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Abstract

The neurovascular unit (NVU) is a concept that links the functions of the central nervous
system (CNS) to the specialized properties of its blood vasculature. The NVU and the associated
blood-brain barrier (BBB) represent an important conduit for CNS drug delivery and a potential
therapeutic target in some CNS disorders. Knowledge of the molecular and cellular bases of
human NVU development and function, which would facilitate such approaches, remains
limited. In this work, we sought to better understand molecular mechanisms regulating the
development of the NVU through the generation of new human pluripotent stem cell (hPSC)-
derived models of NVU cell types, and by analysis of human NVU cells in vivo.

We first focused on better understanding mechanisms of BBB development (Chapter 3).
CNS endothelial cells form the BBB and acquire their specialized properties through interactions
with neural tissue during development; the Wnt/B-catenin signaling pathway mediates many
aspects of this process of barriergenesis in vivo. We therefore tested the hypothesis that Wnt
activation in hPSC-derived naive endothelial progenitors would yield endothelium with BBB-
like properties. Pharmacological activation of Wnt signaling led to acquisition of several
canonical BBB properties, and comparison to existing in vivo and in vitro data revealed
important context-dependent effects of Wnt activation in endothelial cells. This model should be

useful to further interrogate endothelial barriergenesis.
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We next sought to obtain a more precise molecular profile of human brain mural cells
(Chapter 4). Mural cells, including pericytes and vascular smooth muscle cells, dynamically
regulate vascular tone and are required for BBB development and maintenance. We integrated
human brain single cell RNA-sequencing data from five independent studies to generate a
consensus transcriptome profile of mural cells in vivo. We used the resulting dataset to reveal
species differences in mural cell gene expression, profile transcriptional dysregulation
underlying the in vitro dedifferentiation of brain pericytes, and identify genes enriched in brain
mural cells compared to those of other organs. These results should therefore inform future
functional studies and serve as a key resource in evaluating animal and in vitro models.

Finally, we investigated molecular mechanisms of brain mural cell differentiation from
neural crest, the progenitor of forebrain mesenchyme (Chapter 5). Compared to the in vivo
human mural cell transcriptome profile, we found that existing in vitro models of brain mural
cells had markedly lower expression of NOTCH3, Notch target genes, and other mural cell
transcription factors. Animal studies have demonstrated that Notch signaling is required for
mural cell emergence; we asked whether Notch activation in hPSC-derived neural crest would be
sufficient to induce mural cell differentiation. Overexpression of the Notch3 intracellular domain
led to rapid upregulation of canonical mural cell transcription factors and the resulting cells had

molecular and functional attributes of brain mural cells.
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Chapter 1 Neurovascular unit development, function, and model

systems

1.1 Summary

The neurovascular unit (NVU) comprises vascular cells (endothelial and mural) and
parenchymal cells (neurons and glia) in the central nervous system (CNS) (Figure 1.1). The
concept of the NVU emerged from increasing appreciation that the functions of CNS blood
vessels are tightly, dynamically, and bidirectionally linked to the functions of neurons and glia
(). In this chapter, I will discuss our broad motivations for studying the NVU, which include its
role as a contributor to neurological disorders and its potential use as a conduit for CNS drug
delivery. I will review the structure, function, and development of the NVU, and highlight key
topics where our knowledge is incomplete. Finally, I will summarize model systems commonly

used for studies of the NVU and highlight the need for improved models of the human NVU.

1.2 Motivation

Neurological disorders are a leading cause of death and disability globally, and continue to
increase in prevalence (2). In 2016, neurological disorders caused 276 million disability-adjusted
life years (DALYs; years of life lost plus years lived with disability), the most of any disease
group, and 9 million deaths, the second most of any disease group after cardiovascular diseases
(2). These neurological disorders, in decreasing order of global DALYSs, include stroke,
migraine, Alzheimer’s disease and other dementias, meningitis, epilepsy, spinal cord injury,
traumatic brain injury, brain and other CNS cancer, tension-type headache, encephalitis,
Parkinson’s disease, other neurological disorders, tetanus, multiple sclerosis, and motor neuron
diseases (2). Notably, risk factors quantified in the Global Burden of Diseases, Injuries, and Risk

Factors Study fail to explain 90% of neurological disorder-associated DALYs, leading the



authors to conclude that “the scarcity of established modifiable risks for most of the neurological

burden demonstrates that new knowledge is required to develop effective prevention and

treatment strategies” (2). Further, there are very few disease-modifying treatments for

neurological disorders (3) because of impediments to drug delivery, gaps in understanding of

disease causes, and gaps in understanding of normal CNS development and function. In this

context, study of the NVU is strongly motivated based on its unique position as both (i) a route

for CNS drug delivery, and (ii) a cause or contributor to neurological disorders. Specifically:

(1)

(ii)

Blood vasculature evolved for efficient delivery of molecules to tissues. Thus, the
CNS vasculature represents a promising route for drug delivery, linking the
systemic circulation, which is accessible for drug administration, to the entire
volume of the CNS via its high-density capillary network (4—6). Target cells are
in close proximity to vessels: in the hippocampus, each neuron is only 820 um
from the nearest capillary (7). Other routes of drug administration partially bypass
the impediments of the blood-brain barrier discussed below, but suffer from other
drawbacks such as diffusion-limited transport and invasiveness (&). Additional
knowledge of the NVU, however, is needed to overcome obstacles to
transvascular transport. For example, better understanding of physiological
mechanisms of molecular transport may allow these processes to be coopted as
drug delivery systems (9, 10).

Proper function of the NVU is compromised in several neurological disorders. For
example, in multiple sclerosis, abnormally high numbers of circulating immune
cells are able to enter the CNS from the blood (//—14). In Alzheimer’s disease,
impaired brain-to-blood clearance of the neurotoxic amyloid-f peptide and

decreased perfusion have been observed (/5—217). In stroke, loss of perfusion



results in rapid neuronal death followed by a spatially and temporally complex
process of blood-brain barrier breakdown (22-25). Concomitantly, mural cells
constrict capillaries and/or die, impairing reperfusion (26, 27). Indeed, strategies
promoting mural cell survival in stroke have shown beneficial effects in
preclinical models (28, 29). Thus, in addition to serving as a potential route for
drug delivery, the NVU is itself a therapeutic target. Additional mechanistic
understanding of NVU dysfunction, however, is prerequisite. Further, better
understanding of molecular mechanisms of normal NVU development and
function is foundational for eventual molecular targeting of the NVU in disease.
For example, activation of molecular pathways involved in development has been

suggested as a potential strategy to restore function in disease (30, 317).

1.3 Neurovascular unit function

The brain consumes energy at a rate disproportionately larger than its fraction of body
mass; of the major organs, it has the third-highest specific metabolic rate (32, 33). Yet the brain
requires a precisely controlled extracellular environment for proper electrochemical functioning
of neurons. Further, the vertebrate CNS is complex and regionalized, with energetic demands
varying widely in location and time. These requirements appear difficult to reconcile: the
obvious strategy for fast delivery of energy substrates and fast removal of waste products is a
high-permeability vasculature. Such a system, however, would also directly transmit
perturbations in blood composition, both physiological (e.g., after a meal) and pathological (e.g.,
toxins, pathogens), to the parenchymal compartment, and would do so uniformly, without robust
spatial or temporal control. Thus, the NVU evolved to (i) efficiently deliver necessary molecules
to the CNS and remove wastes, while excluding unnecessary and potentially toxic blood

components, and (ii) target energy substrates to active regions. These objectives are



accomplished by the blood-brain barrier (BBB) and neurovascular coupling. Minimally, the
NVU consists of endothelial cells, which form blood vessels, mural cells (pericytes and vascular
smooth muscle cells, VSMCs), which line the outer surface of vessels, neurons, and astrocytes
(Figure 1.1), and in some contexts, may also include oligodendrocytes, microglia, neural

stem/progenitor cells, and perivascular fibroblast-like cells.

Neurons

Oligodendrocytes

Astrocytes
Vascular smooth
muscle cells

Figure 1.1. Schematic of the neurovascular unit.

1.3.1 The blood-brain barrier

Many substances injected into the blood are virtually excluded from the brain while
penetrating other organs. This phenomenon was demonstrated as early as 1695, when Ridley
observed a lack of brain penetration of wax and mercury injected into the vasculature of cadavers

(34, 35). In 1885, while investigating oxygenation of various organs in cats and rabbits using



intravenous, intraarterial, and subcutaneous injections of dyes (Alizarin blue and cerulein),
Erhlich observed absence of dyes in the brain, which contrasted with varying levels of dye
penetration in other organs (36). Goldmann found that, conversely, dye injected into the brain
did not reach other organs (37). Lewandowsky performed functional analogues of these dye
localization experiments by injecting toxins (sodium ferrocyanide and strychnine) and
monitoring animals for convulsions: injections of either toxin into the subarachnoid space of the
CNS produced immediate effects, while subcutaneous injections of sodium ferrocyanide were
without effect, and strychnine produced more mild effects (38). Summarizing his conclusions,
Lewandowsky wrote:
So we must conclude that upon introduction into the bloodstream not even a
hundredth of the sodium ferrocyanide penetrates the gray matter cells. [...]
Nevertheless, it cannot be said that the cells of the gray matter lack affinity for
sodium ferrocyanide, for we saw how energetically it acts if we deliver it into the
cerebrospinal fluid. This contradiction can hardly be explained in any other way
than by the hypothesis that the capillary wall prevents the transfer of certain
substances, such as sodium ferrocyanide, or, in other words, that the capillary
cells of the central nervous system need an affinity for certain substances for them
to get through and reach the nerve cells. This affinity is certainly not a purely
physical one, such as that of holding back large molecules and allowing small
ones to pass through, but a chemical one. Such an affinity apparently exists with
regard to strychnine [...]" (38)
Thus, Lewandowksy established the foundation for the existence of a BBB formed by the CNS

vasculature. Importantly, based on the differential effects of systemic administration of two

"Translated from the original German



similarly-sized toxins®, he also noted that the BBB is selectively permeable and that molecular
(“chemical”) properties, coupled with the properties of the vasculature (the “affinity” of the
capillary cells), must govern this permeability.

Later electron microscopy studies allowed more precise localization of the BBB: Using
intravenous injections of horseradish peroxidase (HRP) into mice, Reese and Karnovsky
demonstrated that the HRP reaction product did not penetrate beyond the tight junctions of brain
endothelial cells (ECs) (39). They also observed an extremely low number of vesicles in brain
endothelial cells (39) compared to the abundant vesicles present in ECs of other organs (40).
Brightman and Reese further demonstrated that endothelial tight junctions occluded HRP from
entering blood vessels when injected into the cerebrospinal fluid-containing ventricles in mice
(41). These observations provided early evidence that the low permeability of the brain—the
BBB—is a result of specialized properties of CNS ECs (Figure 1.2). These findings also showed
that low vascular permeability is not attributable to the glia limitans of the astrocyte endfeet, as
some had proposed (42), although astrocyte endfeet, vascular basement membrane, and
glycocalyx likely contribute resistance to transport of some solutes (43, 44). The requirement for
a cellular barrier to achieve specialized control of the neural microenvironment is evolutionarily
conserved, but is achieved by different cell types in other organisms: for example, in lower
vertebrates, the barrier is indeed formed by perivascular glia and not endothelial cells (45), and
in Drosophila, which have an open circulatory system and lack blood per se, subperineurial glia
form a hemolymph-brain barrier (46—48).

Blood-brain barrier properties are also present in the spinal cord vasculature and retinal
vasculature (the blood-retinal barrier) (49, 50). While some differences in molecular and

functional properties of ECs between these different regions of the CNS are known and more are

“ferrocyanide: 212 Da; strychnine: 334 Da



likely to be uncovered, the general properties discussed in this section are common across these
regions.
1.3.1.1 Tight junctions

Tight junctions seal the paracellular space between BBB ECs. Endothelial bicellular tight
junctions are formed by the transmembrane proteins occludin and claudin-5, which are linked to
the cytoskeleton via the intracellular proteins zonula occludens 1 and 2 (ZO-1 and ZO-2) (51—
53). Indeed, claudin-5 knockout mice exhibit increased BBB permeability to low molecular
weight tracers (5/), and claudin-5 appears to be the only claudin highly expressed at the BBB
and necessary for tight junction function (54-56). While all ECs express claudin-5, CNS ECs
exhibit moderately elevated expression of claudin-5, substantially elevated expression of
occludin, and CNS-specific expression of tricellular tight junction components discussed below,
all factors that likely contribute to the low permeability of the BBB compared to other vascular
beds (53, 56). Additionally, CNS EC tight junctions are highly abundant, highly complex, and
intermixed with the endothelial adherens junctions formed by VE-cadherin, which span the
entire length of the endothelial cleft (57-59) (Figure 1.2). CNS ECs also possess tricellular tight
junctions, which seal the points at which three bicellular tight junctions meet; these tricellular
tight junctions, formed by LSR (angulin-1), and tricellulin, are characteristic of epithelial cells
and not found in non-CNS endothelium (60—62). Similar to claudin-5 knockout mice, LSR
knockout mice exhibit increased BBB permeability to low molecular weight tracer (62).
1.3.1.2 Vesicle trafficking

The endothelial cells of most organs have abundant vesicles formed predominantly from
caveolae (caveolin-coated invaginations of lipid-rich regions of cell membrane), and many also
have fenestrae (transcellular pores of 60—80 nm diameter) (63). The absence of fenestrae and

extremely low abundance of vesicles in CNS ECs contrasts with other endothelial cells (39, 40,



64), where these organelles facilitate transcellular transport of fluid and solutes. This

transcellular pathway is especially important for transport of macromolecules that are excluded

Blood

Receptor- Small molecule
mediated transport (glucose,
macromolecule amino acids)
transport

N
T
\\‘ claudin-5

occludin
VE-cadherin

Figure 1.2. Schematic of the blood-brain barrier. Endothelial cell shown in tan.

from the paracellular pathway due to size. Expression of key molecular components of caveolae,
including caveolin-1, caveolin-2, and Cavin2, is much lower in CNS versus non-CNS
endothelium (56, 65); plasmalemma vesicle-associated protein (PLVAP; also known as
Meca32), a structural component of both caveolar and fenestral diaphragms, is undetectable in
CNS ECs despite abundant expression in non-CNS ECs and its use as one of the first endothelial
cell markers (56, 63, 65—68). Notably, in the ECs of most circumventricular organs (CVOs), the

choroid plexuses, choriocapillaris, and ciliary body, which are regions of the CNS with high



permeability vasculatures that facilitate the secretory and sensory (sampling of blood

composition) functions of these regions (69, 70), PLVAP is highly expressed (71).

1.3.1.3  Efflux transport

Efflux transporters are an additional mechanism that serves to limit transcellular transport
of molecules across the BBB. These ATP binding cassette (ABC) transporters are
transmembrane proteins preferentially localized to the apical EC surface; they use ATP to pump
small, usually blood-derived, membrane-soluble molecules against their concentration gradients
(i.e., back into the blood) (72, 73), although there are emerging examples of efflux transporter-
mediated clearance of CNS-derived solutes (74). In addition to lipids, steroids, nucleosides,
cholesterol, peptides, and toxins, many drugs are substrates for efflux transporters, leading to the
original identification of efflux transporters, including P-glycoprotein (P-gp, also known as
Mdrla and ABCBI1), Multidrug Resistance Proteins (MRPs, also known as ABCC family
members), and Breast Cancer Resistance Protein (BCRP, also known as ABCG2), as the
mechanism of the multidrug resistance (MDR) phenotype frequently observed in cancers (75—
78). Indeed, multiple ABC transporters are expressed by CNS ECs: P-gp is highly expressed and
enriched compared to other ECs (56, 79, 80), and P-gp (Mdrla) knockout mice exhibit marked
increases in BBB permeability to multiple drugs (8§7/). BCRP is broadly expressed by ECs in
multiple organs, but enriched at the BBB (63, 82, §3). In the MRP family, MRP-4 (ABCC4) is
highly expressed and enriched in CNS ECs (83, 84). The failure of numerous small molecule
drugs to achieve clinically-relevant brain penetrance can be partially attributed to efflux
transporters (85-87), and species differences in efflux transporter expression also confound

efforts to translate results from animal experiments to clinical studies (88—90).
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1.3.1.4 Immune surveillance

The CNS also has “immune privilege,” a phenomenon defined by lack of immune
rejection of tissue grafts (97). Early evidence of this phenomenon was provided by Shirai, who
observed rapid growth of rat sarcoma transplanted into the brain of mouse and rabbit, but
complete absence of growth after subcutaneous transplantation (92). In addition to grafts,
lipopolysaccharide, bacteria, and viruses introduced into the CNS do not provoke the robust
immune responses observed in other tissues (93—96). This immune privilege is afforded by a low
(but nonzero) level of CNS surveillance by peripheral immune cells. The low level of
transvascular immune cell infiltration in health is conferred partially by BBB properties, which
extend to postcapillary venules, the segment of the vascular tree mediating the majority of
transvascular immune cell infiltration during inflammation (95, 96). These properties include
low expression of immune cell adhesion molecules, including ICAM-1 and VCAM-1, compared

to the vasculature of other organs (97).

1.3.1.5 Solute carriers

BBB tight junctions, low rates of vesicle trafficking, efflux transporters, and low
expression of immune cell adhesion molecules are properties that evolved to exclude
unnecessary blood-derived molecules and cells from the CNS. Small lipid-soluble molecules that
are not substrates for efflux transporters can diffuse across EC membranes; oxygen and carbon
dioxide transport are also accomplished via this route (98). The BBB also has mechanisms to
facilitate uptake of required substances. First, CNS ECs express numerous solute carriers (SLC
transporters), most of which facilitate the uptake of specific ions and molecules from blood.
Unlike ABC transporters, SLCs are not ATP-dependent; transport is driven either by the
substrate concentration gradient, or by coupling substrate transport to sodium ion cotransport

(99). The prototypical example is the glucose transporter GLUT-1, which is highly expressed at
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the BBB, enriched on the apical membrane, and among the genes most highly enriched in CNS
versus non-CNS endothelium (65, 83, 100-102). Notably, GLUT-1 is absent in the leaky
vasculature of CVOs, with an expression pattern opposing that of PLVAP, and with a
remarkably abrupt transition from GLUT-1"PLVAP~ to GLUT-1"PLVAP" ECs within the same
vessel extending between brain and CVO (71) (Figure 1.3). Other SLC transporters are
expressed at the BBB and are responsible for the uptake of amino acids, lactate, nucleosides,
hormones, and ions (98, 103—105). Non-SLC family transport proteins are also expressed in CNS
ECs. For example, the receptor Stra6 is expressed at the BBB and likely transports retinol into

the CNS (106, 107).

PLVAP GLUT1

Figure 1.3. Abrupt transition between CVO and BBB vasculature. Non-BBB-forming vessels of the area postrema (GLUT-1-
PLVAP*) and BBB-forming vessels of the surrounding hindbrain (GLUT-1"PLVAP-) are shown. Image from Wang et al., 2019
(71). Used under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
1.3.1.6 Receptor-mediated transcytosis

While the total rate of vesicle trafficking is much lower in CNS ECs compared to non-
CNS ECs, this predominantly reflects a lower rate of caveolin-based, non-specific fluid-phase
uptake (also referred to as pinocytosis or fluid-phase endocytosis) (108, 109). CNS ECs express

an array of receptors that mediate vesicular uptake and transcellular transport of specific

macromolecules, in a process termed receptor-mediated transcytosis (RMT). A well-
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characterized example is the transferrin receptor (TfR), with early evidence suggesting
enrichment of this receptor in brain ECs compared to ECs in other tissues (//0). Indeed, the TfR
is responsible BBB uptake of iron-bound holo-transferrin (/71, 112), a process that occurs via
clathrin-mediated endocytosis (//3). Similarly, insulin uptake is mediated by the insulin receptor
(114, 115). Other receptors facilitate endocytosis of immunoglobulin (//6), low density
lipoproteins (717, 118), leptin (/19), and other substrates (reviewed in (/20)). The BBB

additionally carries out adsorptive-mediated transcytosis of some cationic molecules (109, 121).

