collection
followed by western blotting. B-actin is the typical loading control, however as a cytoskeletal
protein, is most likely impacted by shear stress. An alternative control like HPRT1 which is not

associated with the cytoskeleton would be a better option. Ideally this analysis would be
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performed utilizing rat primary brain microvascular endothelial cells (rBMECS) as well as at
least one additional BBB model such as the central nervous system-like endothelial cells
(hCEC:s) utilized previously. If a phosphatase and protease inhibitor was utilized at time of
collection, this same sample set could be assessed for activation of phosphorylated intermediates
of the signaling cascades identified via Quaternary Prod and GSEA analysis (Chapter 4) further
validating the results. Alternatively, assessments of changes in functional activity such as a
radioactive glucose uptake would demonstrate phenotypical changes, but should most likely be
assessed after a protein level change is observed and would depend on which proteins are

statistically up or down regulated under shear.

6.2.4 Further characterization of blood-brain barrier specific transcriptional changes

One of the benefits to our dataset in Chapter 4 is that it is a set of endothelial and BBB
models, utilized in microfluidics in literature, that are treated with identical magnitudes of shear
stress, in identical culture geometries for identical durations allowing easy comparisons
compared to the somewhat divergent literature. We can expand the utility of this dataset by
simply adding more models. Though we chose the most common, accurate, or easily expanded
models for our current work, future work could include alternate models still utilized by the field
including immortalized BMECSs and cryopreserved commercially available human primary
BMECs. Further, our work intentionally treated cells with 72 hours of shear, this was chosen
from among literature in an attempt to identify changes in the overall transcriptome. However,
this would not capture any potential attenuation period after short term shear exposure, only what
genes are maintained under different shear magnitudes. By assessing the transcriptional behavior
at multiple time points, we could demonstrate how endothelial cells immediately respond to

shear and what genes change dynamically within this duration. We could perform this on generic
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stem cell derived endothelial cells as well as potentially central nervous system like endothelial
cells as utilized previously. These would be the ideal models because they both demonstrated
substantial changes in gene expression under shear, encompass both endothelial and brain
endothelial like characteristics, and are easily expanded. Shear exposure should probably range
somewhere between 3 hours and 24 hours to capture the transient transcriptomic changes. This
would provide insight into the mechanism behind shear attenuation in vivo and could provide
insight into diseases like high blood pressure than can alter the baseline shear endothelial cells

experience.

6.2.5 Exploration of the impact of cilia at the BBB

Primary cilia, a single larger projection from the surface of many cell types [29], have
been linked to both localization of sonic hedgehog signaling [29,30] and mechanosensitivity
[31]. Some of our work has sought to characterize this response and better characterize models to
explore the impact of cilia at the BBB. By generating a protocol to successfully remove cilia
from a BBB model we sought to demonstrate the impact of cilia on BBB properties. We chose to
utilize the human stem cell derived brain endothelial like cell like cells (nBMEC-like cells),
mainly because of prolific expression of cilia markers, and modest para and transcellular

resistance to transport.

hPSC-BMECs were differentiated from the IMR90 hPSC line and on day 10 treated for
up to 72 hours with four concentrations of four different compounds thought to chemically
deciliate cells according to literature (Figure 6.2A) [32—35]. Due to the cytoskeletal disrupting
nature of these compounds, some toxicity and deformation of cells was expected. Deciliation
was defined as a loss of Arl13b and acetylated tubulin bright puncta on the cells (Figure 6.2B).

these puncta clearly appear at a rate of one per nucleus primarily [36] and the loss of the



222

distinctive puncta patterning is what we define as deciliation, particularly the disappearance of
the small Arl13b positive puncta (Fig 6.2B). Since treatment begins on day 10 of the hBMEC-
like differentiation where a monolayer has already formed, loss of a monolayer was taken as
indication of toxicity, and those results were discarded regardless of loss of cilia. We found that
most common deciliating agents were ineffective, with the exception of the controlled substance
chloral hydrate (CH) (Fig 6.2A). This compound appeared effective after 72 hours on the
hBMEC-like cells at a dosage between 4 mM and 8 mM. For follow up experiments including
barrier property assays, we proceeded with a much tighter concentration screen between these
two dosages. This was to ensure that small perturbations between experiments would not prevent

successful deciliation.

To assess the impact of deciliation of BBB cells, we observed two common metrics of
BBB resistance. Specifically efflux transport assays discussed in depth in Chapters 3 and 5,
which provide an understanding of transcellular transport resistance, particularly with regards to
the highly expressed P-gp efflux transporter. Paracellular resistance was measured via
transepithelial electrical resistance (TEER), which is commonly utilized in the BBB field to
approximate resistance at the tight junctions [37,38]. hBMEC-like cells were seeded onto either
transwells (for TEER), 24 well plates (for efflux assays), or 96 wells (for ICC) and on day 10 of
the differentiation were treated with CH. TEER, as a non-destructive assay, could be measured
daily, while efflux assays were performed after 72 hours. In all cases, medium was replaced

every 24 hours to ensure that CH dosage did not drop over time.