1.3.1.7 Dynamic regulation of BBB properties

Finally, while BBB function is compromised in neurological disorders, as discussed
briefly in Section 1.2 above and reviewed in refs. (16, 122), emerging data demonstrate that BBB
function is also dynamically tuned by physiological processes. For example, circadian rhythms
regulate BBB efflux transporter activity in Drosophila subperineurial glia, in mouse brain ECs,
and in cultured human brain ECs (48, 123, 124). The circadian clock also regulates claudin-5
expression at the mouse blood-retinal barrier (/25). In mice, increased neuronal activity leads to
changes in EC gene expression and decreased efflux transport, potentially as a strategy to
temporarily divert energy substrates to neurons and away from ATP-intensive BBB efflux
transporters (/24). Notably, this activity-dependent decrease in efflux occurs via a mechanism
linked to components of the EC circadian clock (/24). The links between circadian rhythms,
efflux transport, and transcytosis have been suggested as mechanisms contributing to the
proposed waste-clearance function of sleep, and also may be important considerations for timing
of drug administration (/26, /27). Furthermore, BBB function changes with age: Yang et al.
demonstrated that numerous plasma proteins undergo transcytosis at the BBB in young mice, but

the rate of such uptake diminishes with age (128).
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1.3.2  Control of blood flow

The NVU mediates neurovascular coupling, the mechanism that achieves functional
hyperemia, a transient increase in blood flow to brain regions with elevated neuronal activity
(129, 130). Early observations of this phenomenon were made in cats by Schmidt and Hendrix,
who demonstrated increased temperature in visual cortex after light stimulation (Figure 1.4)
(131), and by Freygang and Sokoloff, who used a radioactive tracer to quantify blood flow after
visual stimulation (/32). In many cases, these localized increases in blood flow deliver oxygen in
excess of neuronal and glial demand, and thus lead to net increases in blood oxygen
concentration (/33, 134). Though the physiological rationale for this oxygen excess is not well
understood, it lends clinical utility to neurovascular coupling as the basis of blood oxygen level-
dependent (BOLD) functional magnetic resonance imaging (fMRI), where active brain regions
are identified based changes to the relative concentration of oxyhemoglobin and

deoxyhemoglobin (/35—137).
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Figure 1.4. Early evidence of neurovascular coupling. Temperature profile (top) of cat “occipital cortex [...] on mesial surface
of right side, just below calcarine fissure” (i.e., visual cortex). Dashes indicate beginning and end of light stimulation of the right
eye. The corresponding text notes that temperature changes were not detected elsewhere upon light stimulation, and that
electrical stimulation of cervical sympathetic nerves did not produce a temperature change in this region. Recording from
Schmidt and Hendrix, 1938 (131).

The molecular and cellular bases of neurovascular coupling are complex and remain
incompletely understood. An early hypothesis was that functional hyperemia is achieved by
vessel dilation in response to a local metabolic signal, for example decreased oxygen, decreased
glucose, or increased carbon dioxide (the “negative-feedback™ hypothesis). However, studies that
experimentally altered these variables generally ruled out this explanation (reviewed in (/29)).
For example, neurovascular coupling still occurs in rats maintained under conditions of
hyperoxygenation (/38). Instead, a “feed-forward” mechanism, where molecular signals
produced by activated neurons are relayed to the vasculature, likely predominates, although some
evidence for feedback-based fine-tuning exists (reviewed in (7).

Neuronal nitric oxide (NO) is a critical mediator of neurovascular coupling: the Ca?*
influx effected by glutamate binding to N-methyl-D-aspartate (NMDA) receptors leads to

production of NO via the neuronal NO synthase (nNOS), and NO evokes dilation of vascular
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smooth muscle (/29). For example, increased cerebellar blood flow observed after electrical
stimulation of the lip is strongly attenuated in nNOS (Nos/) knockout mice (/39). Whether
neuronal NO is sufficient to achieve vessel dilation, or simply one necessary component of the
mechanism, seems to differ between brain regions (reviewed in (/29)). Astrocytes may also
participate in propagating neuronal activity signals to vessels. Glutamate binding to astrocytic
metabotropic glutamate receptors (mGluRs) leads to increased intracellular Ca?*, which activates
phospholipase A, (PLA>), an enzyme that releases arachidonic acid (AA) from phospholipids
(129, 140—-143). Derivatives of AA, including epoxyeicosatrienoic acids and prostaglandins, the
enzymes for synthesis of which are expressed by astrocytes, are capable of dilating vascular
smooth muscle via prostaglandin receptors (129, 140, 144—146). Neurons may also directly
contribute to synthesis of AA and derivatives in some brain regions (/47). In contrast to
vasodilatory AA derivatives, AA itself can cause vasoconstriction via conversion to 20-
hydroxyeicosatetraenoic acid (20-HETE) within vascular smooth muscle cells (/48, 149). The
directionality of the vascular response to neural signals is partially regulated by local oxygen
concentration, the oxygen-dependence and affinities of relevant AA-metabolizing enzymes, and
lactate production: high oxygen concentration promotes vascular smooth muscle cell-mediated
AA conversion to 20-HETE resulting in constriction, and low oxygen promotes
neuron/astrocyte-mediated conversion of AA to epoxyeicosatrienoic acids and prostaglandins
resulting in vasodilation (/29, 150). NO also serves to modulate production of AA metabolites
(129, 149). Together, these multiple, partially competing mechanisms and messengers likely
serve to achieve temporal and spatial fine-tuning of the vascular response to neuronal activity.
1.3.2.1 Pericytes in neurovascular coupling

The mechanisms described above consider neurons as the initiators of the neurovascular

coupling signal and VSMC:s (at the level of arterioles) as the effectors of neurovascular coupling,
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with a critical role for astrocytes in relaying the signal. The importance of astrocytes, however,
has been questioned (/57) and two additional observations suggest a role for other cell types in
shaping the blood flow response to neuronal activity. First, the capillary bed originating from a
single arteriole is vast, and neurovascular coupling should permit a higher degree of spatial
control than is achievable by arteriolar VSMC dilation alone. Second, the average distance from
(activated) neuron to arteriolar VSMC is much larger than the average distance from neuron to
capillary. These observations lead to the questions: Do capillary mural cells (pericytes) regulate
vessel diameter in response to neuronal activity, and how is the neuron-derived signal propagated
upstream to a distant arteriole?

I first consider the question of direct control of capillary diameter by pericytes. While
observations of pericytes were recorded by Eberth in 1871 (/52), Rouget is widely considered as
having discovered pericytes (or “Rouget cells,” as they were once known (153, 154)). In 1874,
based on observations of frog (Hyla viridis) larvae, he lucidly described these cells and
distinguished them from VSMCs based both on nuclear density and cytoplasmic morphology:

On vessels thus contracted and alive, one can observe annular bands, refractive,

projecting on the edges of the vessel, to which they give a crenellated appearance.

Their surface, of natural section, reproduces in part the image of that of the fiber-

cells [VSMCs] of the arteries, and presents here and there nuclei very far apart

from each other. The same appearances are found, with a gradual decrease in the

diameter of the bands and an increasingly marked rarity of the nuclei, on the

ramifications more and more distant from the arterioles, and even on the capillary

arches closest to the free edge of the tail and on the capillaries of the intermediate

network. The refractive annular bands and the nuclei belong to cells with

branched protoplasmatic extensions, absolutely identical to those which I



17

previously observed on the vessels of the hyaloid membrane of the adult frog.”

(155)
In the same work, Rouget reported that pericytes were contractile:

New research on vessel development, continued since the beginning of spring, on

amphibian larvae, allowed me to put beyond doubt the contractility of cells with

branched protoplasmatic extensions, which I observed last year in the vessels of

the hyaloid membrane of the adult frog [...] Cells which are entirely similar in

fact constitute in the larvae a so-called adventitious tunica on the arterial

capillaries, on the venous capillaries, and on the true capillaries. This tunica being

only the continuity of the muscular tunicae of the arteries and the veins, it follows

that the whole blood vascular system, from the heart to the capillaries inclusive, is

enveloped in a contractile tunica.” (155)
Peppiat, Attwell, and colleagues therefore asked whether brain pericytes could regulate capillary
diameter using ex vivo preparations of rat retina and cerebellum (/56). Pericyte constriction was
observed upon electrical stimulation and upon superfusion of ATP, noradrenaline, or a purinergic
receptor inhibitor; glutamate superfusion subsequent to noradrenaline caused dilation (/56). Hall
et al. similarly showed that electrical stimulation of neurons in cerebellar slices led to capillary
dilation subsequent to noradrenaline-mediated constriction, an effect blocked by inhibiting action
potentials with tetrodotoxin or by inhibiting the pericyte-expressed prostaglandin receptor EP4
(27).

Ex vivo cultures, however, have drawbacks, including the lack of blood pressure/flow,
constant (and sometimes supraphysiological) oxygen concentration, and the requirement to pre-

constrict vessels to observe glutamate-mediated dilation (/57). Thus, multiple groups undertook

"Translated from the original French
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corroboration of these results in vivo, using two-photon imaging of mouse cerebral cortex to
assess vascular diameter after pharmacological or physiological (e.g., whisker pad stimulation)
stimulus (27, 158, 159). In one study, the authors observed whisker pad stimulation-induced
capillary dilation that slightly preceded arteriolar dilation, suggesting that initial capillary
dilation is not a consequence of increased flow from upstream arteriole dilation, and rather that
pericytes actively dilate in response to neuronal signals (27). Another study found that pericytes
in vivo constricted in response to a prostaglandin receptor agonist, but did not dilate in response
to bicuculline-induced neuronal activity (/58). Still another study reported that arterioles, but not
capillaries, dilated upon whisker stimulation; further, direct optogenetic activation of smooth
muscle cells, but not pericytes, caused vessel constriction (/59).
1.3.2.2 Mural cell diversity and nomenclature

Among the many potential contributors to the apparent discrepancy is a lack of
widespread agreement on how to classify mural cells as pericytes versus VSMCs (/60) (also see
Section 4.5), with some investigators relying on (i) morphological characteristics, (ii) position on
the vascular tree, and (ii1) expression of markers, especially a-smooth muscle actin (a-SMA).
Detailed imaging studies have shown that brain mural cells are more heterogeneous with respect
to these parameters than can be adequately conveyed by a binary distinction between pericyte
and VSMC (Figure 1.5), and that while these parameters are correlated, they are not uniquely
predictive (i.e., one parameter does not uniquely determine another) (/6/). The issue of
nomenclature is most relevant with respect to the mural cells of the proximal branches of
penetrating arterioles, which have been called “first-order capillaries” (27), “precapillary
arterioles” (/61), or the “arteriole-capillary transition” (/62). The cell bodies of these mural cells
have ovoid, “bump on a log” morphology, which would fit the traditional definition of pericyte.

These cells, however, have circumferential processes and a-SMA expression similar to arteriolar
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VSMC s, leading some authors to refer to these cells as precapillary SMCs to contrast them with
capillary pericytes (/59). In a murine brain single cell RNA-seq (scRNA-seq) study, the mural
cell cluster lacking ACTA2 was termed “pericyte”; the three mural cell clusters with ACTA2
expression were termed arterial, arteriolar, and venular smooth muscle cells (56). Thus, the lack
of standard nomenclature makes cross-study comparisons difficult. The work of Grant et al.
provides a logical framework for unambiguous classification of vessels and mural cells that
should aid future studies and discussion of mural cell function (Figure 1.5) (/61).

Where studies provide adequate data to identify the vessel branches or mural cells under
investigation independent of the authors’ terminology, they generally support the conclusion that
ensheathing pericytes of precapillary arterioles (using the nomenclature of Grant et al.) are
contractile and participate in neurovascular coupling (27, 159). For example, in a detailed study,
the earliest dilation after odor stimulation occurred at the level of precapillary arterioles,
followed shortly by the upstream penetrating (parenchymal) arteriole, and then by downstream
capillaries (/63). Therefore, nomenclature controversy aside, the question remains whether
capillary pericytes (using the nomenclature of Grant et al.) contribute actively to neurovascular
coupling, or whether capillary dilation is a passive response to increased flow as a result of
upstream dilation. Using in vivo imaging, Hartmann, Shih, and colleagues demonstrated that
capillaries (5™ to 9™ order) constricted upon optogenetic activation of capillary pericytes, but
with slower kinetics and smaller relative diameter changes than observed for ensheathing
pericytes or arteriolar VSMCs (/64). The authors suggest that such slight changes to capillary
diameter may serve an important physiological role in homogenizing blood flow across
capillaries during functional hyperemia (/64), although the dynamics of dilation after a
physiological stimulus were not studied. In the aforementioned study, inhibition of Rho-

associated protein kinase, a positive regulator of actin polymerization and actomyosin-based
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contraction, attenuated capillary constriction (/64). Thus, despite the lack of detectable a-SMA,
these results suggest that capillary pericytes are capable of constricting via mechanisms similar
to those employed by VSMCs. The authors suggest that capillary pericytes could have very low
levels of a-SMA, a possibility supported by the finding that immunohistochemical detection of
a-SMA is sensitive to technical factors (/65), or that capillary pericyte-expressed myosins

couple to other cytoskeletal actins (162, 164).
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Figure 1.5. Brain mural cell diversity. tdTomato-labeled mural cells (NG2-CreER™; R26-LSL-tdTomato) in mouse cortex,
with a-SMA immunohistochemistry and lectin labeling. At bottom, authors’ suggested scheme for classification of brain mural
cells. From Grant et al 2019 (161). Used under a Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/).

1.3.2.3  Other mechanisms in control of CNS blood flow

Pericytes also regulate resting vessel tone and blood flow. While several studies have
reported disrupted brain perfusion with global pericyte deficiency (/66—168), the mechanistic
link is inconclusive given the possible genetic targeting of other mural cells and/or extensive
pathology in such animals. More convincing evidence has recently been provided by acute, local
pericyte ablation: capillaries from which pericytes are ablated dilate and exhibit increased blood
flow (164, 169). Further, global knockout of Kcnj§ (encoding Ki;6.1, a component of the Karp
channel), which is pericyte-specific in the brain, causes reduced resting cerebral blood flow, but

peripheral contributions to this phenotype were not ruled out (/70). Considered together, results



22

from single capillary pericyte ablation (164, 169), single capillary pericyte optogenetic
stimulation (/64, 171), and the observation of altered calcium signaling in capillary pericytes
after stimulation (/63, 172), support a potential role for capillary pericytes in direct regulation of
capillary diameter during functional hyperemia; however, conclusive evidence for such a
phenomenon from studies employing physiological stimuli does not yet exist, due in part to the
difficulty isolating the direct effect of capillary pericytes when the entire vascular tree is
engaged.

Finally, both endothelial cells and mural cells participate in propagation of the neuron-
derived neurovascular coupling signal. Endothelial cells mediate retrograde signal propagation
from capillaries to arterioles, potentially via interendothelial gap junctions (/73, 174). For
example, Longden ef al. demonstrated that in vivo administration of potassium in the vicinity of
a “second-order capillary” (a third-order vessel, a precapillary arteriole, in the nomenclature of
Grant et al., Figure 1.5) caused upstream arteriole dilation and hyperemia, and this effect was
attenuated in EC-specific Kcnj2 (Ki2.1)-knockout mice (/74). These results suggest that the
neuronal activity-associated elevation in extracellular potassium increases conductance of Kir2.1
channels on capillary ECs, leading to a wave of EC hyperpolarization that is propagated
upstream, eventually leading to arteriolar VSMC hyperpolarization and dilation. Similar
experiments also revealed a role for capillary EC TRPA1 channels in this process (/57). While
arteriolar ECs and VSMCs may be directly connected by gap junctions (myoendothelial
junctions), caveolae in arteriolar ECs are also required for neurovascular coupling and may play
a role in EC-to-VSMC signaling (/75). Given that pericytes extensively cover capillaries, are
located between the parenchyma and endothelium, and express a diverse repertoire of receptors
and ion channels (/76), they may have a role in such retrograde signal propagation. For example,

activation of pericyte Karp channels via local administration of pinacidil led to vessel dilation,
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and blocking Katp channels with PNU37883 attenuated dilation in response to whisker pad
stimulation (/77). These results suggest that activation of pericyte Karp channels during
neurovascular coupling, via a yet-unidentified mechanism, may cause pericyte hyperpolarization
that can be propagated upstream. Finally, evidence that pericytes might facilitate an additional
mode of signal propagation came from the identification of thin processes connecting pericytes
on different capillary branches (/78). These processes, termed interpericyte tunneling nanotubes,
electrically and functionally couple distant pericytes; interestingly, retinal capillaries bridged by
a pair of coupled pericytes consistently undergo opposite responses to light stimulation (one

dilating, one constricting), with nanotube ablation eliminating this coordinated response (/78).

1.3.3  Other aspects of molecular and fluid transport in the CNS and PNS

Other cell types of the NVU have critical roles in inducing and regulating the BBB
phenotype of CNS ECs (discussed in Section 1.4 below), but some non-EC NVU cells also
participate directly the delivery of key molecules to target cells. Reversing the ion fluxes
associated with action potentials and postsynaptic currents are extremely energy-intensive
processes; thus, neurons, which constitute roughly half of all cells in the CNS, consume the vast
majority of the CNS energy supply (/79-181). Astrocytes serve as the principal conduit between
the vasculature and neurons for delivery of glucose and other nutrients (/42, 182); astrocytes
also synthesize glycogen, which has been proposed to serve as a short-term energy store, and
metabolize glucose and glycogen to lactate and transfer this lactate to neurons, although the
contribution of astrocyte-derived lactate to neuron metabolism is debated (/82—-18)5).
Furthermore, astrocytes synthesize lipids and deliver these lipids to neurons, where they are
required for presynapse function (/86). In addition to astrocytes, pericytes may contribute to
NVU molecular transport: one single cell RNA-sequencing study found that brain pericytes have

enriched expression of transporter-encoding genes compared to lung pericytes (56), and another
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identified a putative brain pericyte subpopulation with an enriched transport-related gene
signature (/87). Pericytes are positioned between ECs and astrocyte endfeet, extensively cover
the surface of microvessels, and participate in clearance of wastes (/88); thus, pericytes are good
candidates as contributors to blood-brain molecular transport, but functional evidence of such a
process is still lacking.

In addition to the NVU and associated BBB, multiple additional spatially- and
functionally-distinct systems work in concert to control the ionic, molecular, and cellular
composition of the CNS. While not the focus of this work, these systems merit brief discussion
to form a more complete picture of the multiple mechanisms that control the CNS
microenvironment, and to better understand shared and distinct features of relevant cell types.
The CNS is bathed in cerebrospinal fluid (CSF), a low-protein solution contained in the
ventricles and subarachnoid spaces that supports and cushions the brain, and regulates
parenchymal ionic/molecular composition and waste clearance via exchange with interstitial
fluid (ISF, discussed below). The majority of CSF is produced by the epithelial cells of the
choroid plexuses, using water and solutes derived from blood; as such, the choroid plexuses are
densely vascularized and, as discussed in Section 1.3.1, have fenestrated blood vessels that do
not form a BBB. Instead, the choroid plexus epithelial cells form tight junctions and express
efflux transporters to isolate the CSF from blood, forming the blood-cerebrospinal fluid barrier
(BCSFB) (14, 96). The outer surface of the CNS is covered by the meninges, a three-layer
structure comprising the outermost dura mater, arachnoid mater, and innermost pia mater (96,
189). The CSF-containing subarachnoid space is isolated from non-CNS, non-BBB-forming
vasculature in the dura mater by the arachnoid mater (also referred to as the arachnoid membrane

or arachnoid barrier) (74, 96, 189).
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Several routes likely contribute to CSF drainage from the brain, including via absorption
into dural venous sinuses (/90, 191), via lymphatic vessels in the dura mater adjacent to dural
sinuses (/92, 193), along nerves that pass through the cribriform plate at the roof of the nasal
cavity, and along cranial nerves that pass through foramina in the base of the skull (/94). The
CNS parenchyma, however, lacks a traditional lymphatic system, and the exchange of ISF with
CSF may be accomplished by fluid and solute transport along perivascular spaces (195, 196).
The outer border of the perivascular space is formed by astrocyte endfeet and the inner border by
the endothelial basement membrane (/97). While the existence of perivascular spaces around
large vessels is well-established (797, 198), classic and more recent work has demonstrated that
such spaces may exist around capillaries and that tracers introduced into CSF rapidly undergo
perivascular distribution along the entire vascular tree under some conditions (790, 196—199).
Further, astrocyte endfoot localization at the outer border of perivascular spaces and the recent
discovery that knockout of endfoot aquaporin-4 disrupts CSF-ISF exchange led to the concept
that this route of fluid and solute transport constitutes a “glymphatic” (glia-lymphatic) system
(196). Although many aspects of this hypothesis remain controversial (197, 200-203), CSF-ISF
exchange and perivascular spaces play an important role in CNS physiology and should be
considered as a potential component of the NVU.