TEER was measured daily for four days (Figure 6.3A, B), and by 48-72 hours a clear
trend developed. Compared to baseline controls we observed a statistically significant increase in

TEER at concentrations of CH that drive deciliation which would correspond with increased
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resistance. The greatest change was around 4-6 mM, at the same point we would expect
deciliation. As of right now, we do not have an explanation for this phenomenon. In addition, it
is important to note that this change, though substantial in terms of TEER, does not lead to
functional changes with regards to small molecule paracellular transport. The only condition
where TEER change would suggest a corresponding functional change is at 8 mM, where a clear
loss of barrier can be observed, most likely caused by the loss of a monolayer as seen by ICC in
paired 96 well plates. Efflux assays showed a loss in P-gp activity as evidenced by the lack of
statistical differences between vehicle and maximal accumulation (CsA) controls at
concentrations that also drove deciliation and TEER magnitude changes (Fig 6.3C). Overall, we
observe a change in barrier properties on application of CH at deciliating dosages, some non-

functional improvement in tight junctions and a decrease in efflux activity.

Future experiments should work to deciliate in a less toxic manner. Given the incredibly
narrow margin of error when applying CH, it would be wise to deciliate this model in a manner
that is more consistent and less toxic, as the cytotoxicity could be driving some of these barrier
changes. Potentially, a cilia knock out line in hPSCs could be generating targeting cilia critical
genes like ARL13B or IFT88. Once a less toxic alternative to CH can be identified, there are
numerous follow up experiments possible. The most obvious would be repetition of the above
barrier experiments with and without cilia in the hBMEC-like cell model. Additional
experiments could expand on the mechanosensatory capabilities of cilia by performing similar
analysis to above such as repeating the efflux transport assays under 3 hour shear (Chapter 3)

with and without cilia or the 72 hour shear treatment experiments (Chapter 4).
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Figure 6.1 Strategies attempted to link Piezol activation induced efflux activity to shear stress.
A) 24-well tissue culture polystyrene wells seeded with rBMECs. At seeding, microvessels were
treated with 30 pmol of siRNA according to manufacturer’s protocol for Lipofectamine
RNAIMAX treatment every 24 hours for 72 hours. Cells were lysed, RNA collected and qPCR
performed for Piezol with a Gapdh control. n = 3 biological replicates, * p < 0.05 via One Way
ANOVA followed by Dunnet’s multiple comparisons to siNeg. (siNeg = Silencer Select
Negative Control No. 2, si 38 = Thermo Fisher Silencer Select s167338, si 39 = Thermo Fisher
Silencer Select s167339 , si 40 = Thermo Fisher Silencer Select s167340) B) Same dosages
were applied to exfiltrating rBMECSs in microfluidic devices as described in Chapters 4 and 5.
rBMECs were treated every 24 hours with siRNA and lipofectamine according to manufacturers
protocol. The most effective sSiRNA was chosen. n = 3 biological replicates. No statistically
differences were detected via 2 way ANOVA. C) hPSC-BMEC-like cells treated with various
compounds during a Rhodamine123 accumulation assay performed over 3 hours similar to those
utilized in Chapter 3. hPSC line used was an H9 line with a karyotype mutation, however we
suspect that this mutation does not impact the conclusion of this preliminary assay. GAdCI3 was
applied at the given concentrations. Statistical significance versus control shown only for clarity.
n = 4 biological replicates from one differentiation with analysis via One Way ANOVA followed

by Tukey’s multiple comparisons test.
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Figure 6.2 Deciliation compounds had varying degrees of efficacy. A) Charts demonstrating if
hPSC derived hBMEC-like cells underwent deciliation on treatment for various durations at
different concentrations with four different compounds. All dosages, durations, and compounds
were taken from literature and manufacturer’s suggested values. Deciliation was assessed by
dual positive staining of Arl13b and Acetylated tubulin in 3 biological replicates per
concentration and compound. B) Example images of a healthy and deciliated population of cells.

Note the lack of dual acetylated alpha tubulin and Arl13b positive puncta in the second image.
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Figure 6.3 Impact of chloral hydrate induced deciliation on barrier properties in h(BMEC-like
cells. A) TEER measured daily from CH fed wells. Lines represent averages with standard
deviation at each time point. Statistical differences assessed via 2 Way ANOVA. Red dashed line
represents addition of CH post monolayer formation. n = 3 transwells from 1 differentiation. B)
TEER on Day Post Replating 4 from Figure 6.3A. Dots are biological replicates from 1
differentiation. Lines represent mean with standard deviation. * p < 0.05 via Two Way ANOVA
with Dunnett’s multiple comparisons versus 0 mM CH. C) P-gp efflux activity (Chapter 5)
performed after different concentrations of CH were applied for 72 hours before cells. Vehicle

and CsA for each CH concentration were compared via Student’s t-test * p < 0.05.
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