Finally, the peripheral nervous system (PNS) possesses barrier systems similar to those
present in the CNS. The endothelial blood-nerve barrier (BNB) is directly analogous to the
blood-brain and blood-retinal barriers of the CNS. The BNB regulates molecular and cellular
transport between blood and peripheral nerves, and is formed by microvessels in the
endoneurium, the innermost layer of peripheral nerves that contains neuronal axons and glia
(204, 205). Early observations with small and large molecule tracers in rats and frogs revealed

that endoneurial microvessels were impermeable compared to vessels in the epineurium (the
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outer layer of nerves) and in other vascular beds (206-209), reminiscent of similar observations
in the CNS. The barrier properties of BNB-forming endoneurial endothelial cells include lack of
fenestrae, enriched expression of tight junction proteins, expression of nutrient and efflux
transporters, and low rates of nonspecific transcytosis (2/0-213). Tight-junction forming
perineurial fibroblasts form another barrier, restricting transport between endoneurium and
epineurium (2/4). Despite recent advances in molecular characterization of the rodent and
human BNB (215, 216), knowledge of the cellular and molecular mechanisms regulating BNB

development remain limited.
1.4 Neurovascular unit development

1.4.1 CNS angiogenesis and BBB formation

During embryogenesis, the CNS forms from the ectoderm-derived neural tube and
therefore lacks mesoderm-derived endothelial progenitors (angioblasts). Thus, vascularization of
the CNS occurs exclusively by angiogenesis, the formation of new blood vessels from existing
blood vessels in the perineural vascular plexus (PNVP) that surrounds the neural tube (277).
Stewart and Wiley first showed that developing neural tissue stimulates both invasion of
endothelial cells and acquisition of BBB properties (2/8). They transplanted fragments of
embryonic quail brain into the coelomic cavities of chick embryos, and subsequently observed
invasion of blood vessels comprising chick (host) endothelium into the quail (graft)-derived
neural tissue, with cells of the two species being distinguished by their distinctive nuclear
characteristics. Host-derived blood vessels had BBB characteristics, including tight junctions,
low vesicle number, and low permeability to trypan blue (2/8). These findings support a model
in which neural tissue-derived factors signal to naive endothelial cells to stimulate invasion and

acquisition of BBB properties.
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1.4.1.1 Wnt-mediated angiogenesis and barriergenesis

Later work uncovered these molecular factors: CNS angiogenesis is dependent on neural
tube-derived vascular endothelial growth factor (VEGF) (219), but is atypical for its additional
requirement of Wnt/B-catenin signaling (also referred to as canonical Wnt signaling). Canonical
Wnt signaling is activated by extracellular Wnt ligands binding to transmembrane Frizzled (Fz)
receptors and low-density lipoprotein receptor-related proteins 5 and 6 (Lrp5/6). In the absence
of Wnt ligands, cytoplasmic B-catenin is sequestered by a destruction complex comprising Axin,
glycogen synthase kinase 3 (GSK-3), casein kinase la (CKla), adenomatosis polyposis coli
(APC), and protein phosphatase 2A (PP2A); within the destruction complex, B-catenin is
continually phosphorylated by GSK-3 and CKla, targeting it for ubiquitination and proteolysis
(220, 221). The Wnt ligand-induced formation of the Fz-Lrp5/6 complex causes a
conformational change in Lrp5/6 leading to phosphorylation of the Lrp5/6 cytoplasmic tail. The
destruction complex is recruited to the membrane via binding of Axin to the tail of Lrp5/6, and
the phosphorylated regions of the Lrp5/6 tail bind and inhibit activity of GSK-3 (220-223). In
the absence of GSK-3 kinase activity, B-catenin accumulates in the cytoplasm and nucleus; in the
nucleus it forms a complex with T cell factor (TCF)/lymphoid enhancer-binding factor (LEF)
transcription factors, which regulate transcription of target genes (220, 221, 224). Canonical
target genes include both positive (7CF7, LEFI) and negative (AXIN2) regulators of Wnt/f-
catenin signaling, although the broader transcriptional response is context-dependent.

Wnt target genes are highly enriched in CNS ECs compared to ECs of other organs both
during embryogenesis (2235), the postnatal period (65), and in adulthood (56, 226). Furthermore,
Wnt reporters show active signaling in ECs in the PNVP and neural tube during embryogenesis
(225, 227, 228). In mice with EC-specific deletion of B-catenin (Ctnnbl), angiogenesis is

disrupted in the CNS (225, 227), but not in the heart, lung, or limbs (225). Wnt7a and Wnt7b are
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broadly expressed in the developing forebrain and ventral spinal cord, and Wnt7a/Wnt7b
knockout mice display deficits in CNS angiogenesis similar to those observed with EC -
catenin-knockout (225, 227). There also appears to be a requirement for temporal control of the
level of Wnt signaling: after initial vessel ingrowth in the cerebral cortex, ablation of radial glia
elevated Wnt signaling in ECs and led to vessel regression, suggesting that radial glia attenuate
Wnt signaling to promote vessel stability at later developmental stages (229).

Though the requirement of Wnt signaling for angiogenesis is observed throughout the
CNS, there are regional differences in ligands. Even before the finding that Wnt7s direct
angiogenesis in the ventral neural tube and forebrain, Xu, Wang, Nathans, and colleagues
demonstrated that Norrin activates Wnt signaling to direct angiogenesis in the retina (230).
Norrin (also called Norrie disease protein), a secreted protein with no homology to Wnt ligands,
is the product of the Norrie disease gene NDP; Norrie disease is characterized by blindness,
retinal vascular deficits, and hearing loss (237, 232). Ndp knockout mice exhibit incomplete
vascularization of the retina and loss of cochlear vessels (232, 233). Fz4 knockout mice
phenocopy Ndp knockouts, and Norrin binds Fz4 and Lrp5 and activates canonical Wnt signaling
(230, 234). Additional work identified Miiller glia as the source of Norrin in the retina (235), and
found that Fz4 and Ndp knockout mice also exhibit vascular malformations in the cerebellum,
but not in other brain regions (230, 236). These data support a model in which neural tissue-
derived Wnt7a/Wnt7b and Norrin activate Wnt/B-catenin signaling in ECs to regulate
angiogenesis in distinct regions of the CNS. While these insights have been gained through
mouse models, zebrafish, another common in vivo model system for investigating NVU
development (Section 1.5.1), also require Wnt signaling for CNS angiogenesis (237).

Concurrently with angiogenesis, CNS ECs begin to acquire their unique BBB properties

(Section 1.3.1) in a process termed barriergenesis. Molecular markers of this process include
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acquisition of GLUT-1 expression and downregulation of PLVAP expression. Notably, Wnt/f-
catenin signaling also controls barriergenesis, with EC-specific B-catenin knockout mice
exhibiting a lack of endothelial GLUT-1 expression (225), a deficit also observed in
Wnt7a/Wnt7b knockouts (227). These mice also have a severe CNS hemorrhage phenotype and
are embryonic lethal (225, 227). Conversely, in mice with ectopic expression of Wnt7a outside
the neural tube, ECs in these non-CNS regions acquire GLUT-1 expression (227). The necessity
of Wnt/B-catenin signaling persists into postnatal development; inducible deletion of B-catenin in
ECs in postnatal day 11-14 mice leads to loss of brain EC tight junctions, marked upregulation of
PLVAP, and increased BBB permeability to the albumin-binding dye Evans blue (228).
Similarly, Fz4 knockout mice exhibit BBB leakage in multiple brain regions, which correlates
with upregulation of PLVAP; Ndp knockout mice also exhibit leakage, with the most severe
deficits in the retina and cerebellum (238, 239). Thus, Wnt/B-catenin signaling is the key
regulator of the tightly coupled processes of CNS angiogenesis and barriergenesis.

In humans and mice, there are at least 19 different Wnt ligands and Norrin, which bind
promiscuously to Lrp5/6 and the 10 Fz receptors, and are involved in numerous developmental
processes (240). Thus, a key question is: how do ECs discriminate between these ligands to
activate the barriergenesis gene program in response to specific ligands (i.e., Wnt7a, Wnt7b,
Norrin)? Clues emerged with the identification of two genes for which knockouts generated CNS
vascular defects in mice reminiscent of the previously discussed B-catenin and Wnt7a/Wnt7b
mutants. The first gene identified was an orphan G protein-coupled receptor, Gpri24 (also
known as Adgra?2), knockout of which disrupts CNS angiogenesis and leads to CNS hemorrhage
(241-243). Subsequently, Zhou and Nathans showed that Gpr124 knockout mouse phenotypes
could be partially rescued by artificial stabilization of B-catenin in ECs, and that Gprl24

promotes Wnt signaling in response to Wnt7a and Wnt7b preferentially over other ligands (244).
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Another study demonstrated a direct biochemical interaction between Wnt7a/Wnt7b and Gpr124
(245). The second gene, Reck, was initially identified as an inhibitor of matrix metalloproteinases
that is required for vascular development (246). Subsequent work demonstrated that RECK and
Gprl24 serve as EC Wnt/Fz coreceptors that confer Wnt7a/Wnt7b specificity in both Zebrafish
and mouse (237, 247-249). Analogously, tetraspanin-12 (Tspanl2) was identified as a Norrin-
specific coreceptor in retinal ECs (250).
1.4.1.2 Pericytes in BBB development and maintenance

While Wnt/B-catenin signaling controls CNS angiogenesis and the initial steps of
barriergenesis, several additional cellular and molecular factors are required for development and
maintenance of the BBB. Early work suggested that the BBB forms postnatally in response to
cues from astrocytes, a late-born cell type (2517), but the evidence discussed above from Wnt/(3-
catenin mutant embryos challenges this view. While there are temporal differences in the
emergence of different BBB characteristics—for example, GLUT-1 is induced during
embryogenesis, but P-gp appears postnatally (30)—multiple studies have demonstrated the
functionality of the embryonic BBB based on its ability to exclude injected tracers (30, 252).

Pericytes are mural cells that line the outer surface of microvessels and are embedded in
the vascular basement membrane, and developing CNS pericytes migrate into the neural tube
from the PNVP alongside ECs (253). Thus, Daneman, Barres, and colleagues asked whether
pericytes, which extensively cover CNS microvessels, play a role in inducing the BBB EC
phenotype, using mice with mutations in the platelet-derived growth factor receptor f (PDGFRJ)
(30). Platelet-derived growth factor B (PDGF-B) is secreted by ECs and activates PDGFRp, a
receptor tyrosine kinase, on pericytes, mediating their proliferation, recruitment, and attachment
to vessels (253, 254). The authors used mice in which seven tyrosine residues on the intracellular

domain of PDGFRP were mutated to phenylalanine. Normally, these residues, when
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autophosphorylated, serve as binding sites for downstream signal transduction molecules, and
therefore the hypomorphic Pdgfib™’ allele leads to attenuated PDGFRp signaling activity and
reductions in pericyte coverage of vessels (255), but avoids the embryonic lethality of Pdgfib
knockout (30, 253). Compared to control mice, Pdgfrb"”*’ and Pdgfrb"”~ neonates have
progressive reductions in brain pericyte coverage that correlate with progressive increases in
BBB permeability to Evans blue (30). Brain ECs in Pdgfrb knockout embryos also have (i)
abnormal tight junction morphology, (ii) increased vesicle number, which correlates with
increased Plvap expression, and (iii) increased expression of the leukocyte adhesion molecules
ICAM-1, ALCAM, and galectin-3, which correspond to an increased number of leukocytes in
the brain of Pdgfib"”F7 mice (30).

Using pericyte-deficient mice derived via alternative genetic strategies (hypomorphic
Pdgfb alleles preventing EC-derived PDGF-B ligand from being retained in the vascular
extracellular matrix), Armulik, Betsholtz, and colleagues showed similar BBB deficits in adult
mice, which were primarily driven by increased transcytosis, and also revealed a lack of
astrocyte endfoot polarization (256). Independent studies with Pdgfib"’ and Pdgfib™™ mice
confirmed BBB leakage to injected tracers and endogenous serum proteins, and additionally
found deficits in vascular extracellular matrix composition, blood flow, and neuron structure and
function (257). While specific molecular factors produced by pericytes that mediate regulation of
the BBB remain largely unknown, pericyte-derived pleiotrophin (PTN) was identified as a factor
mediating the brain pericyte neuroprotective effect (/67). Additional work further characterized
the increased leukocyte infiltration observed in pericyte-deficient mice (258) and profiled
changes to the EC transcriptome in these mice (259). In summary, pericytes regulate several
aspects of BBB function, including suppression of transcytosis and immune cell infiltration, and

also regulate other NVU functions.
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1.4.1.3 Other mechanisms in BBB development

Endothelial cell-autonomous mechanisms controlling BBB development have also been
investigated. One common approach to identify potential regulators of BBB phenotype is to
identify genes highly enriched in CNS ECs compared to non-CNS ECs using microarrays or
RNA-sequencing. The gene Mfsd2a was identified using this strategy, and is highly expressed in
cortical ECs but not expressed in lung ECs (252). Mfsd2a encodes a lipid transporter responsible
for brain uptake of docosahexaenoic acid (260). Mfsd2a knockout mice exhibit BBB leakage
without defects in angiogenesis or vessel morphology. On the ultrastructural level, knockout
mice have normal brain EC tight junctions, but striking increases in brain EC vesicle number,
demonstrating that Mfsd2a is required to limit transcytosis (252). Additional examination of
blood-retinal barrier formation revealed additional temporal details: while functional tight
junctions form upon vessel entry into developing retinal tissue (at ~postnatal day 1), ECs have
abundant vesicles at this timepoint. Suppression of transcytosis, as evidenced by a sharp decrease
in the number of vesicles, occurs between postnatal day 8 and 10, and is Mfsd2a-dependent
(261). A similar Mfsd2a-dependent process of transcytosis suppression subsequent to
angiogenesis occurs in zebrafish (262). Mfsd2a overexpression is sufficient to suppress vesicle
formation in vitro, and a single amino acid mutation in MFSD2A that eliminates lipid transport
function also eliminates its ability to suppress EC vesicle formation in vivo (263). Profiling of the
CNS EC lipidome and additional electron microscopy-based quantification of caveolae revealed
that MFSD2A likely serves to modify the lipid composition of CNS EC plasma membranes,
making them less amenable to formation of caveolae (263). Thus, MFSD2A-mediated regulation
of membrane composition together with Wnt-mediated suppression of PLVAP achieves the low
rate of non-specific transcytosis observed at the BBB. What extrinsic factor induces MFSD2A

expression in CNS ECs? Some evidence suggests a role for pericytes (252) and Wnt (264), but
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given the temporal difference between Wnt-mediated barriergenesis/pericyte recruitment and
transcytosis suppression, other yet-unidentified factors likely contribute.

Retinoic acid (RA), a derivative of retinol (vitamin A), serves as a signaling molecule and
regulates anteroposterior patterning of the neural tube, among other developmental processes
(265). RA derived from radial glia and the meninges additionally regulates striatal and
neocortical neurogenesis (266, 267). RA is synthesized by retinaldehyde dehydrogenases
(RALDHSs), and is typically secreted to act on other cells; in target cells, RA binds RA receptors
(RARs) which heterodimerize with retinoid X receptors (RXRs) and regulate transcription of
genes with retinoic acid response elements (RAREs). RARP is expressed by ECs in the
developing cortex, and experiments with cultured ECs suggested that RA/RARP signaling
regulates expression of BBB-associated proteins including VE-cadherin, occludin, ZO-1, P-gp,
and GLUT-1 (268). In vivo, mice with impaired RA synthesis (Rdhl0 knockout mice) have
vascular defects in neocortex due to increased abundance of neural progenitor-derived Wnt-
inhibitory factors (269). In other brain regions of Rdh10 knockout mice, however, ECs exhibited
elevated levels of Wnt signaling; examination of mice with EC-specific expression of a dominant
negative RAR revealed that RA signaling is required for EC-autonomous attenuation of Wnt
signaling in these regions (270). These mice also exhibit slight increases in pericyte number,
likely a result of increased expression of the Wnt target Sox17 leading to increased expression of
PDGF-B (271). In brain regions where vascular development proceeds normally in Rdhl0
knockout mice (i.e., regions other than neocortex), vessels do not exhibit defects in BBB
properties, suggesting that the BBB-inductive effects in cultured ECs may be due to the use of
supraphysiological concentrations of RA (270). In sum, physiological RA appears to regulate
brain vascular development by tuning Wnt signaling: RA promotes Wnt-mediated angiogenesis

in the neocortex by a non-EC-autonomous mechanism, and attenuates Wnt signaling in other
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regions by an EC-autonomous mechanism to achieve precise control over pericyte number and
potentially other phenotypes.

Building on a considerable body of work demonstrating BBB-inductive effects of
astrocytes and astrocyte-conditioned medium ex vivo and in vitro (251, 272-275), several
specific molecular mechanisms by which astrocytes control BBB development have also been
identified. For example, astrocyte-derived Sonic hedgehog (Shh) suppresses brain EC expression
of immune cell adhesion molecules, production of chemokines, and extravasation of T cells in
vitro, and mice with EC-specific knockout of the Shh receptor Smoothened exhibit increased
BBB permeability and decreased tight junction protein expression (276). Desert hedgehog (Dhh)
may play an analogous role in regulating endoneurial EC permeability and immune surveillance
at the blood-nerve barrier (277). Astrocytes are also the major source of Wnt ligands (Wnt7a and
Wnt7b) in the adult brain (56), reflecting the continuing requirement of Wnt signaling for BBB
maintenance even after completion of developmental neurogenesis and the loss of neural
progenitors. Mice with astrocyte-specific knockout of Wntless (also known as Evi), a protein
required for secretion of Wnt ligands (278), undergo normal CNS vascular development, but
adults exhibit BBB leakage, increased EC vesicle number, and astrocyte endfoot abnormalities
(279). In addition to these roles in BBB development, astrocytes also serve as templates for
postnatal vessel development in the retina (280), and regulate the stability of vessel networks in
the postnatal cortex (287). As is the case with pericytes, additional work is necessary to more
completely characterize the astrocyte-derived molecules that mediate their regulation of ECs.
1.4.2  Mural cell development

Like ECs, mural cells originate outside the neural tube, and invade alongside ECs during
CNS angiogenesis (30), potentially guided along interendothelial junctions (282). Mural cells

throughout the body differentiate from mesenchymal progenitor populations, the embryonic
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origins of which differ along the anteroposterior axis, with cranial (cephalic) neural crest
supplying the most anterior region and mesoderm supplying posterior regions of the embryo
(283). Consequently, in the avian face and forebrain, the neural crest gives rise to many cell
types derived from mesoderm elsewhere in the body, including mural cells, bone, cartilage, and
connective tissue, including the meninges (derivatives collectively termed “mesectoderm”) (284,
285). Some authors, however, have suggested that in mammals, the neural crest supplies mural
cells to the entire CNS (286, 287). This view is supported indirectly by the presence of the neural
crest linage transcription factor ZI/C/ in human brain and spinal cord mural cells (Figure 1.6 and
Chapter 4), and its striking absence in mural cells of other organs, including heart, liver, lung,
and skeletal muscle (Chapter 4). Zic! is also expressed by murine spinal cord mural cells (288).
Definitive lineage tracing studies, however, have not been performed. Additionally, it is
intriguing to speculate that the neural crest origin might confer specializations to brain mural
cells that contribute to their ability to induce BBB properties; however, transplantation studies
testing this hypothesis have not been performed. Thus, I focus below on the development of the

neural crest and neural crest-derived mural cells.
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Figure 1.6. Molecular profile of human spinal cord mural cells. Expression of pan-mural cell genes PDGFRB and TBX2,
pericyte-enriched KCNJ8, VSMC-enriched ACTA2, and the neural crest lineage transcription factor Z/C/ in pericytes and
VSMCs in developing human spinal cord (gestational weeks 4—7). Data from Rayon et al. 2021 (289).



36

The neural crest is an embryonic population of cells that originates at the border between
the neural plate and nonneural ectoderm (presumptive epidermis) (290, 291). Shortly after neural
tube closure, premigratory neural crest cells in the dorsal-most region of the neural tube undergo
an epithelial-to-mesenchymal transition and emigrate from the neural tube (292, 293). The
resulting migratory neural crest cells travel along pathways in the dorsoventral and mediolateral
directions, but are mostly confined to narrow regions along the anteroposterior axis close to the
site of emigration, and are guided by tissue-derived signals (294-296). Neural crest cells
differentiate to an extraordinarily diverse set of cell types. These encompass components of the
peripheral nervous system, including sensory neurons (dorsal root ganglia), autonomic neurons,
and gila (Schwann and Satellite cells) (297-300), melanocytes (3017), corneal endothelial cells
(302), the cardiac outflow tract (303), and mesenchymal derivatives in the head, thyroid, and
thymus (284, 304). The ability to generate mesenchymal derivatives (the “mesectoderm” or
“ectomesenchyme”) is a property of cranial, but not trunk, neural crest (284, 305). While
molecular signals and gene regulatory networks controlling the different potency of neural crest
along the anteroposterior axis have been identified (305-307), premigratory and even migratory
neural crest cells at a given axial level appear multipotent (308—312), suggesting that their fate is
determined by target tissue-derived signals. Evidence for early fate-restriction also exists,
however (373-318), and most of the experiments assessing neural crest multipotency have been
carried out on trunk, and not cranial, cells. For some derivatives, such as neurons and glia,
signaling molecules and downstream gene regulatory networks controlling differentiation have
been characterized (reviewed in (293, 319)), but much less is known about molecular
mechanisms underlying differentiation of cranial neural crest-derived mural cells, and

mesenchymal derivatives in general.
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1.4.2.1 PDGF and TGF-p signaling in mural cell development

Endothelium-derived PDGF-B is required for recruitment of mural cells to developing
blood vessels in most tissues throughout the embryo; Pdgfb and Pdgfrb knockout mice exhibit
widespread defects in mural cell coverage, leading to malformed, tortuous capillaries and
microaneurysms (253, 254). Further, mural cell-specific knockout of CD146 (also known as
melanoma cell adhesion molecule [MCAM]), a putative PDGF-B coreceptor, leads to reduced
pericyte coverage; CD146 may also have an endothelial cell-autonomous role in BBB
development (320). Although PDGF-B is widely supplemented in media for culture and/or
differentiation of pericytes/VSMCs in vitro (321-324), it remains unclear whether PDGF-
B/PDGFRp signaling plays a role in specification or differentiation of mural cells from
mesenchymal progenitors in vivo, or whether its role is restricted to influencing mural cell
proliferation, migration, recruitment, and/or attachment to endothelial cells. These phenomena
are difficult to uncouple in vivo, as defects in either class of processes
(specification/differentiation or  proliferation/migration/recruitment/attachment) could
conceivably lead to the same phenotype: a lack or reduction of mural cell vessel coverage. For
example, in PDGF-B-deficient mice, mural cells are not observed within the brain, but PDGFR-
expressing cells are observed in the PNVP (253). The authors infer that these PDGFRB" cells are
pericytes, and interpret this as evidence that a signal other than PDGF-B must mediate pericyte
specification (253, 254), but the identity of these PDGFRp" cells was not rigorously established.
Because PDGFRP is expressed by multiple cell types in the perineural niche, including neural
crest, naive mesenchyme, and meningeal fibroblasts (56, 325-328), it remains possible that
PDGF-B/PDGFRJ plays a role in specification/differentiation. On the other hand, this broad
PDGFRJ expression profile can also be interpreted as evidence that other signaling pathways

must control specification of these diverse cell types.
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In addition to PDGF-B/PDGFRJ signaling, several additional signaling pathways have
been implicated in brain mural cell development. Transforming growth factor (TGF)-f signaling
is one such pathway: Hirschi et al. demonstrated that the multipotent mesenchymal cell line
10T1/2 gained expression of smooth muscle cell markers and morphology upon treatment with
TGF-B or coculture with aortic ECs, and that EC coculture effects could be abolished with a
TGF-B neutralizing antibody (322). Later work in zebrafish using pharmacological inhibition of
TGF-B receptor I (ALKS) and morpholino-based knockdown of alkl, however, suggested that
while TGF-B signaling may play a role in recruitment or migration of mural cells, it is
dispensable for initial specification (326). Similarly, endothelial-specific knockout of Smad4 led
to a slight reduction in pericyte coverage of CNS vessels without affecting the number of NG2*
pericytes; the authors of this study further demonstrated that endothelial N-cadherin positively
regulates pericyte coverage, with TGF-f/Smad4 and Notch signaling pathways in ECs inducing

N-cadherin expression (329, 330).

1.4.2.2 Notch signaling in mural cell development

Multiple lines of evidence suggest a critical role for Notch signaling in mural cell
development. Notch proteins are transmembrane receptors, of which there are four in mammals
(Notchl, 2, 3, and 4). In the canonical model of Notch signaling, “signal-sending” cells express
transmembrane Notch ligands (in mammals: Delta-like [DIl] 1, 3, and 4; Jagged [Jag] 1 and 2),
which bind in trans to Notch receptors on “signal-receiving” cells; initiation of ligand
endocytosis (transendocytosis) creates a pulling force on the receptor sufficient to induce a
conformational change and expose protease cleavage sites on Notch. Extracellular cleavage by
an ADAM (a disintegrin and metalloproteinase) followed by intracellular cleavage by the y-
secretase complex releases the Notch intracellular domain (NICD) in the signal-receiving cell

(331-333). The NICD undergoes rapid nuclear translocation and forms a transcriptional
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transactivation complex with Mastermind-like (MAML) and the transcription factor RBPJ
(Recombination Signal Binding Protein for Immunoglobulin Kappa J Region; also known as
CSL), displacing co-repressors from RBPJ and activating Notch target genes, including HES],
HEYI, HEY2, and HEYL (332-334). Emerging evidence suggests considerable complexity in
regulation of Notch signaling, for example, through binding of Notch receptors and ligands
expressed on the same cell (the cis interaction), receptor endocytosis (337), and differential
effects of different ligands on clustering of the same receptor resulting in different signaling
dynamics and downstream transcriptional programs (335).

Notch3 is highly expressed by both brain and non-brain mural cells in humans and animal
models (56, 90, 336) (also see Chapter 4). Furthermore, the canonical Notch target genes Heyl
and Hey?2 are highly enriched in mural cells compared to both neural crest and other neural crest-
derived mesenchymal cells (i.e., fibroblasts), suggesting Notch signaling as a key pathway
controlling specification of mural cells (56, 325, 336). Early evidence for a role of Notch3 in
neurovascular unit function came from the identification of mutations in the NOTCH3 gene as
the cause of cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) (337, 338). These mutations occur in the region of the
NOTCH3 gene encoding the extracellular domain of the receptor, which likely cause impaired
clearance of the extracellular domain after cleavage (the ectodomain) (339). VSMCs and
pericytes likely both contribute to CADASIL pathogenesis (339, 340). Although the presence of
mural cells in CADASIL brains could be interpreted as evidence that Notch3 is dispensable for
mural cell development, CADASIL mutations likely do not cause complete loss of Notch3
function.

To address the necessity of Notch3 for brain mural cell development and function, Wang

and colleagues analyzed notch3-deficient zebrafish (347). These animals had BBB defects and a
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dramatic reduction in brain pericyte abundance compared to controls, which could be partially
rescued by overexpression of the Notch3 intracellular domain. The authors used heat shock-
inducible ubiquitous expression of Notch3 extracellular domain (N3ECD), which interferes with
ligand binding to endogenous Notch receptors, to attenuate Notch3 signaling after initial
establishment of pericytes on brain vasculature. This strategy led to moderate reductions in
pericyte number and a decreased percentage of EdU-incorporating pericytes, suggesting that
Notch3 controls pericyte proliferation (347). This study, however, did not directly address
whether Notch3 also controls initial specification/differentiation. A landmark study by Ando et
al. used zebrafish with fluorescent reporters for mural cells (pdgfrb-mCherry and abcc9-GFP) to
clarify the role of Notch signaling in mural cell development (326). This work convincingly
demonstrated that (i) naive mesenchyme initially expresses low levels of pdgfib, (i) pdgfib"ie"
mural cells emerge from naive mesenchyme in the vicinity of arteries between 36 and 48 hours
post-fertilization (the “specification period”), (iii) concomitant with the increase in pdgfib
expression, these cells acquire expression of the pericyte marker abcc9 (342), (iv) subsequently,
mural cells of large vessels acquire VSMC characteristics, including tagln and acta? expression,
(v) pharmacological inhibition of Notch signaling with the y-secretase inhibitor DAPT during the
specification period leads to virtually complete loss of mural cells, (vi) morpholino-based
knockdown of notch2 leads to a ~50% loss of arterial intrasegmental (trunk) vessel mural cell
coverage and knockdown of notch? and notch3 leads to complete loss (Figure 1.7), (vii)
compared to wildtype zebrafish, combinations of notch2-null or heterozygous and notch3-null or
heterozygous animals exhibit partial to complete mural cell loss in both neural crest-origin and
mesoderm-origin regions, and (viii) the relative contribution of Notch2 versus Notch3 exhibits
modest regional variation, with Notch3 more important in brain (326). Thus, we can conclude

that Notch signaling is required for mural cell specification, Notch2 and Notch3 function
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partially redundantly in this process, and the “default” mural cell fate has characteristics of
pericytes, with yet-unidentified signals controlling the transition to VSMCs. Arterial ECs are
likely the source of Notch ligands given their proximity to emerging pdgfib"e" cells (326) and

expression profiling suggesting high levels of D//4 and Jag2 expression (56).
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Figure 1.7. Notch signaling in zebrafish mural cell development. Emergence of pdgfib™ mural cells around developing blood
vessels of the cerebral base (A), trunk (B), and hyaloid (M), in control, notch2 morpholino (MO)-treated, and/or notch2/notch3
MO-treated embryos. Mural cells of the cerebral base and trunk are mesoderm-derived, while those of the hyaloid are neural
crest-derived. MO-mediated inhibition of Notch signaling results in deficits in mural cell development. Republished with
permission of the Company of Biologists Ltd., from Ando et al., “Peri-arterial specification of vascular mural cells from naive

mesenchyme requires Notch signaling.” Development 146 (2):dev165589, 2019 (326); permission conveyed through Copyright
Clearance Center, Inc.
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1.4.2.3 Other mechanisms in mural cell development

Some studies have addressed cell-autonomous mechanisms of mural cell development.
For example, the forkhead box transcription factors Foxcl and Foxf2 are expressed by brain
mural cells (among other cell types, including brain ECs), and deletion of either gene results in
abnormally high mural cell proliferation (343, 344). Conditional knockout of Foxcl in Pdgfib*
cells led to increased mural cell proliferation and microhemorrhages, suggesting a mural cell-
autonomous effect (343). Foxf2 knockouts had similar hemorrhages, increased endothelial
caveolae, and thinned vascular basement membrane, which correlated with decreased TGF-3

signaling, although the authors did not rule out a role for endothelial Foxf2 in these phenotypes
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(344). Notably, Foxf2 knockout did not affect expression of Foxcl, suggesting these
transcription factors function independently despite similar downstream roles in regulating mural
cell proliferation and potential crosstalk with endothelium (344). Signaling inputs to these and
other transcription factors identified by expression profiling as brain mural cell-enriched (e.g.,
Foxsl, Foxdl, Ebfl, Hicl, Tbx2, Tbx15, Thx18) (56, 83, 90, 102, 336, 345), however, remain
unknown. Finally, while molecular mechanisms controlling mural cell specification require
additional clarification, mechanisms controlling diversification of mural cell subtypes (VSMCs,
ensheathing, mesh, and thin strand pericytes; see Section 1.3.2.2), are virtually altogether
unknown. One hypothesis that merits investigation is that differences in endothelial cell
phenotype along the vascular tree impart signals to mural cells causing them to adopt these

different fates.

1.4.3  Vascular regulation of neuronal and glial development

While the majority of studies discussed previously have investigated regulation of the
vasculature by neural tissue, the CNS vasculature also regulates neuronal and glial development.
For example, Palmer er al. observed that in the adult rat subgranular zone, a region of the
hippocampus in which neurogenesis continues throughout life, proliferating cells are found in
clusters, and these clusters contain both endothelial and neural cells (346). Subsequent coculture
experiments demonstrated that in the presence of endothelial cells, neural stem cells have an
increased rate of symmetric division (proliferation), and retain their ability to differentiate to
neurons, astrocytes, and oligodendrocytes upon withdrawal of ECs (347). Angiogenesis and
neurogenesis are also coupled in the adult Serinus canarius (canary) forebrain: testosterone
stimulates VEGF production by neural tissue, which induces EC proliferation and EC production

of brain-derived neurotrophic factor (BDNF), which promotes recruitment of neurons (348).
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Similarly, neuroblasts originating in the subventricular zone of adult mice migrate along the
rostral migratory stream to the olfactory bulb, guided by blood vessel-derived BDNF (349).

There are numerous additional examples of the importance of the “vascular niche” for
adult neurogenesis (reviewed in (350)), and although adult neurogenesis in humans is the subject
of debate (reviewed in (351)), there are similar examples of the vasculature regulating neural cell
generation and migration during embryonic development. Oligodendrocyte progenitor cells
(OPCs) are generated in spatially restricted domains and must migrate throughout the CNS. An
overwhelming majority of these OPCs closely associate with and migrate along blood vessels
shortly after their generation; OPC migration is disrupted in Gprl24 knockout mice, with OPCs
spatially restricted to the incompletely-formed vascular plexus (352). The interaction between
OPCs and the vasculature is likely mediated by vascular SDF1 (Cxcl12) and OPC Cxcr4 (352).
Bidirectional signaling between the vasculature and neural progenitors is also required for OPC
specification: in the motor neuron progenitor domain of the developing spinal cord, neural
progenitor-derived angiopoietin-1 signaling to its EC receptor Tie2 induces TGF-B1 production
by ECs, which drives OPC generation (353).

The vasculature also plays a role in neuron development. Reelin is a protein secreted by
Cajal-Retzius cells that controls neuron migration in the developing brain, with Reelin mutant
mice (reeler mice) exhibiting a loss of the layered neuronal cytoarchitecture in cerebellum,
neocortex, and hippocampus (354-356). In the canonical model of Reelin signaling, ligand
binding to the receptors ApoER2 (LRPS8) and VLDLR induces Dabl phosphorylation by Src and
Fyn; phosphorylated Dabl activates downstream signaling cascades, such as PI3K (357).
Notably, though Reelin was initially thought to act directly on neurons, ECs express ApoER2
and Dabl, and EC-specific knockout of Dabl in mouse embryos causes slight defects in

neocortical and retinal vascular density and marked disruption of neuronal layering in the
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neocortex (358). Endothelial Dabl mutants also have (i) decreased radial glia density at the pial
basement membrane, (ii) reduced coverage of the vasculature by astrocyte endfeet, and (iii)
increased BBB permeability, which correlates with EC tight junction abnormalities and increased
vesicle density, among other defects (358). Taken together, these examples demonstrate that
complex, bidirectional interactions between the vasculature and parenchymal cells are required

for normal CNS development.

1.5 Model systems for studying the neurovascular unit

In the previous section, I reviewed current knowledge of neurovascular unit development
and function and highlighted key areas where improved understanding is necessary, with only
brief mention of the model systems used in the investigations. Given that all model systems have
limitations and underlying assumptions that can profoundly affect interpretation of results, a
more complete discussion of model systems themselves is warranted. Generally, model systems
commonly employed for studying neurovascular unit development and function can be
categorized as animal models, in vitro (cell culture) models, and human tissue models, along
with a relatively small number clinical studies in the context of disease (359, 360) and
computational studies (36/-363). Prior to examining benefits and drawbacks of each, it is
important to consider general principles related to the use of model systems in biological
research: (i) our goal is to better understand human biology, and we use model systems as a
proxy for human biology; (ii) virtually all model systems are imperfect mimics of human
biology; and (iii) the extent to which a model system can adequately mimic human biology
differs depending on the specific scientific question under investigation. Therefore, the strengths
and weaknesses of different model systems must be considered in the context of a particular
question or application, and these considerations should inform choice of model, or lead to the

conclusion that no currently available model is suitable and that further model development is
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necessary. Further, different model systems are often complementary, such that the most
complete understanding of a phenomenon can be achieved through the use of multiple model
systems.
1.5.1 Animal models

Principles of biological function are highly conserved across species at multiple levels:
basic cellular functions are conserved from single cell organisms to humans, and perhaps more
surprisingly, mechanisms of cell fate determination and differentiation are conserved from the
simplest animals to humans. In Molecular Biology of the Cell, 4th Ed. (2002), the authors write:

One would no more expect the worm, the flea, the eagle and the giant squid all to

be generated by the same developmental mechanisms, than one would suppose

that the same methods were used to make a shoe and an airplane [...] One of the

most astonishing revelations of the past ten or twenty years has been that our

initial suspicions are wrong. In fact, much of the basic machinery of development

is essentially the same, not just in all vertebrates but in all the major phyla of

invertebrates too. (364)
Signaling pathways, transcription factor-gene regulatory networks, and specific anatomical
features (e.g., of particular interest here, the mechanisms for regulating the neural
microenvironment, as discussed in Section 1.3.1), become increasingly similar with decreasing
evolutionary distance, such that vertebrates, tetrapods, and mammals are increasingly good
models of the human (Table 1.1). Species-specific differences, however, do exist and are
important in some contexts (discussed further below). Given the high level of conservation, we
can learn a considerable amount about human neurovascular unit development and function
using animal models, and such models are currently indispensable for a complete understanding

of physiology. The complexity of an animal, including simultaneous development of dozens (or
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hundreds) of cell types, cell-cell interactions, spatially organized tissues, multiple interacting
organ systems, environmental influences, and changes to cell/tissue/organ function occurring on
multiple timescales, is simply impossible to replicate in vitro. Take, for example, neurovascular
coupling as discussed above in Section 1.3.2: this process involves stimulus-evoked activation of
neurons in a specific brain region, transduction of a signal from neurons to VSMCs and
ensheathing pericytes (via astrocytes, capillary pericytes, capillary endothelial cells, arterial
endothelial cells, and/or potentially other yet-unidentified cell types), VSMC and ensheathing
pericyte (and potentially capillary pericyte) dilation/constriction of vessels existing under blood
pressure, and an eventual return to baseline vascular tone. While certain aspects of this process
can be studied using isolated cells (e.g., function of Karp channels in pericytes), the entire

process is simply too complex to replicate in vitro using currently available technologies.

Table 1.1. Animal models.
Species Relevant considerations

High level of human conservation
Large number of genetic models available
e Large number of analysis reagents (antibodies) available

Rodent (mouse/rat)
vertebrate, tetrapod, mammal

e Fast-developing
e Established methods for tissue grafting and chimera
generation

Avian
vertebrate, tetrapod

e Fast-developing
e Optically clear
e Moderate number of genetic models available

Zebrafish
vertebrate

With this complexity, however, comes difficulty in studying functions of specific cell
types and investigating molecular mechanisms. For example, simple gene knockouts (e.g.,
Pdgfrb knockout discussed above) often lead to widespread dysfunction or lethality, and even
cell type-specific “marker” genes are likely expressed in multiple organs, making it difficult to
pinpoint the specific function of a gene in a certain cell population. An ever-growing set of

genetic tools, however, permits manipulation of specific populations of cells in a temporally-
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controlled manner. In rodents, the Cre-Lox system has been widely adopted for this purpose, in
which animals are genetically engineered to express Cre recombinase, which acts on LoxP sites
that have been introduced into the genome (365). Numerous strains have been developed in
which Cre expression is controlled by promoters of cell type-specific genes, and in which Cre is
fused to the estrogen receptor (Cre-ER), permitting inducible activity upon administration of
tamoxifen or similar molecules. For example, in the context of neurovascular unit studies,
commonly used drivers are Cdh5-Cre (352), Cdh5-CreER™ (124, 248, 366, 367), Tie2 (Tek)-Cre
(65, 71, 123, 247), Pdgfb-CreER (71, 226, 238, 241), and Slcolcl-CreER™ (20, 368) for
endothelial cells and NG2 (Cspg4)-CreER™ (163), NG2 (Cspg4)-CreER™ (159, 369), Pdgfib-
Cre (164, 343, 370, 371), and a-SMA (Acta2)-CreER™? (369) for mural cells. Imperfect cell
type-specificity is an important caveat of such drivers: Cdh5 is expressed in all ECs, not just
CNS ECs. Similarly, Cspg4 and Pdgfrb are not CNS-specific and are also expressed in some
non-mural cells (372). Thus, improved specificity remains a goal, and recent advances include
Atpl13a5-CreER™ as a highly specific driver for murine CNS pericytes (373) and the
combination of Cspg4 and Pdgfrb as a more specific driver for pericytes (/67).

Cre acts on LoxP sites, and numerous strains have been developed containing LoxP sites
in endogenous genes, which permits gene knockout or generation of truncated/modified proteins.
Other strains have been engineered with LoxP sites flanking a stop codon upstream of a
transgene, usually inserted into a constitutively expressed locus, which enables Cre-mediated
transgene expression. These transgenes include: (i) additional alleles of endogenous genes (e.g.,
for overexpression); (ii) genes encoding ‘“reporters” such as fluorescent proteins or -
galactosidase (e.g., for labeling specific cell populations in vivo, for subsequent sorting or
identification of cells in tissue sections, or for linage tracing), or calcium-sensitive fluorescent

proteins; (iil) genes that permit manipulation of cells (e.g., optogenetic stimulation using
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channelrhodopsins (759, 164), ablation using the diphtheria toxin receptor (/67), or activation
using designer receptors exclusively activated by designer drugs (/24)). The ability to mate Cre-
expressing strains with LoxP site-containing (or “floxed”) strains generates substantial
combinatorial flexibility. Mouse models with fluorescent reporters directly under the control of
cell type-specific promoters, including Tie2 (Tek)-GFP (71, 102, 159, 196, 226), Pdgfrb-GFP
(83, 374), NG2-DsRed (27, 83, 196, 374), a-SMA (Acta2)-mCherry (159), and Collal-GFP
(369), have also been widely adopted for imaging and sorting.

Such fluorescent reporters have also facilitated adoption of zebrafish as a model system
for studying the neurovascular unit (249, 262, 375). Zebrafish, although more evolutionarily
distant from humans than rodents, have several advantages, including faster development, and
smaller size and translucence, which enables imaging the entire brain of live animals (Table 1.1).
Injection or electroporation of morpholinos, antisense oligonucleotide analogs, permits spatially
and temporally controlled knockdown of gene expression (237, 249, 341, 360, 376).
CRISPR/Cas” systems, which permit both targeted and screening-based genetic modification,
have also facilitated studies of neurovascular unit development and function in zebrafish (249,
262) and other animal models (247). The avian model system has been widely used for chimera
or grafting studies, in which portions of quail embryos are grafted into chick embryos, or vice-
versa, and the resulting cell types, phenotypes, and graft versus host origin analyzed. Homotopic
grafts are useful for lineage tracing, for example, in cataloging the derivatives of the neural crest
(377, 378), and heterotopic grafts are useful for studying roles of microenvironmental factors, for

example, in revealing that neural tissue induces BBB properties in ECs (218).

“clustered regularly interspersed short palindromic repeats/CRISPR-associated protein (nuclease); a prokaryotic
adaptive immune system that has been engineered for sequence-specific genome editing (669)
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Even with these tools, some mechanistic conclusions remain elusive. For example, as
discussed above, it is difficult to ascertain whether capillary pericytes actively dilate in response
to physiological stimuli. Further, establishing the sufficiency of a molecule to elicit a specific
cellular phenotype is difficult given the complex molecular environment in vivo. For example,
while B-catenin stabilization is sufficient to induce GLUT-1 and/or suppress PLVAP in ECs of
some CVOs (71, 379), such an effect is not observed in liver or lung ECs (367), suggesting that
unknown molecular signals in CVOs make ECs responsive to B-catenin or, conversely, unknown
molecular signals in liver/lung make ECs nonresponsive to -catenin. In other words, findings of
sufficiency are context-dependent and difficult to generalize. Despite these drawbacks, animal
models are the only available experimental tool that captures the full complexity of physiology
and are vital to advance our understanding of the NVU. Specific examples of such advances have
been extensively illustrated in the previous sections on NVU function and development.

Animals have also been used to model disorders with NVU involvement and evaluate
trans-BBB transport of candidate drugs or drug delivery strategies for CNS disorders. These
topics have been extensively reviewed (16, 122, 380) and are not a direct focus of this work, so |
will limit discussion to a few examples that highlight the benefits and drawbacks of animal
models for these applications. In the context of disease, NVU pathology typically involves
multiple cell types and often involves alterations to blood flow or blood composition; thus,
animal models are well-suited to modeling these complex, interacting phenomena. For example,
mouse models have been used to understand the potential role for pericytes in capillary
constriction after ischemia (26, 27), the temporal evolution of BBB integrity after stroke (23), the
multicellular mechanism by which the Alzheimer’s disease (AD) risk variant apolipoprotein E4
causes a cascade of vascular and neuronal dysfunction (387), and the sites and mechanisms of

immune cell entry into the CNS during neuroinflammation (382, 383), among numerous other
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examples. Similarly, animal models have been used to test strategies for trans-BBB drug delivery
and are necessary for pharmacokinetic and pharmacodynamic studies, and for evaluating the
degree to which “platform” BBB delivery vehicles (384) target sites other than the CNS. In this
context, a paradigm of initial in vitro screens followed by in vivo validation has been used to
identify antibody candidates that cross the BBB and have varying levels of CNS-specificity
versus other organs (385). In vivo screening approaches have also been used to directly identify
antibodies that target the rodent brain endothelium (386). Animal studies can also contribute key
insight into spatiotemporal aspects of BBB drug delivery: a recent in vivo imaging study
demonstrated that postcapillary venules serve as the predominant site of TfR-targeted
nanoparticle transcytosis (387), an experimental finding inaccessible to in vitro models, which

lack endothelial arteriovenous zonation observed in vivo.

1.5.1.1 Species differences

Species differences are an important consideration in using animals to model human
disease or to identify drug delivery strategies. Notably, many human diseases with NVU
involvement do not develop naturally in animals, and therefore must be artificially induced. For
example, common animal models of Alzheimer’s disease (AD) are mice that overexpress or
express mutant forms of amyloid precursor protein (APP) and/or presenilin 1 (PSENT1) (78, 388);
although some cases of early-onset AD are caused by mutations in APP, PSENI, and PSEN2,
these constitute only 0.1-1% of all AD cases, the vast majority of which are of the late-onset,
sporadic form (389). Similarly, EAE, a widely employed model of multiple sclerosis, involves
immunization of rodents with myelin antigens and adjuvant (390). Thus, such strategies may not
completely replicate pathogenic mechanisms. Furthermore, specific differences in gene/protein
expression profiles complicate the investigation of specific disease mechanisms in animal

models. For example, EC-expressed low density lipoprotein receptor-related protein 1 (LRP1) is
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required for BBB clearance of amyloid- in mice (20, 27), yet, multiple sources agree that
human CNS endothelial cells express little to no LRP1 (187, 391, 392).

Species differences in expression profiles, especially those of CNS endothelial
transporters and other transmembrane proteins, are also important considerations in the use of
animal models to identify drugs or drug delivery technologies that can cross the BBB. There are
well-known differences in receptor, solute carrier, and efflux transporter expression and activity
between humans and mice (90, 393, 394). Functionally, brain uptake of P-gp substrates differs
between rodents, nonhuman primates, and humans (88). Further, recombinant adeno-associated
viruses (AAVs) are under investigation as delivery vehicles for gene therapies, and several
natural and engineered AAV capsid variants have been identified that cross the BBB and
transduce neural cells (395-397). AAV-PHP.B is a promising candidate that was identified by
screening in C56BL/6J mice (396), but was later found to be ineffective in several alternative
mouse strains due to differences in expression and/or sequence of the AAV-PHP.B receptor
Ly6a (lymphocyte antigen 6 family member A) (398-400); this AAV is also ineffective in non-
human primates (407), as no Lyba homolog exists in nonhuman primates or humans. This
example illustrates the importance of identifying the molecular target of a BBB transport
technology (virus or antibody), consulting human data, and using complementary human in vitro
models early in the process of developing such a technology.

In summary, animal models are essential for advancing our understanding of NVU
development and function, and for evaluating therapeutics, but have inherent limitations in
species differences and complexity. These limitations can be mitigated by parallel use of
complementary model systems, namely, targeted application of in vitro models and analysis of

human tissue data, which are discussed below.
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1.5.2  In vitro models

In vitro® models are constructed using cells isolated from an organism and maintained in
culture. Common cell sources are summarized in Table 1.2. Such models are complementary to
animal models for understanding NVU function and offer several advantages: First, in vitro
models can be constructed using human cells, including primary cultures (e.g., those derived
from blood, biopsy, or postmortem tissue) and cell lines. Human cells permit an assessment of
whether an experimental finding in an animal model may be conserved in humans. Such
comparisons, however, are often imperfect due to confounding effects discussed below. Second,
both human cell- and animal cell-based in vitro models permit simplification of a biological
system, and controlled manipulation and/or analysis of specific cells of interest. This facilitates
efforts to understand the functions of a single cell type, the impacts of environmental factors
(e.g., growth factors, drugs), and the mechanisms by which two cell types interact, in the absence
of the in vivo milieu of cell types that would also respond to experimental treatments and
indirectly influence the cells of interest. /n vitro models also represent an attractive system for
studying the impact of genetic manipulations (gene overexpression, knockdown, knockout,
and/or mutation, achieved via transgene or siRNA transfection/transduction, CRISPR/Cas,
and/or CRISPRi/a" systems) on specific cell types, without the need for Cre-Lox or similar
strategies to achieve cell type-specificity. Third, in vitro models can be employed for large-scale
exploratory or screening-based experiments without the ethical concerns of using animals for
such studies.

The removal of cells from the complex in vivo environment is both an advantage of in
vitro models, as discussed above, and a limitation. The lack of in vivo environmental cues often

causes changes to cell phenotype. This phenomenon of “phenotype drift” or “dedifferentiation”

"meaning “in glass”
fCRISPR inhibition/activation (670)
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occurs rapidly in culture for many cell types, including those of the NVU: isolated brain
microvessels and monolayers of brain ECs from rodent, bovine, porcine, and human sources are
well-established as in vitro models of the BBB (402—407); while acutely isolated (passage 1)
ECs achieve transendothelial electrical resistance (TEER) of approximately 200 Q-cm?, passage
2 cells measure ~25 Q-cm?, indicative of a rapid decline in tight junction function (408).
Immortalized brain EC lines such as hCMEC/D3 (human) (409), RBE4 (rat) (410), and bEnd.3
(mouse), which are widely used for in vitro experiments, also exhibit very low TEER of ~30-50
Q-cm? (409, 411, 412). In contrast, in vivo TEER has been estimated at 1,400-8,000 Q-cm?
(413—415). Other BBB properties, such as efflux transporter activity, solute carrier and receptor
expression, and low rates of vesicle trafficking (as discussed in Section 1.3.1) are also
dysregulated to varying degrees in many in vitro models. The comprehensive review by Helms
and colleagues provides additional detail on the properties of numerous in vitro models of the
BBB (412). To profile CNS endothelial cell dedifferentiation on the transcriptome-scale,
Calabria and Shusta used suppression subtractive hybridization to compare acutely isolated rat
brain ECs to those cultured for 4 days (4/6). Culture-downregulated genes included those
involved in canonical BBB functions (e.g., Slc2al, Mdrla (Abcbla), Tfrc), and novel genes such
as Reck that would later be implicated in Wnt signal transduction in CNS ECs. A recent study
profiled transcriptomic and epigenomic differences between acutely purified mouse brain ECs
and those cultured for 8 days (226). RNA-seq revealed maintenance of generic EC identity
(similar expression of Cdh5, Pecaml, Erg), but loss of BBB-specific identity (downregulation of
Abcbla, Mfsd2a, Slc22a8 and other solute carrier-encoding genes, Lefl! and other Wnt-related
genes, and upregulation of Cavl); ATAC-seq" revealed a marked loss of TCF/LEF peaks in

cultured ECs, but, paradoxically, stabilization of B-catenin using the Ctnnb17%3 allele (discussed

“assay for transposase-accessible chromatin with high-throughput sequencing (6717)
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in Chapter 3) was not sufficient to prevent or attenuate EC dedifferentiation (226). Finally, brain
pericytes also undergo dedifferentiation in culture. A well-established hallmark of this process is
upregulation of a-SMA (417), and additional molecular insight into this phenomenon is provided

in Chapter 4.

Table 1.2. In vitro models.

Model Relevant considerations

e Closely resemble cells in vivo if used immediately after isolation

Pri 11
rimary cells e Limited availability

Cell lines * Scalable
e Phenotype drift/dedifferentiation (loss of in vivo characteristics)
e Scalable

Cells derived from stem e Allow investigation of developmental processes

cells e Can model some genetic diseases
e Prone to discrepancies in cell identity, phenotype, maturity

1.5.2.1 Stem cells as a source of NVU in vitro models

Stem cells are an emerging alternative to primary cells and cell lines for the construction
of in vitro models of the NVU. A stem cell is a cell type that possesses two attributes not shared
by most adult somatic cells: (i) the capability to replicate and form more stem cells (“self-
renewal”) and (i) the capability to differentiate into multiple distinct cell types (364). Stem cells
can be further categorized by the number of cell types into which they are capable of
differentiating (“potency”): multipotent stem cells are capable of differentiating into multiple cell
types of a particular lineage (neural crest cells, for example, are multipotent; see Section 1.4.2),
pluripotent stem cells are capable of differentiating into all cell types of the adult animal, and
totipotent stem cells are additionally capable of forming extraembryonic tissues (4/8). Stem cells
exist both during development and adulthood, with a prototypical example of adult stem cells
being the multipotent hematopoietic stem cells of the bone marrow (364). Pluripotent stem cells

in vivo form the inner cell mass of the blastocyst, and thus exist only transiently (4/8); Kaufman
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and Evans (4/9) and Martin (420) first isolated these cells from mice and identified conditions
that permitted in vitro culture of these embryonic stem cells (ESCs). Thomson and colleagues
subsequently established nonhuman primate and human ESC lines, which retain self-renewal
ability and potency to form cells of the three germ layers (427, 422). Overexpression of the
transcription factors Oct3/4, Kl1f4, Sox2, and c-Myc (423, 424) or Oct4, Sox2, Nanog, and Lin28
(425) can “reprogram” terminally differentiated cells into pluripotent stem cells. The resulting
induced pluripotent stem cells (iPSCs) can therefore be generated from skin biopsies or blood,
and offer opportunities in patient-specific modeling of disease and regenerative medicine
(reviewed in (426)). Finally, human pluripotent stem cells (hPSCs, a collective term for human
ESCs and iPSCs) offer an unprecedented window into human developmental biology: while
properties of terminally differentiated cells can be examined in tissue sections or in culture,
molecular mechanisms of human cellular development and differentiation have been largely
impossible to investigate except by analogy to findings in animal models. Human pluripotent
stem cell differentiation offers an in vitro system to profile and manipulate transient
developmental processes.

Both hPSCs and hematopoietic stem cells have been used to generate models of the BBB.
Cecchelli et al. demonstrated that cord-blood derived CD34" hematopoietic stem cells could be
differentiated into ECs, and that primary bovine pericyte coculture led to acquisition of BBB-like
properties, including reduced permeability to Lucifer yellow and TEER of ~175 Q-cm?; the
resulting cells also exhibited efflux transporter activity and drug permeabilities that correlated
with in vivo data (427). Peripheral blood-derived CD34" cells have also been used to generate a
similar BBB model (428). Lippmann, Azarin, and colleagues developed a method to differentiate
hPSCs into cells having many attributes of BMECs: robust tight junctions, very high TEER,

GLUT-1 expression, efflux transporter activity, and small molecule permeability that correlates
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well with in vivo data (429-431). Several modifications and derivatives of this method have also
been reported (432—436), and the resulting BMEC-like cells have been incorporated into three-
dimensional and microfluidic systems (436—439) (also see Chapter 2), and used extensively for
diverse applications including assessing candidate drug permeability (383, 440, 441), modeling
genetic disease (442—444), and investigating impacts of environmental factors on BBB function
or dysfunction (445-450). More recent evidence, however, suggests that the hPSC-derived
BMEC-like cells resulting from the above differentiation protocols have epithelial rather than EC
identity (45/—456). Thus, while these cells remain well-suited for some applications, including
drug permeability experiments that require the very high TEER not achievable in other human in
vitro systems, new hPSC-derived models with definitive endothelial identity are needed for
studies addressing molecular mechanisms of CNS EC development, function, and dysfunction.
To this end, there exist several well-established methods to differentiate hPSCs into ECs.
Common protocols use growth factors (e.g., BMP4, Activin A, FGF2, VEGF) and/or small
molecules (e.g., CHIR 99021) to direct hPSC differentiation to mesoderm, endothelial
progenitors, and then ECs, followed by purification of ECs (323, 457-459). Overexpression of
the EC lineage transcription factor ETV2 in hPSCs can also be used to generate ECs, but the
extent to which this strategy mimics natural EC development is unknown (460—463). In all cases,
the resulting ECs lack tissue-specific specializations, such as those underlying BBB function,
and are thus termed “generic” or “naive.” There have been several recent advances in modifying
such generic ECs to serve as BBB models. Treatment of hPSC-derived endothelial progenitors
with Wnt3a, RA, and VEGF yielded ECs with reduced Lucifer yellow permeability and
increased TEER (~60 Q-cm?) compared to controls (464). Coculturing the resulting cells with
pericytes induced P-gp activity. In another study, the authors overexpressed BBB-related

transcription factors in hPSC-derived ECs and identified single factors and combinations of
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factors that led to modest increases in TEER and BBB-like shifts in gene expression (465).
Similarly, screening a compound library for increased claudin-5 expression in generic hPSC-
derived ECs identified the TGF-f inhibitor RepSox as capable of modestly increasing TEER
(~30 Q-cm?), reducing macromolecule permeability, and producing gene expression changes
indicative of barriergenesis (downregulation of PLVAP and ICAM1, upregulation of SLC2A1 and
ABCCH4) (460).

In collaborative work”, we recently adapted similar hPSC-derived generic ECs into a
BBB model suitable for studying interactions with immune cells. Such interactions are important
in diseases such as multiple sclerosis, where an abnormally high number of T cells interact with
and cross the BBB, subsequently causing demyelination (/4). T cells cross the BBB in a
complex, multi-step process requiring endothelial expression of several adhesion molecules
(reviewed in (467)), which are lacking in existing models of the BBB (468). We found that
hPSC-derived generic ECs at Passage 1 (~6 days after isolation of endothelial progenitors), and
at Passage 2 in some differentiations, exhibited constitutive and/or inflammatory cytokine-
inducible expression of immune cell adhesion molecules such as ICAM-1, ICAM-2, VCAM-1,
P-selectin, and E-selectin (468), but cultures contained contaminating smooth muscle-like cells
and lacked paracellular barrier characteristics (Figure 1.8A and ref. (468)). Selective dissociation
and extended culture of these ECs under serum-free, low growth factor conditions was sufficient
to markedly decrease sodium fluorescein permeability and increase TEER to a level similar to
that observed in existing in vitro BBB models constructed from primary BMECs or

hematopoietic stem cells (Figure 1.8B-C and ref. (468)). Decreased permeability correlated with

"The collaboration was led by Dr. Hideaki Nishihara and Prof. Britta Engelhardt at the Theodor Kocher Institute,
University of Bern and the study published as Nishihara H, Gastfriend BD, Soldati S, Perriot S, Mathias A, Sano Y,
Shimizu F, Gosselet F, Kanda T, Palecek SP, Du Pasquier R, Shusta EV, Engelhardt B (2020). Advancing human
induced pluripotent stem cell-derived blood-brain barrier models for studying immune cell interactions. FASEB J
34:16693-715.
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increased claudin-5 abundance, and the resulting cells had junctional occludin expression, a
characteristic of CNS ECs (Figure 1.8D-F and ref. (468)). Unfortunately, inflammatory cytokine-
inducible VCAM-1 expression was lost at this timepoint (Passage 3) (468). We noticed that
treatment of ECs with CoCl; reduced SMLC contamination and also abolished VCAM-1
inducibility (Figure 1.9A), and therefore hypothesized that SMLC-derived signals were
important for endothelial VCAM-1. Indeed, treatment of Passage 3 ECs with conditioned
medium from SMLCs rescued VCAM-1 inducibility without compromising paracellular barrier
properties (Figure 1.9B and ref. (468)); the resulting “extended EC culture method” (EECM)-
BMEC-like cells were capable of functional interactions with T cells (468). EECM-BMEC-like
cells were subsequently differentiated from control and multiple sclerosis patient iPSC lines, and
differences in molecular properties and T cell interactions were suggestive of a potential EC-
autonomous defect in multiple sclerosis (469). Chapter 3 describes the use of Wnt activation to
achieve additional CNS-like properties in these ECs.

Other NVU cells have also been generated from hPSCs. Methods to differentiate neurons
and astrocytes, including directed differentiation and transcription factor-based approaches, are
well-established. These cells have been widely used to study cellular and molecular mechanisms
of disease, identify drug targets and candidate drugs, and as potential cell therapy (e.g., for
Parkinson’s disease) (reviewed in (470—472)). The resulting cells have also been incorporated
into multicellular models of the NVU, as described in Chapter 2. The pericyte is another
neurovascular cell type that merits inclusion in hPSC-derived in vifro models. As discussed
above (Section 1.4.2), pericytes of most organs are derived from mesoderm, and a number of
well-established protocols exist to generate pericytes and/or VSMCs from hPSC-derived
mesodermal progenitors that also have endothelial potential (so-called “early vascular cells” or

“mesenchymoangioblasts”) (321, 323, 457, 458, 473). While these cells share many attributes of
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brain mural cells and have been incorporated in NVU models (449, 474), deriving cells via a
neural crest intermediate would better mimic the developmental trajectory of forebrain mural
cells in vivo, and might yield cells with molecular or functional distinctions from those derived

from mesoderm.
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Figure 1.8. Extended culture of generic ECs yields cells with improved paracellular barrier properties. (A)
Immunocytochemistry analysis of Passage 1 generic ECs derived from the IMR90-4 iPSC line. a-SMA™ smooth muscle-like cells
are present among the CD31" ECs. DAPI nuclear counterstain overlaid. Scale bar: 200 pm. (B) Sodium fluorescein (NaFl)
permeability across Passage 1 ECs (pl) and Passage 2 and 3 EECM-BMEC-like cells (p2 and p3, respectively) derived from
donor 2 iPSCs. Permeability was measured 6 days after seeding cells on 0.4 um pore size Transwell filters. Points represent
triplicate Transwells from at least three independent differentiations per condition; bars show means + SD. Data courtesy of Dr.
Hideaki Nishihara. (C) TEER profile of Passage 3 EECM-BMEC-like cells derived from the IMR90-4 iPSC line. Cells were
seeded onto 0.4 pm pore size Transwell filters and TEER measured daily for 6 days. Plotted data are means + SD of triplicate
Transwells. (D) Western blots of Passage 1 ECs (pl) and Passage 2 and 3 EECM-BMEC-like cells (p2 and p3, respectively)
derived from the IMR90-4 iPSC line. (E) Quantification of Western blot band intensity of claudin-5 normalized to B-actin.
Plotted data are means + SD of duplicate wells shown in (D). P-value: one-way ANOVA followed by Tukey’s HSD test. (F)
Immunocytochemistry analysis of Passage 3 EECM-BMEC-like cells from the IMR90-4 iPSC line. Cells were stained for CD31,
claudin-5, occludin, and ZO-1. Hoechst nuclear counterstain overlaid. Scale bars: 100 pm. All figure panels from Nishihara et al.,
2020 (4698). Used  under a Creative Commons Attribution-NonCommercial-NoDerivatives License
(https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1.9. VCAM-1 expression in generic ECs and EECM-BMEC-like cells. (A) Flow cytometry analysis of CD31 and
VCAM-1 expression in Passage 2 ECs from the IMR90-4 iPSC line. Cells were isolated via MACS at D5 and cultured in hRECSR
medium supplemented with 10 ng/mL VEGF. Cells shown right plots were cultured in medium additionally supplemented with
100 uM CoCly. 16 h prior to flow cytometry analysis, some wells were stimulated with 10 ng/mL TNF-a and 200 IU/mL IFN-y
(TNFa+IFNy, red). Non-stimulated (NS, blue) cells and cells stained with mouse IgG isotype control antibody (orange) are also
shown. (B) Flow cytometry analysis of VCAM-1 expression in EECM-BMEC-like cells. The change in geometric mean VCAM-
1 expression (VCAM-1 — isotype control) from cells in monoculture, cells cocultured with smooth muscle-like cells (SMLC), or
cells cultured with conditioned medium from smooth muscle-like cells (SMLC_CM) are shown. Cells were stimulated with 1
ng/mL TNF-a + 20 IU/mL IFN-y. Points represent the mean of at least three independent differentiations of donor 1 (black),
donor 2 (red), and donor 3 (blue) iPSC lines. *P < 0.05, one-way ANOVA followed by Tukey’s HSD test. Panel (B) from
Nishihara et al, 2020 (468). Used under a Creative Commons Attribution-NonCommercial-NoDerivatives License
(https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Early reports by Cheung and colleagues demonstrated smooth muscle cell differentiation
from hPSC-derived neuroectoderm and neural crest via treatment with PDGF-BB and TGF-B1,
but the extent to which these cells had physiological properties similar to NVU mural cells was
not addressed in detail (475-477). More recently, several groups have developed strategies to
differentiate “brain-like” or “cranial” pericytes and VSMCs from hPSC-derived neural crest: In
collaborative work”, we demonstrated that treatment of neural crest with minimal E6 medium
(478) supplemented with 10% fetal bovine serum (FBS) was sufficient to yield cells with brain
pericyte-like attributes, including expression of PDGFRB, NG2, and other markers, low
expression of a-SMA, the ability to self-assemble with and stabilize EC cords, and the ability to
improve barrier properties of hPSC-derived BMEC-like cells (447, 479). On the transcriptome
level, these cells compared favorably to primary human pericytes. Several additional groups have
also reported pericyte-like cell differentiation from hPSC-derived neural crest using other basal
media supplemented with FBS and, in some cases, PDGF-BB and/or FGF2 (28, 324, 480). The
transcriptomic profiles of hPSC-derived brain pericyte-like cells derived via these protocols are
remarkably similar to that of cultured primary human brain pericytes. Consequently, however,
deficiencies in gene expression observed in cultured primary brain pericytes compared to
pericytes in vivo (Chapter 4) are also observed in existing hPSC-derived brain pericyte-like cells.
Thus, Chapter 5 describes a novel approach based on activation of Notch3 signaling to
differentiate hPSC-derived neural crest into brain mural cells with an improved transcriptional

profile.

"The collaboration was led by Dr. Matthew J. Stebbins and the study published as Stebbins MJ, Gastfriend BD,
Canfield SG, Lee M-S, Richards D, Faubion MG, Li W-J, Daneman R, Palecek SP, Shusta EV (2019). Human
pluripotent stem cell-derived brain pericyte-like cells induce blood-brain barrier properties. Sci Adv 5:eeau7375.
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Figure 1.10. RNA-seq of pericyte-like cells and related cell types. (A) Hierarchical clustering based on all transcripts of
undifferentiated H9 hESCs; H9-derived neural crest stem cells (NCSCs) at D15 and after an additional 40 days in E6-CSFD
(D55); H9-derived pericyte-like cells at D19, D22, and D25 (three independent differentiations at the D25 time point, indicated
as “H9-A,” “H9-B,” and “H9-C”); H9-derived pericyte-like cells maintained for an additional 20 days in E6 + 10% FBS (D45);
CS03n2- and IMR90C4 derived pericyte-like cells at D25; and primary brain pericytes (from two distinct cultures of the same
cell source, indicated as “Primary-A” and “Primary-B”). (B) Expression (FPKM) of selected transcripts in H9 hPSCs (day “0”),
NCSCs (“15”), and during the differentiation of pericyte-like cells (“19,” “22,” “25,” and “45”). The mean transcript expression
in all D25 hPSC derived pericyte-like cells (H9-A to H9-C, CS03n2, and IMR90C4; “H”) and in primary brain pericytes (“P”) is
also shown. Error bars represent SEM of five independent differentiations (“H”) or of two primary pericyte samples (“P”). (C)
Top 10 Gene Ontology terms sorted by enrichment score [ES = —logio(FDR)] for hPSC-derived pericyte-like cells. Genes
included in the dataset were enriched in pericyte-like cells (average of all D25 samples) compared to NCSCs (average of D15 and
D55 samples) (FPKMpericyte-like cells/ FPKMn~csc > 10) and were expressed at >1 FPKM in pericyte-like cells. (D) Expression (>1
FPKM) of murine pericyte-enriched transcripts [46 transcripts from ref. (56)] in hPSC-derived pericyte-like cells (29 transcripts)
and primary brain pericytes (26 transcripts). A detailed listing of genes and FPKM values can be found in Table S2 of ref. (447).
Figure from Stebbins et al, 2020 (447). Used under a Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/).
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1.5.2.2  Multicellular models

Coculture experiments are a key application of in vitro models derived from primary
cells, cell lines, and stem cells. Coculture experiments can be used to understand bidirectional
signaling between two, or potentially more than two, cell types. For example, as discussed in
Section 1.4.3, Shen et al. used Transwell cocultures to demonstrate that endothelium-derived
factors stimulate neural progenitor cell expansion and neuron differentiation; notably, the authors
of this work used two independent endothelial cell sources, and included control cell types
(primary neural cells and NIH/3T3 fibroblasts) to rule out the possibility that generic effects such
as nutrient consumption could explain the effects observed in endothelial cell cocultures (347).
Additional examples of coculture-based in vitro studies are provided in Chapter 2, along with a
more comprehensive discussion of coculture modalities common in NVU modeling, including
Transwell, microfluidic, and aggregate-based approaches. Although cocultures have the potential
to yield important insights, pervasive in the literature is the practice of combining more than two
cell types without adequate effort to gain a mechanistic understanding of how each cell type
contributes to the phenotype of each other cell type (481—483). The purported rationale for such
studies is typically to better mimic the in vivo situation, but it is unlikely that any in vitro model
constructed via the combination of three, four, five, or even a dozen independently cultured cell
types better mimics in vivo phenotype given the phenomenon of culture-induced
dedifferentiation and the abundance of other factors differing between in vivo and in vitro
systems. Thus, at present, scientific questions requiring a mimic of the in vivo NVU are best
addressed in animal models, and complementary questions addressing specific cellular functions
or the interaction of two cell types are appropriately addressed by in vitro models. These

limitations also highlight the need for improved in vitro models.
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1.5.2.3 Organoid models

Organoids are an emerging in vitro system that may partially replicate the complexity of
tissues in vivo, and offer an experimental bridge between animal models and in vitro cultures of
single or multiple cell types. Organoids are three-dimensional cell aggregates that (i) contain
multiple cell types, which have developed simultaneously from a common progenitor such as
hPSCs or adult stem cells and (ii) have cytoarchitecture (“self-organization”) resembling that of
the relevant organ (484—487). Of interest here are brain organoids (or cerebral organoids), which
develop from hPSCs into aggregates containing diverse populations of neural progenitors,
neurons, and glia, arranged into layers similar to those in developing brain; depending on
specific protocol, these organoids can spontaneously develop domains with cell compositions
resembling specific brain regions, or be directed to adopt specific regional identity (488—492).
Choroid plexus organoids, which replicate the barrier attributes and CSF-secretion of the choroid
plexus epithelium, have also been generated by rational modifications of a cerebral organoid
differentiation protocol (493). Recent evidence indicates that some brain organoids contain
nonneural cells, including microglia (494), leaving open the possibility that small populations of
vascular cells may also spontaneously arise in these models.

Directed approaches for incorporating vasculature into brain organoids have also been
pursued, and such organoids may offer a promising new in vitro model of the NVU. For
example, one approach has been to incorporate independently-differentiated hPSC-derived
endothelial cells in the exogenous extracellular matrix (typically Matrigel) used to embed hPSC-
derived brain organoids (495). Similar studies have incorporated hPSC-derived mesodermal
progenitors (496) or primary human endothelial cells (human umbilical vein endothelial cells,
HUVECs) (497) with hPSCs during organoid formation. Another approach used ETV2

overexpression in a small fraction of hPSCs to generate brain organoids containing endothelial
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cells (498). In general, these approaches yield organoids with endothelial cells organized into
primitive vascular networks, but in most cases these structures are located superficially and not
well-integrated into the core neural tissue. In a landmark study, Mansour and colleagues
demonstrated an alternative approach for incorporating vessels: grafting of hPSC-derived brain
organoids into mouse brain. The authors observed vascularization of the organoids by host-
derived, perfused blood vessels, along with functional integration of organoid- and host-derived
neurons (499). These observations were largely replicated in an independent study (500). While
this approach is the only currently available strategy for generating brain organoids with
perfusable vasculature, the resulting organoids no longer constitute a true in vitro model, and
organoid-perfusing vessels are mouse-derived. In summary, organoids represent a promising in
vitro model system for studies of NVU development, function, and disease, but additional work
1s needed to achieve the close interactions between endothelial and neural cells observed in vivo,

and to develop genetic tools for cell type-specific manipulation.

1.5.3 Human tissue

Analysis of human tissue has the potential to complement studies in animal or in vitro
models by providing insight into the potential relevance of findings to the in vivo human NVU.
Tissue samples are distinct from in vitro (cell culture) models because the former are analyzed
immediately upon collection or preserved by freezing or fixation, which permits analysis of
molecular properties of cells that have not undergone culture-induced dedifferentiation, in
addition to preserving cellular diversity and cytoarchitecture. Unlike cultured cells, however,
tissues cannot be expanded, and human tissue is extremely limited in availability, with the only
sources of brain tissue being postmortem samples and rare samples from neurosurgical resection.
Further, the ability to experimentally manipulate tissue samples and measure physiological

phenomena such as metabolism, molecular transport, and vessel dilation/contraction are
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inherently very limited. For many questions related to the biology of the healthy human
neurovascular unit, however, high-throughput, open-access databases can be an extremely
powerful resource. Databases include transcriptomic (both bulk and single-cell) (90, 187, 506,
336, 391, 392, 501-505), proteomic (507), and epigenomic (508) data.

In collaborative work”, we contributed one such database by using bulk RNA-seq to profile
the transcriptome of human brain microvessels isolated via laser-capture microdissection (LCM)
from flash-frozen neurosurgical samples. Genes enriched in microvessels compared to matched
whole brain samples included known markers of both the EC and pericyte constituents of
microvessels (90). While LCM does not achieve cell type specificity afforded by other
approaches, such as fluorescence activated cell sorting or scRNA-seq, it does not require tissue
dissociation, a process known to cause transcriptional artifacts (509). Using mouse brain samples
that were dissected and sequenced in parallel, we identified mouse-human species differences in
brain microvessel transcriptomes (90). Finally, we performed a subtractive comparison between
our human microvessel data and brain endothelial data from the literature (50/7) to generate a
putative transcriptome profile of human brain pericytes; this analysis yielded known markers,
such as NOTCH3, PDGFRB, ZIC1, and ABCC9, and also novel markers such as SLCI247 and
SLC6A12, which are not expressed by mouse brain pericytes (Figure 1.11) (90). Chapter 4
presents a further refinement in the transcriptomic profile of human brain pericytes and VSMCs

derived from multiple independent scRNA-seq studies.

"Dr. Hannah Wilson Song designed the experiments and performed laser-capture microdissection; Koji L. Foreman
and Benjamin D. Gastfriend analyzed and interpreted the data. This study was published as Song HW*, Foreman
KL*, Gastfriend BD*, Kuo JS, Palecek SP, Shusta EV (2020). Transcriptomic comparison of human and mouse
brain microvessels. Sci Rep 10:12358. (*contributed equally)
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Figure 1.11. A putative gene expression profile of human brain pericytes derived via comparison of human LCM
microvessel and brain endothelial cell transcriptomes. (A) Average transcript abundance of 587 human microvessel-enriched
genes (as determined in ref. (90)) in human LCM microvessels (TPMmy) versus reference human adult brain endothelial cells
analyzed by single cell RNA-seq (TPMgc) (501). Vertical line at logo(TPMgc + 1) = 1 indicates the 1 TPM threshold employed to
identify putative pericyte-derived transcripts in the microvessel samples. Endothelial genes (e.g. PECAM1, MFSD2A4, 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 of ref. (90). (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 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
(as determined in ref. (90)). (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). Figure from Song et al., 2020 (90). Used under a Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).
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One important application of human tissue is in benchmarking animal and in vitro models.
Namely, transcriptomic and proteomic databases can be consulted to evaluate expression of
genes/proteins of interest in relevant cell types. For example, two recent mouse studies have
reported roles for brain pericyte-derived vitronectin in regulating neurogenesis (5/0) and BBB
function (57/7). While Vin is among the most highly enriched markers of brain pericytes in
multiple mouse RNA-seq and scRNA-seq datasets (56, §3), neither of the studies that evaluated
functional roles for vitronectin addressed its expression in human brain pericytes, and lack of
VTN transcript is apparent in multiple independent human RNA-seq and scRNA-seq datasets
(90, 187, 336, 391, 392, 502-504). Thus, it is unclear whether in humans, (i) pericytes do not
carry out these functions, (ii) pericytes carry out these functions via alternative ligand(s), (iii)
other cell types produce vitronectin, or (iv) lack of pericyte VTN expression is erroneous.
Consulting expression data is similarly important in validating hPSC-based models of NVU cell
types. In Chapter 3 we compare RNA-seq data from hPSC-derived ECs treated with a Wnt
activator to publicly available scRNA-seq data from human brain ECs. In Chapter 5 we compare
RNA-seq data from putative mural cells differentiated from hPSC-derived neural crest via
Notch3 overexpression to publicly available scRNA-seq data from human brain mural cells.

Finally, human tissue is useful in performing early-stage validation of BBB drug delivery
systems. For example, Georgieva et al. set out to identify single-chain variable fragments (scFvs)
that undergo RMT across the BBB and could potentially be used to deliver drugs to the CNS.
Initial rounds of scFv library screening were performed in vitro, using binding to primary human
heart and lung ECs for negative selection, and binding to and internalization into hPSC-derived
BMEC-like cells for positive selection. Lead candidate scFvs were evaluated for binding to
microvessels in mouse and human brain tissue sections prior to mouse in vivo experiments

assessing trans-BBB transport and biodistribution (385). Human and mouse brain tissue sections
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were similarly used in parallel to identify variable lymphocyte receptors (VLRs, molecules from
jawless vertebrates analogous to immunoglobulins) capable of binding to extracellular matrix
prior to in vivo biodistribution and efficacy studies in mice (5/2). Such strategies that employ
human tissue to complement in vitro and animal models may improve the likelihood that
candidate drug delivery molecules will have translational relevance.
1.6 Conclusions

The NVU supports CNS homeostasis, is impaired in CNS disorders, and represents both an
opportunity and challenge for CNS drug delivery. Understanding of NVU function has advanced
dramatically from the early observations of dye exclusion to the present era of high-resolution
‘omics profiling and powerful tools for genetic manipulation. Nonetheless, we still understand
only a small fraction of the cellular and molecular mechanisms regulating development and
function of the NVU. Improving foundational knowledge in these areas may inform future

strategies to treat human CNS disease. Some important questions, described in detail above,

include:
o What signals control the acquisition of BBB properties in CNS ECs?
J From which cell types do these signals derive?
o How do CNS ECs signal reciprocally to mural cells, astrocytes, neurons, and
other cells and what properties are regulated in this manner?
J What are the mechanisms controlling development of CNS mural cells?
o What are the molecular mechanisms underlying diversification of mural and

endothelial subtypes?

o How do CNS mural cells differ functionally from those of other organs?
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Answering these questions requires rational application of model systems, including animal
models, in vitro models, and human tissue. In many cases, new or improved models are required
to fully address these questions.

To this end, we focus in this work on advancing hPSC-based models of CNS endothelial
and mural cells, using data from human tissue to understand the extent to which these models
mimic cells in vivo. Because hPSCs are uniquely suited for examination of developmental
processes, we use these models to address questions related to molecular mechanisms of mural

cell differentiation and acquisition of BBB properties in ECs.
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Chapter 2  In vitro models of the blood-brain barrier and

neurovascular unit”

2.1 Summary

The blood-brain barrier (BBB) regulates the transport of ions, nutrients, and metabolites
to help maintain proper brain function. This restrictive interface formed by brain microvascular
endothelial cells excludes the majority of small and large molecule drugs from entering the brain,
and blood-brain barrier dysfunction is a signature of many neurological diseases. Thus, in vitro
models of the BBB based on brain endothelial cells have been developed to facilitate screening
drugs for BBB permeability. However, while brain endothelial cells form the main interface,
they work in concert with other brain-resident cells such as neural progenitor cells, pericytes,
astrocytes, and neurons to form the neurovascular unit (NVU). Importantly, non-endothelial cells
of the NVU play key roles in eliciting BBB phenotypes and in regulating the dynamic responses
of the BBB to brain activity and disease. As a result, emerging in vitro BBB models have
incorporated these NVU cell types in addition to endothelial cells. These multicellular BBB or
NVU models have found increasing application not only in drug screening, but also in studying
complex cellular and molecular mechanisms underlying BBB biology and disease.
2.2 Introduction

The blood-brain barrier (BBB) comprises highly specialized brain microvascular
endothelial cells (BMECs) that maintain the delicate balance of ions, nutrients, and other
molecules essential for proper brain function, while also excluding toxins from the central

nervous system (CNS). Among the specialized properties of BMECs are (i) lack of fenestrae, (ii)

*This chapter published as Gastfriend BD, Palecek SP, Shusta EV (2018). Modeling the blood-brain barrier: beyond
the endothelial cells. Curr Opin Biomed Eng 5:6—12.
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tight junctions between adjacent endothelial cells, (iii) presence of solute carriers that regulate
ion and small molecule transport, (iv) expression of efflux transporters including P-glycoprotein
(P-gp), Breast Cancer Resistance Protein (BCRP), and Multidrug Resistance Proteins (MRPs),
(v) low levels of pinocytosis, and (vi) receptor-mediated processes for specific uptake of
macromolecules (reviewed in (16, 98, 513)).

Although the microvascular endothelium constitutes this restrictive interface, other cell
types present in the neurovascular microenvironment during development and adulthood
including neural progenitor cells, pericytes, astrocytes, and neurons contribute significantly to
the BBB phenotype. Increasing appreciation of the importance of multiple cell types in
regulating dynamic BBB responses to physiological and disease stimuli has led to the concept of
an integrated neurovascular unit (NVU), which minimally consists of BMECs, pericytes,
astrocytes, and neurons (Figure 2.1A), and for some studies can extend to include neural stem
cells or microglia.

The development of in vitro BBB models has been driven by the desire to understand
BBB function in development, health, and disease. Moreover, because the BBB excludes the vast
majority of small molecule, protein, and gene therapeutics (85), in vitro BBB models also offer a
platform for screening drug candidates for BBB permeability. To date, considerable effort has
led to the generation of many BMEC-based models of the BBB (reviewed in (394, 412, 514)).
Importantly, in vitro models that incorporate multiple NVU cell types can have advantages over
BMEC-only models. First, the presence other NVU cell types can induce or improve barrier
properties, such as the formation of continuous tight junctions to reduce paracellular diffusion or
“leakiness”. When used for drug permeability screening, such models may therefore yield results
that are more predictive of in vivo permeability. Second, multicellular models can provide a tool

to interrogate paracrine and juxtacrine signaling that may underlie elements of BBB development
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and maintenance. Finally, given emerging knowledge about the roles of neurovascular
dysfunction in many diseases of the CNS (reviewed in (16, 515)), in vitro models of the NVU,
including those derived from patient-specific induced pluripotent stem cells (iPSCs), may
provide opportunities to better understand molecular and cellular mechanisms of CNS diseases.

We will first briefly discuss the roles of neural progenitor cells, pericytes, astrocytes, and
neurons in regulating the development and maintenance of the BBB. We will then review recent
advances in BBB modeling resulting from incorporation of NVU cells to form multicellular BBB
models, and highlight several examples of the utility of such models in understanding BBB
biology and disease.
2.3 Roles of non-endothelial NVU cells in BBB formation and function

Stewart and Wiley (2/8) used quail-chick transplantation studies to show that developing
neural tissue was necessary for endothelial BBB development. Subsequent work established the
ability of both astrocytes (251, 51/6) and neurons (576, 517) to induce BBB phenotypes in
endothelial cells. In addition, during early embryogenesis the BBB initially forms in the presence
of neural progenitor cells when astrocytes are not yet present. Studies have demonstrated the
ability of embryonic neural progenitor cells (NPCs) to induce BBB properties such as decreased
endothelial permeability and improved tight junction formation in vitro (518), and it was later
determined that Wnt/B-catenin signaling driven by NPCs is required for CNS angiogenesis and
contributes to barriergenesis during development (225). In addition, signaling through retinoic
acid secreted by radial glial cells (268), Hedgehog secreted by astrocytes (276), and GPR124
(241, 242) have also been implicated in aspects of BBB development. Key roles for pericytes in
barriergenesis have also been described, as pericytes regulate BBB endothelial tight junction
morphology, transcytosis, and expression of leukocyte adhesion molecules (30). Pericytes are

also required for the maintenance of the BBB in adulthood, as demonstrated by pericyte-
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dependent endothelial gene expression, reduction in endothelial transcytosis, and astrocyte end-
foot polarization (256). Furthermore, given the ability of astrocytes to induce and maintain
endothelial BBB properties in vitro, the close association of astrocytes with endothelial cells in
vivo, and correlations between astrocyte pathologies and BBB breakdown (reviewed in (517)), it
is likely that continued astrocyte-endothelial signaling is necessary for BBB maintenance.
Neurons similarly have the ability to induce and maintain BBB properties in vitro (445, 516,
517), but currently a detailed picture of neuron-endothelial crosstalk is lacking. Taken together,
there is a clear impact of non-BMEC cell types on BBB formation and function motivating the
development and use of multicellular NVU-type models to continue to advance our
understanding of these complex phenomena in neural health, disease, and therapy.
2.4 Advances in multicellular BBB models

Recently developed multicellular BBB models have incorporated neural progenitor cells,
pericytes, astrocytes, and neurons. These models have employed both primary and immortalized
cells from human, rodent, bovine, and porcine sources. NVU cells derived from pluripotent stem
cell or neural stem cell sources have also been used (Table 2.1). Most models have been
constructed using either Transwell culture inserts or microfluidic devices, and models based on
cell aggregates are an emerging alternative (Table 2.1). Below we will summarize each of these

configurations as they pertain to the contribution of NVU cells to the BBB model.



Table 2.1. Summary of cell types and cell sources used in multicellular BBB models.
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Neurovascular unit cell type

Species and cell source

References

BMECs

Neural progenitor/stem cells

Pericytes

Astrocytes

Neurons

Human primary
Human immortalized

Human pluripotent stem cell-derived

Porcine primary

Rat primary

Rat immortalized

Mouse primary

Mouse immortalized

Human primary

Human pluripotent stem cell-derived
Rat primary

Human primary

Human pluripotent stem cell-derived
Porcine primary

Rat primary

Mouse immortalized

Human primary

Human pluripotent stem cell-derived
Human neural progenitor cell-derived
Porcine primary

Rat primary

Mouse primary

Mouse immortalized

Human pluripotent stem cell-derived
Human neural progenitor cell-derived
Rat primary

(519-524)

(521, 525-528)

(429, 430, 435, 442, 445, 450, 529~
532)

(407, 533)

(445, 518, 528, 534)

(517)

(530)

(530, 531, 535, 536)

(430, 529, 534)

(529)

(518, 534)

(430, 435, 519-521, 523, 524, 529)
(532)

(407, 533)

(528)

(5306)

(519, 521-524, 529)

(435, 442, 445, 520, 529, 530, 532)
(430)

(407, 533)

(429, 518, 525, 528, 531, 534)
(530)

(520, 535, 536)

(442, 445, 519, 520, 532)

(430)

(517, 525)

2.4.1 Transwell models

Transwell-based BBB models typically consist of endothelial cells cultured on an

extracellular matrix-coated permeable membrane of a cell culture insert, which is then suspended

within a well of a 12- or 24-well plate (Figure 2.1B). Benefits of the Transwell platform include

ease of use, moderate scalability, and the ability to rapidly and nondestructively quantify barrier

integrity via measurement of transendothelial electrical resistance (TEER). Additionally, for

permeability screening, molecules or cells can be added to the culture medium in the top (apical

or “blood-side”) chamber and their accumulation in the bottom (basolateral or “brain-side”)

chamber evaluated over time, or vice versa. Drawbacks of the Transwell system include the

inability to apply flow and the relatively large media volume, which may attenuate the effect of
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cell-cell signaling through soluble factors. Additionally, the permeable membrane prevents

contact between BMECs and other NVU cell types.
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Figure 2.1. The NVU and multicellular BBB models. (A) Cross-section of a brain capillary, showing the organization of
BMECs, pericytes, astrocytes, and neurons. (B) Transwell, microfluidic, and cell aggregate-based in vitro model systems
incorporating BMEC monolayers along with other NVU cell types. General attributes of in vitro model systems, including: (i) the
ability to achieve cell-cell contact, (ii) the ability to quantify barrier formation by transendothelial electrical resistance (TEER)
measurement, (iii) the ease of scale up for high-throughput experiments and (iv) the ease of permeability screening, are

characterized as * poor, ** moderate, or *** excellent.
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The Transwell system can be readily adapted to multicellular BBB models, and offers
flexibility in the arrangement of different cell types depending on the intended application of the
model. NVU cell types can be cultured on the bottom of the well, allowing the exchange of
soluble factors with BMECs cultured on the insert. For example, human pluripotent stem cell
(hPSC)-derived BMECs have been co-cultured sequentially with primary human pericytes and
human neural progenitor cell-derived neurons and astrocytes in this manner, demonstrating
robust increases in TEER up to 5,000 Q x cm? (430). In addition to allowing sequential co-
culture with different cell types, the Transwell platform also allows simultaneous co-culture of
three distinct cell types while maintaining spatial separation of each cell type for subsequent
molecular analysis. BMECs are typically cultured on the top surface of the membrane, a second
cell type is cultured on the bottom surface of the membrane (sometimes referred to as “contact”
co-culture, though the membrane prevents in vivo-like cell-cell contact), and the third cell type is
cultured on the bottom of the well (Figure 2.1B). For example, Thomsen et al. developed a
Transwell BBB model incorporating primary porcine brain endothelial cells, pericytes, and
astrocytes (407). Both pericytes and astrocytes increased TEER and decreased mannitol
permeability compared to BMEC monoculture. “Contact” co-culture of pericytes and BMECs or
astrocytes and BMECs increased expression of the gene encoding the tight junction protein
claudin-5, an effect not observed in analogous “non-contact” co-cultures. Transwells are also
amenable to alternative arrangements of cells. As a recent example, Hawkins et al. demonstrated
that endothelial cells could be cultured on the bottom of the insert to facilitate a comparison of
monolayer (two-dimensional, 2D) and collagen hydrogel (three-dimensional, 3D) astrocyte
culture in the top chamber (535). Addition of TGF-B1 to 3D astrocyte-endothelial co-cultures led
to a larger decrease in TEER than in 2D, and this effect was not observed in the absence of

astrocytes.
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Several recently reported Transwell-based models incorporate one or more cell types
derived from hPSCs. hPSCs are an attractive cell source for in vitro modeling since they are
renewable and scalable, there are established protocols for their differentiation to many relevant
NVU cell types including BMEC-like cells (429, 430, 435), and the resulting cells may have
more relevance to human biology than immortalized cell lines or cells isolated from nonhuman
animals, particularly for modeling human disease. For example, a quadruple-culture model
encompassing hPSC-derived brain endothelial cells, hPSC-derived and primary astrocytes and
neural stem cells, and primary pericytes exhibited increased TEER, decreased permeability to 40
kDa dextran, and increased expression of the glucose transporter Glut-1 (SLC2A47) compared to
endothelial monoculture (529). Another potentially powerful application of stem cell technology
is the use of patient-derived iPSCs to create patient-specific multicellular BBB models wherein
all cell types are derived from the same donor iPSC line. Recently, Canfield ef al. demonstrated
the differentiation of BMECs, neurons, and astrocytes from the same iPSC line (44)5).
Subsequent triple-culture of BMECs with a mixture of neurons and astrocytes in a
physiologically-relevant 1:3 ratio increased TEER and improved tight junction continuity
compared to BMECs cultured alone. As another example, co-differentiation of endothelial cells
and pericytes from iPSCs by sequential treatment with several growth factors, and co-culture
with iPSC-derived neurons and astrocytes induced BBB properties in the endothelial cells,
including expression of nutrient and efflux transporters and development of tight junctions (532).
Subsequently, the resultant BMEC-like cells were purified via FACS and incorporated in a
Transwell model in co-culture with astrocytes. Examples of the utility of such NVU models

derived from patient-specific iPSCs in disease modeling are discussed below.
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2.4.2  Microfluidic models

Microfluidic devices offer several benefits in multicellular BBB modeling. Compared to
Transwells, the smaller relative medium volume in microfluidic systems minimizes dilution of
secreted factors that may be important in modulating BBB properties. These systems also
facilitate the application of shear stress by medium flow, mimicking the effect of blood flow in
vivo, and therefore serve as a platform to investigate influences of shear stress on BBB properties
(450, 522). Microfluidic models also permit a more physiologically-relevant arrangement of the
different NVU cell types, including the possibility of legitimate cell-cell contacts (Figure 2.1B).
Drawbacks of microfluidic BBB models include limited scalability and the requirement of
specialized equipment and expertise for their construction.

As a recent example of a microfluidic device facilitating physiologically-relevant
arrangement of cell types, Adriani et al. developed a BBB model employing primary rat NVU
cells in four parallel channels (525). The first channel contained a neural cell culture medium,
the second and third contained hydrogels with neurons and astrocytes, respectively, and the
fourth contained a tubular BMEC monolayer and endothelial cell culture medium. The authors
demonstrated close association of astrocyte processes with endothelial cells, confirmed the
formation of a barrier by evaluating dextran permeability from the lumen, and assayed the
barrier’s restrictiveness to glutamate via neuronal calcium imaging.

Other microfluidic devices employ permeable membranes as a BMEC substrate. For
example, primary rat BMECs and pericytes were cultured on opposite sides of a membrane and
astrocytes were cultured on the bottom surface of the device, reminiscent of the common
Transwell arrangement (528). The device also incorporates transparent electrodes for TEER
measurement and imaging during operation. Wang et al. similarly constructed a microfluidic

device for the triple-culture of immortalized mouse BMECs, pericytes, and astrocytes, and
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showed a significant increase in P-gp activity in a model incorporating all three cell types
compared to an endothelial-pericyte co-culture (536). Furthermore, increasing the medium
volume decreased TEER, likely as a result of the dilution of astrocyte- or pericyte-secreted
factors.

Finally, microfluidic systems incorporating iPSC-derived BMECs are also emerging.
Wang et al. co-cultured iPSC-derived BMECs with primary rat astrocytes in a microfluidic
device where flow is driven by gravity and scaled to achieve a medium residence time similar to
that observed in the brain microcirculation (537). The multicellular BBB system maintained
TEER above 3000 Q x ¢cm? up to day 10 of operation, and permeabilities for six evaluated small
and large molecules correlated well to in vivo transport across the BBB. In the future,
microfluidic models incorporating multiple iPSC-derived NVU cell types, rather than from

primary or immortalized sources, may offer improvements in fidelity and scalability.

2.4.3  Cell aggregate-based models

Self-assembled cell aggregates comprising BMECs, astrocytes, and pericytes are
emerging as a possible alternative to Transwell and microfluidic models for certain applications.
These “spheroid” models permit direct contact between different NVU cell types and develop an
endothelial monolayer for permeability studies (Figure 2.1B). Furthermore, such models are
highly scalable and simpler to fabricate and operate than microfluidic devices. Drawbacks of
these models include the inability to measure TEER, and their present lack of neurons.

Urich et al. first demonstrated that under low-attachment culture conditions, primary
human brain endothelial cells, astrocytes, and pericytes self-assembled into organized spheroidal
structures with an astrocyte core covered with pericytes surrounded by an outer monolayer of
endothelial cells (524). BMECs in the assembled spheroids possess tight junctions and P-gp

activity, and proof-of-concept screening of a panel of fluorescently-labeled cell-penetrating
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peptides identified four peptides that appeared to enter the brain after intravenous injection (5217).
Incorporating iPSC-derived cell types will be an important next step toward realizing the full

utility of this emerging aggregate-based BBB model system.

2.5 Applications of NVU models

The significant technical advances in multicellular BBB models described above have
facilitated recent applications in understanding neurovascular biology and disease. One exciting
set of applications has leveraged patient-specific iPSCs for neurovascular disease modeling. For
example, astrocytes were differentiated both from normal iPSCs and those carrying mutations in
Amyotrophic Lateral Sclerosis linked genes SODI or FUS (530). The authors showed that
endothelial cells co-cultured with SOD/-mutant astrocytes had increased P-gp expression and
activity compared to endothelial cells co-cultured with normal astrocytes, and that this effect was
dependent on nuclear translocation of NF-kB and correlated with increased reactive oxygen
species (ROS) in endothelial cells. They also demonstrated that FUS-mutant astrocytes induced
similar effects on P-gp and NF-«kB activity, but these effects correlated with TNF-a production
rather than ROS (530). As another example, BMECs, astrocytes, and neurons were differentiated
from iPSCs carrying mutations in the thyroid hormone transporter monocarboxylate transporter 8
(MCTS), which has been linked to Allan-Herndon-Dudley syndrome (AHDS), a severe form of
mental retardation (442). Using the iPSC-derived cells to individually model the effects of
MCT8-deficiency indicated that neural cell development proceeded normally in a T3 thyroid
hormone-dependent fashion. However, MCTS8-deficiency substantially reduced T3z thyroid
hormone transport across BMECs in a Transwell model to suggest that AHDS may be a result of
a BBB transport deficiency. Notably, through the use of genome editing tools, the phenotype

could be rescued by correcting the MCT8 mutation in patient-derived iPSCs.
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Other applications have sought to use multicellular BBB models to understand the
response of the NVU to inflammatory stimuli. Brown et al. constructed a NVU model from
primary human BMECs and pericytes, mouse astrocytes, and human iPSC-derived neurons in a
two-chamber microfluidic device (520). After exposure of the vascular (apical) chamber to
lipopolysaccharide (LPS) or a cocktail of inflammatory cytokines, the authors harvested media
from the vascular and brain chambers and used LC-MS-based metabolomics to identify
metabolic pathways influenced by inflammatory stimuli, including several that were
differentially-affected between the two chambers, indicating the impact of the multicellular
configuration. Similarly, a microfluidic NVU model comprising a tubular monolayer of primary
human BMECs surrounded by pericytes or astrocytes was employed to evaluate cytokine release
upon TNF-a stimulation (523). The authors demonstrated that astrocyte and pericyte co-cultures
showed increased basal levels of the pro-survival cytokine granulocyte colony stimulating factor
(G-CSF) compared to BMEC monoculture, and co-cultures also displayed increased induction of
G-CSF upon TNF-a stimulation. They further showed that these effects were not detectable in an
analogous Transwell model. Taken together, these examples demonstrate the unique ability of
multicellular in vitro models of the NVU to provide novel biological insights that would be
difficult or impossible to discern with BMEC-only models.

2.6 Conclusions

The shift from BMEC-centric in vitro BBB models to multicellular BBB models with one
or more additional NVU cell types has greatly expanded their potential beyond drug permeability
screening to the interrogation of molecular and cellular mechanisms underlying BBB physiology
and disease. We therefore anticipate increasing application of multicellular BBB models
incorporating iPSC-derived BMECs and other NVU cell types to the study of neurovascular

contributions to diseases. As new models of the NVU are developed, additional elements that
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merit consideration include the composition of extracellular matrix (533) and inclusion of
additional cell types such as microglia, especially in the context of inflammation (537). Finally,
we suggest that incorporating additional cell types present in vascular microenvironments may
improve the utility of other in vitro models such as those related to the blood-nerve barrier or

other organ-specific endothelia.
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Chapter 3 Wnt signaling mediates acquisition of blood-brain
barrier properties in naive endothelium derived from

human pluripotent stem cells”

3.1 Summary

Endothelial cells (ECs) in the central nervous system (CNS) acquire their specialized
blood-brain barrier (BBB) properties in response to extrinsic signals, with Wnt/B-catenin
signaling coordinating multiple aspects of this process. Our knowledge of CNS EC development
has been advanced largely by animal models, and human pluripotent stem cells (hPSCs) offer the
opportunity to examine BBB development in an in vifro human system. Here we show that
activation of Wnt signaling in hPSC-derived naive endothelial progenitors, but not in matured
ECs, leads to robust acquisition of canonical BBB phenotypes including expression of GLUT-1,
increased claudin-5, decreased PLVAP and decreased permeability. RNA-seq revealed a
transcriptome profile resembling ECs with CNS-like characteristics, including Wnt-upregulated
expression of LEF1, APCDDI, and ZIC3. Together, our work defines effects of Wnt activation
in naive ECs and establishes an improved hPSC-based model for interrogation of CNS

barriergenesis.

3.2 Introduction
In the central nervous system (CNS), vascular endothelial cells (ECs) are highly
specialized, with complex tight junctions, expression of a spectrum of nutrient and efflux

transporters, low rates of vesicle trafficking, no fenestrae, and low expression of immune cell

*This chapter published as Gastfriend BD, Nishihara H, Canfield SG, Foreman KL, Engelhardt B, Palecek SP,
Shusta EV (2021). Wnt signaling mediates acquisition of blood-brain barrier properties in naive endothelium
derived from human pluripotent stem cells. eLife 10:¢70992.

Supplementary files referenced in this chapter are available in the online version of this publication at
http://doi.org/10.7554/eLife.70992
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adhesion molecules (39, 538). ECs bearing these attributes, often referred to as the blood-brain
barrier (BBB), work in concert with the other brain barriers to facilitate the tight regulation of the
CNS microenvironment required for proper neuronal function (/22, 539). During development,
the Wnt/B-catenin signaling pathway drives both CNS angiogenesis, during which vascular
sprouts originating from the perineural vascular plexus invade the developing neural tube, and
the coupled process of barriergenesis by which resulting ECs begin to acquire BBB properties
(225, 227, 228, 375, 540). Specifically, neural progenitor-derived Wnt7a and Wnt7b ligands
signal through Frizzled receptors and the obligate co-receptors RECK and GPR124 (ADGRA?2)
on endothelial cells (237, 241, 242, 247-249). Other ligands function analogously in other
regions of the CNS, including Norrin in the retina and cerebellum (235, 238) and potentially
Wnt3a in the dorsal neural tube (225). Furthermore, Wnt/B-catenin signaling is required for
maintenance of CNS EC barrier properties in adulthood (547), with astrocytes as a major source
of Wnt7 ligands (56, 279, 542).

Molecular hallmarks of Wnt-mediated CNS EC barriergenesis are (i) acquisition of
glucose transporter GLUT-1 expression, (ii) loss of plasmalemma vesicle-associated protein
(PLVAP), and (iii) upregulation of claudin-5 (71, 225, 241, 247, 375). Notably, the Wnt-
mediated switch between the “leaky” EC phenotype (GLUT-1- PLVAP* claudin-5"" ) and the
barrier EC phenotype (GLUT-1" PLVAP- claudin-5"¢") correlates with reduced permeability to
molecular tracers (238, 247) and is conserved in multiple contexts. For instance,
medulloblastomas that produce Wnt-inhibitory factors have leaky vessels (543). Moreover,
vasculature perfusing circumventricular organs is leaky due to low levels of Wnt signaling (77,
379). Notably, ectopic activation of Wnt in ECs of circumventricular organs induces GLUT-1
and suppresses PLVAP (71, 379). However, similar ectopic activation of Wnt in liver and lung

ECs produces only very minor barriergenic effects (367), and Wnt activation in cultured primary
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mouse brain ECs does not prevent culture-induced loss of barrier-associated gene expression
(226). The reasons for the apparent context-dependent impacts of Wnt activation in ECs remain
unclear and motivate systematic examination of this process in a simplified model system.
Further, given species differences in brain EC transporter expression (544), drug permeability
(88), and gene expression (90), this process warrants investigation in human cells to complement
mouse in vivo studies.

Prior studies have evaluated the impact of Wnt activation in immortalized human brain
ECs and observed only modest effects on barrier phenotype (545, 546). Combined with the
aforementioned deficits observed in primary adult mouse brain endothelial cells that are not
rescued by ectopic Wnt activation (226), one possibility is that mature, adult endothelium is
largely refractory to Wnt activation, and that Wnt responsiveness is a property of immature
endothelial cells analogous to those in the perineural vascular plexus. Human pluripotent stem
cells (hPSCs) offer an in vitro human model system for systematic investigation of molecular
mechanisms of BBB phenotype acquisition, especially given their ability to model early stages of
endothelial specification and differentiation. However, currently available hPSC-based models of
CNS endothelial-like cells are not well suited for modeling the BBB developmental progression
as they do not follow a developmentally-relevant differentiation trajectory, lack definitive
endothelial identity, or have been incompletely characterized with respect to the role of
developmental signaling pathways (452, 453, 456). As a potential alternative, hPSCs can also be
used to generate immature, naive endothelial progenitors (458) that could be used to better
explore the induction of BBB phenotypes. For example, we recently reported that extended
culture of such hPSC-derived endothelial progenitors in a minimal medium yielded ECs with
improved BBB tight junction protein expression and localization which led to improved

paracellular barrier properties (468). However, as shown below, these cells exhibit high
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expression of PLVAP and little expression of GLUT-1, indicating the need for additional cues to
drive CNS EC specification.

In this work, we aimed to define the effects of activating Wnt/B-catenin signaling in
hPSC-derived, naive endothelial progenitors and assess the extent to which this strategy would
drive development of a CNS EC-like phenotype. We found that many aspects of the CNS EC
phenotype, including the canonical GLUT-1, claudin-5, and PLVAP expression effects, were
regulated by CHIR 99021, a small molecule agonist of Wnt/B-catenin signaling. CHIR treatment
in matured ECs produced a more limited response. Whole-transcriptome analysis revealed
definitive endothelial identity of the resulting cells and CHIR-upregulated expression of known
CNS EC transcripts, including LEF1, APCDD1, AXIN2, SLC241, CLDNS5, LSR, ABCG2, SOX7,
and ZIC3. We also observed an unexpected CHIR-mediated upregulation of caveolin-1, which
did not, however, correlate with increased uptake of a dextran tracer. Thus, we provide evidence
that Wnt activation in hPSC-derived naive endothelial progenitors is sufficient to induce many
aspects of the CNS barrier EC phenotype, and we establish a model system for further systematic

investigation of putative barriergenic cues.



3.3 Methods

Table 3.1. Key resources table.

&9

Reagent . . Source or . Additional
type Designation reference Identifier information
. Available from
Che” line iPSC: IMR90-4 WiCell; RRID: CVCL_C437
(human) Ref. (425)
Available from
Cell line iPSC: WTC11 Gladstone RRID: CVCL_Y803
(human) Institutes; -
Ref. (547)
Celllineipq. 19.9.11-7TGP-isheat3 Laboratory
(human) stock
. Laboratory
g}e” 1;‘1‘; hESC: H9-7TGP-ishcat2 stock
um Ref. (548)
. Laboratory
cel hn‘; hESC: H9-CDH5-eGFP stock
(human Ref. (549)
. Anti-CD31-FITC (mouse . R Cat# 130-117-390
Antibody 1 Snoclonal IeGl, clone AC12g)  Miltenyi Biotee  ppin AR 2733637
. Anti-CD31-APC (mouse . R Cat# 130-119-891
Antibody 1 noclonal IeGl, clone AC12g)  Miltenyi Biotee  ppin A B 2784124
. Anti-CD34-FITC (mouse . o Cat# 130-113-178
Antibody 1 Snoclonal [9G2a, clone AC136)  Miltenyi Biotee  ppin aAB 2726005
. Anti-B-catenin-Alexa Fluor 488 . Cat# 562505
Antibody (IIrllolllgecrerlloerrll(l)r(lzlonZTEIlgGliorclone 14) BD Biosciences R%ID:AB 11154204  (1:100,1CC)
Antibod Anti-GLUT-1 (mouse monoclonal Invitrogen Cat# MAS-11315 (1:100, ICC)
nubody IgG2a, clone SPM498) & RRID:AB 10979643 (1:500, WB)
. Anti-calponin (mouse monoclonal . . Cat# C2687 .
Antibody 1sG1, clone hCP) Sigma-Aldrich RRID:AB 476840 (1:15000, ICC)
Antibody  Anti-SM22a (rabbit polyclonal) ~ Abcam L ool (1:1000, ICC)
Antibod Anti-claudin-5 (mouse monoclonal Invitrogen Cat# 35-2500 (1:100, ICC)
nubody IgG1, clone 4C3C2) g RRID:AB 2533200 (1:500, WB)
. . . . Cell Signaling Cat# 3238 .
Antibody Anti-caveolin-1 (rabbit polyclonal) Technology RRID:AB 2072166 (1:500, ICC)
Antibody ~ Anti-CD31 (rabbit polyclonal) LabVision  par SO (1:100,1¢0)
Antibody f;réli Iiﬁgg‘;‘ge monoclonal BD Biosciences g anoan so377g  (1:100,1CC)
Antibod Anti-VE-cadherin (mouse Santa Cruz Cat# sc-52751 (1:100, ICC)
nbody monoclonal IgG2a, clone BV9) Biotechnology RRID:AB 628919 (1:250, WB)
. Anti-B-actin (rabbit monoclonal Cell Signaling Cat# 4970 .
Antibody 1,65 Clone 13ES) Technology  RRID:AB 2223172 (11000, WB)
. . . Prestige Cat# HPA002279 (1:200, ICC)
Antibody  Anti-PLVAP (rabbit polyclonal) iy i RRID:AB 1079636  (1:250. WB)
. . . Prestige Cat# HPA007270 .
Antibody Anti-LSR (rabbit polyclonal) Antibodics RRID:AB 1079253 (1:250, WB)
oty R BT g IO 00100
Antibody gg‘(ag 5:;%2?;071 fr?;t) anti-rabbit g iirogen A o sgls | (1:200,1CC)
Antibody Alexa Fluor 488 goat anti-mouse Invitrogen Cat# A-21121 (1:200, ICC)

IgG1 (goat polyclonal)

RRID:AB 2535764
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Alexa Fluor 647 goat anti-mouse

Cat# A-21241

Antibody 1G24 (goat polyclonal) Invitrogen RRID:AB 2535810 (1:200,1CC)
. Alexa Fluor 555 goat anti-rabbit . Cat# A-21428 .

Antibody  1.G (goat polyclonal) Invitrogen RRID:AB 2535849  (1:200,1CC)
. IRDye 800CW goat anti-mouse IgG ~ LI-COR Cat# 926-32210 .

Antibody (goat polyclonal) Biosciences RRID:AB 621842 (1:5000, WB)
. IRDye 800CW goat anti-rabbit IgG ~ LI-COR Cat# 926-32211 .

Antibody (goat polyclonal) Biosciences RRID:AB 621843 (1:3000, WB)
. IRDye 680RD goat anti-rabbit [gG ~ LI-COR Cat# 926-68071 .

Antibody (goat polyclonal) Biosciences RRID:AB 10956166 (1:5000, WB)

Commercial . . .

assay or kit RNeasy Plus Micro Kit Qiagen Cat# 74034

Chemical

compound or CHIR 99021 Tocris Cat# 4423

drug

Chemical

compound or Vybrant DyeCycle Green Stain Invitrogen Cat# V35004

drug

Chemical Dextran, Alexa Fluor 488; 10,000

compound or S > Invitrogen Cat# D22910

MW, Anionic, Fixable

drug

Software or 5 gy Ref. (550) RRID:SCR 013027  v1.3.3

algorithm

Software or 3 \io Ref. (551) RRID:SCR 016368  v2.4.2

algorithm -

Software or R Foundation ~ RRID:SCR_001905  v3.6.3

algorithm -

Software or  pypg. o Ref. (552) RRID:SCR 015687  v1.26.0

algorithm

Software or .0 Ry Ref. (553) RRID:SCR 019214  v2.42.1

algorithm -

Software or  yu 50 Ref. (554) RRID:SCR 003302  v1.70-3

algorithm

Software or (v < ane Ref. (555) RRID:SCR_003032  v3.8.2

algorithm

Software or  pyyya0e) Ref. (556) RRID:SCR_002285  v2.0.0-rc-68

algorithm

Software or oo Studio LI-COR RRID:SCR 015795  v5.2

algorithm Biosciences

Software or gy 054 BD Biosciences RRID:SCR_008520  v10.7.1

algorithm -

Software or - p\ip py,, SAS Institute ~ RRID:SCR 014242 v15.0.0

algorithm -

Software or  pyey GraphPad RRID:SCR 002798  v5.0.1

algorithm Software -
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3.3.1 hPSC maintenance

Tissue culture plates were coated with Matrigel, Growth Factor Reduced (Corning,
Glendale, AZ). A 2.5 mg aliquot of Matrigel was thawed and resuspended in 30 mL DMEM/F-
12 (Life Technologies, Carlsbad, CA), and the resulting solution used to coat plates at 8.7
pg/cm? (1 mL per well for 6-well plates; 0.5 mL per well for 12-well plates). Plates were
incubated at 37°C for at least 1 h prior to use. hPSCs were maintained on Matrigel-coated plates
in E§ medium (STEMCELL Technologies, Vancouver, Canada) at 37°C, 5% CO». hPSC lines
used were: IMR90-4 iPSC, WTC11 iPSC, H9-CDH5-eGFP hESC, H9-7TGP-ishcat2 hESC, and
19-9-11-7TGP-ishcat3 iPSC. Medium was changed daily. When hPSC colonies began to touch,
typically at approximately 70-80% confluence, cells were passaged using Versene (Life
Technologies). Briefly, cells were washed once with Versene, then incubated with Versene for 7
min at 37°C. Versene was removed and cells were dissociated into colonies by gentle spraying
with E8 medium. Cells were transferred at a split ratio of 1:12 to a new Matrigel-coated plate
containing E8 medium. hPSC cultures were routinely tested for mycoplasma contamination

using a PCR-based assay performed by the WiCell Research Institute (Madison, WI).

3.3.2 Endothelial progenitor cell differentiation

EPCs were differentiated according previously published protocols (458, 459, 468) with
slight modifications. On day -3 (D-3), hPSCs were treated with Accutase (Innovative Cell
Technologies, San Diego, CA) for 7 min at 37°C. The resulting single cell suspension was
transferred to 4x volume of DMEM/F-12 (Life Technologies) and centrifuged for 5 min, 200xg.
Cell number was quantified using a hemocytometer. Cells were resuspended in E§ medium
supplemented with 10 uM ROCK inhibitor Y-27632 dihydrochloride (Tocris, Bristol, United
Kingdom) and seeded on Matrigel-coated 12-well plates at a density of (1.5-2.5)x10* cells/cm?,

I mL per well. Cells were maintained at 37°C, 5% CO,. On the following two days (D-2 and D-
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1), the medium was replaced with E8 medium. The following day (DO0), differentiation was
initiated by changing the medium to LaSR medium (Advanced DMEM/F-12 [Life
Technologies], 2.5 mM GlutaMAX [Life Technologies], and 60 pg/mL L-ascorbic acid 2-
phosphate magnesium [Sigma-Aldrich, St. Louis, MO]) supplemented with 7-8 uM CHIR
99021 (Tocris), 2 mL per well. The following day (D1), medium was replaced with LaSR
medium supplemented with 7-8 uM CHIR 99021, 2 mL per well. On the following three days
(D2, D3, and D4), the medium was replaced with pre-warmed LaSR medium (without CHIR), 2
mL per well.

On D5, EPCs were isolated using CD31 magnetic activated cell sorting (MACS). Cells
were treated with Accutase for 15-20 min at 37°C. The resulting cell suspension was passed
through a 40 um cell strainer into an equal volume of DMEM (Life Technologies) supplemented
with 10% FBS (Peak Serum, Wellington, CO) and centrifuged for 5 min, 200xg. Cell number
was quantified using a hemocytometer. Cells were resuspended in MACS buffer (Dulbecco’s
phosphate buffered saline without Ca and Mg [DPBS; Life Technologies] supplemented with
0.5% bovine serum albumin [Sigma-Aldrich] and 2 mM EDTA [Sigma-Aldrich]) at a
concentration of 107 cells per 100 puL. The CD31-FITC antibody (Miltenyi Biotec, Auburn, CA)
was added to the cell suspension at a dilution of 1:50. The cell suspension was incubated for 30
min at room temperature, protected from light. The cell suspension was brought to a volume of
15 mL with MACS buffer and centrifuged for 5 min, 200xg. The supernatant was aspirated and
the pellet resuspended in MACS buffer at a concentration of 107 cells per 100 puL. The FITC
Selection Cocktail from the EasySep Human FITC Positive Selection Kit (STEMCELL
Technologies) was added at a dilution of 1:10 and the cell suspension was incubated for 20 min

at room temperature, protected from light. The Dextran RapidSpheres (magnetic particles)
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solution from the Selection Kit was added at a dilution of 1:20 and the cell suspension was
incubated for an additional 15 min at room temperature.

The cell suspension was brought to a total volume of 2.5 mL with MACS buffer (for total
cell number less than 2x10%, the approximate maximum yield from two 12-well plates; for a
larger number of plates/cells, a total volume of 5 mL was used). 2.5 mL of cell suspension was
transferred to a sterile 5 mL round-bottom flow cytometry tube and placed in the EasySep
magnet (STEMCELL Technologies) for 5 min. The magnet was inverted to pour off the
supernatant, the flow tube removed, the retained cells resuspended in 2.5 mL of MACS buffer,
and the flow tube placed back in the magnet for 5 min. This step was repeated 3 times, and the
resulting cell suspension transferred to a centrifuge tube, and centrifuged for 5 min, 200xg. Cell
number was quantified using a hemocytometer. Resulting EPCs were used directly for
experiments as described below or cryopreserved in hECSR medium supplemented with 30%
FBS and 10% DMSO for later use. hESCR medium is Human endothelial serum-free medium
(Life Technologies) supplemented with 1x B-27 supplement (Life Technologies) and 20 ng/ml
FGF2 (Waisman Biomanufacturing, Madison, WI).
3.3.3  Endothelial cell culture and treatment

Collagen IV (Sigma-Aldrich) was dissolved in 0.5 mg/mL acetic acid to a final
concentration of 1 mg/mL. Collagen IV-coated plates were prepared by diluting a volume of this
stock solution 1:100 in water, adding the resulting solution to tissue culture plates, or #1.5 glass
bottom plates (Cellvis, Sunnyvale, CA) for cells intended for confocal imaging (1 mL per well
for 6-well plates, 0.5 mL per well for 12-well plates, 0.25 mL per well for 24-well plates), and
incubating the plates for 1 h at RT. Collagen IV coating solution was removed and EPCs
obtained as described above were suspended in hECSR medium and plated at approximately

3x10* cells/cm?. In some experiments, ligands and small molecules were added to hECSR
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medium: CHIR 99021 (Tocris) was used at 4 uM except where indicated; DMSO (Sigma-
Aldrich) was used as a vehicle control for CHIR; Wnt3a (R&D Systems) was used at 20 ng/mL;
doxycycline was used at 1, 2, or 4 pg/mL. The hECSR medium, including any ligands or small
molecules, was replaced every other day until confluent (typically 6 days). We denote this time
point “Passage 1.”

For extended culture, ECs were selectively dissociated and replated as previously
described (468). Cells were incubated with Accutase until endothelial cells appeared round,
typically 2—3 min at 37°C. The plate was tapped to release the ECs while SMLCs remained
attached, and the EC-enriched cell suspension transferred to 4% volume of DMEM/F-12 and
centrifuged for 5 min, 200xg. Cells were resuspended in hECSR medium and seeded on a new
collagen TV-coated plate at approximately 3x10* cells/cm?. hRECSR medium was replaced every
other day until confluent (typically 6 days). The selective dissociation and seeding described
above was repeated, and hECSR medium was again replaced every other day until confluent
(typically 6 days). We denote this time point “Passage 3.” In one experiment, these steps were
repeated for another two passages. Except where indicated, CHIR 99021 or vehicle (DMSO) was

included in the hECSR medium for the entire duration of culture.

3.3.4 RNA-seq

RNA-seq was performed on ECs and SMLCs from the IMR90-4 hPSC line. Four
independent differentiations were performed, with DMSO- and CHIR-treated ECs at Passage 1
analyzed from all four differentiations. DMSO- and CHIR-treated ECs at Passage 3 were
analyzed from three of the four differentiations. DMSO-treated SMLCs at Passage 1 were
analyzed from two of the four differentiations. Fluorescence-activated cell sorting (FACS) was
used to isolate CD31" ECs and CD31- SMLCs from mixed Passage 1 cultures. Cells were

incubated with Accutase for 10 min at 37°C, passed through 40 um cell strainers into 4x volume
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of DMEM/F-12, and centrifuged for 5 min, 200xg. Cells were resuspended in MACS buffer and
incubated with CD31-APC antibody (Miltenyi Biotec) for 30 min at 4°C, protected from light.
The cell suspension was brought to a volume of 15 mL with MACS buffer and centrifuged at
4°C for 5 min, 200xg. Cells were resuspended in MACS buffer containing 2 pg/mL 4’,6-
diamidino-2-phenylindole (DAPI; Life Technologies). A BD FACSAria III Cell Sorter (BD
Biosciences, San Jose, CA) was used to isolate DAPT'CD31" cells (live ECs) and DAPI'CD31~
cells (live SMLCs). The resulting cell suspensions were centrifuged at 4°C for 5 min, 200xg, and
cell pellets immediately processed for RNA extraction as described below.

RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, Germantown, MD). Buffer
RLT Plus supplemented with 1% B-mercaptoethanol was used to lyse cells (pellets from FACS
of Passage 1 cells, or directly on plates for Passage 3 ECs). Lysates were passed through gDNA
Eliminator spin columns, loaded onto RNeasy MinElute spin columns, washed with provided
buffers according to manufacturer instructions, and eluted with RNase-free water. Sample
concentrations were determined using a NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA) and RNA quality assayed using an Agilent 2100 Bioanalyzer with Agilent RNA
6000 Pico Kit (Agilent, Santa Clara, CA). First-strand cDNA synthesis was performed using the
SMART-Seq v4 Ultra Low Input RNA kit (Takara Bio, Mountain View, CA) with 5 ng input
RNA followed by 9 cycles of PCR amplification and library preparation using the Nextera XT
DNA Library Prep Kit (Illumina, San Diego, CA). Sequencing was performed on a NovaSeq
6000 (Illumina), with approximately 40—60 million 150 bp paired-end reads obtained for each
sample.

FASTQ files were aligned to the human genome (hg38) and transcript abundances
quantified using RSEM (v1.3.3) (550) calling bowtie2 (v2.4.2) (5517). Estimated counts from

RSEM were input to DESeq2 (v1.26.0) (552) implemented in R (v3.6.3) for differential
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expression analysis. Elsewhere, transcript abundances are presented as transcripts per million
(TPM). Differentiation pairing as described above was included in the DESeq2 designs. The
Wald test with Benjamini-Hochberg correction was used to generate adjusted P-values. Principal
component analysis was performed on counts after the DESeq2 variance stabilizing
transformation. Transcription factor annotations were based on the list available at
http://humantfs.ccbr.utoronto.ca/ (557); secreted and transmembrane annotations were based on
the UniProt database (558). Weighted Gene Correlation Network Analysis (WGCNA) (v1.70-3)
(554, 559) was performed on the 14 EC datasets. Genes with an average of fewer than 50
estimated counts across these datasets were excluded, and the DESeq2 variance stabilizing
transformation was used to generate the expression matrix for input to WGCNA. The topological
overlap matrix (TOM) was constructed using the signed network type and a power of 20.
Hierarchical clustering was performed on dissimilarity (1 — TOM) with average linkage. Gene
modules were detected by a constant height (0.99) cut of the hierarchical clustering dendrogram
with a minimum module size of 30 genes. Module eigengenes (the first principal component of
the expression matrix for genes in each module) were computed as described, and the Pearson
correlation between module eigengenes and experimental variables (CHIR v. DMSO: CHIR =1,
DMSO = 0; Passage 3 v. Passage 1: Passage 3 = 1, Passage 1 = 0) was used to identify modules
of interest. Cytoscape (v3.8.3) (555) was used to visualize the 30 genes in the green module
(strong positive correlation with CHIR treatment) with the highest intramodular connectivity.
The list of genes, corresponding modules, and correlations to experimental variables and module
eigengenes is provided in Supplementary file 3.

Bulk RNA-seq data from the literature (FASTQ files; see Table 3.2) were obtained from
the Gene Expression Omnibus (GEO). These FASTQ files were aligned to the mouse genome

(mm10) and transcript abundances quantified as described above. DESeq2 was used for
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differential expression analysis as described above. For direct comparison of human and mouse
data, the biomaRt package (v2.42.1) (553) and Ensembl database (560) was used to map human
gene names to mouse homologs. Venn diagrams were generated using the tool available at
http://bioinformatics.psb.ugent.be/webtools/Venn/. To identify solute carrier and efflux
transporter genes highly expressed at the human BBB in vivo, we used five human brain scRNA-
seq datasets (see Table 3.2) integrated in a previous meta-analysis (336). SLC and ABC genes
with average expression greater than 100 TPM in endothelial cells across the five independent
datasets were selected. For pathway enrichment analysis, lists of upregulated genes (logz(fold
change) > 0, adjusted P-value < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction)
were tested against the Hallmark gene sets collection (56/) using the tool available at

http://www.gsea-msigdb.org/gsea/msigdb/annotate.jsp.



Table 3.2. Previously published datasets used.

Citation Description Identifiers Source

GSM3040844

GSM3040845

GSM3040852

GSM3040853  https://www.ncbi.nlm.nih.gov/
GSM3040858 geo/query/acc.cgi?acc=GSE111839
GSM3040859

GSM3040864

GSM3040865

Adult mouse postnatal
Ref. (65) day 7 brain, liver, lung,
and kidney ECs

GSM2498580

GSM2498581

GSM2498582

GSM2498583  https://www.ncbi.nlm.nih.gov/
GSM2498584  geo/query/acc.cgi?acc=GSE95201
GSM2498585

GSM2498586

GSM2498587

Adult mouse liver ECs
Ref. (367) (controls and B-catenin
gain-of-function)

GSM3455653
GSM3455654
Adult mouse anterior GSM3455657
and posterior pituitary GSM3455658  https://www.ncbi.nlm.nih.gov/

Ref. (71) ECs (controls and B- GSM3455661 geo/query/acc.cgi?acc=GSE122117
catenin gain-of-function) GSM3455662
GSM3455665
GSM3455666
GSM4160534
GSM4160535
GSM4160536
Adult mouse brain ECs GSM4160537
Ref. (226) cultured in vitro GSM4160538  https://www.ncbi.nlm.nih.gov/
’ (controls and B-catenin GSM4160539  geo/query/acc.cgi?acc=GSE118731
gain-of-function) GSM4160540
GSM4160541
GSM4160542
GSM4160543
Meta-analysis of human
Ref. (336) brain single cells across
(Chapter 4) multiple developmental

stages and brain regions
(enumerated below)

https://portal.brain-map.org/atlases-
Ref. (502) Adult neocortex and-data/rnaseq/human-multiple-
cortical-areas-smart-seq

http://solo.bmap.ucla.edu/

Ref. (392) GW17-18 neocortex shiny/webapp/
GSM3980129
Ref. (503) Adult temporal lobe and ~ GSM4008656  https://www.ncbi.nlm.nih.gov/
' cerebellum GSM4008657 geo/query/acc.cgi?acc=GSE134355
GSM4008658
Ref. (391) GW6-11 ventral https://www.ncbi.nlm.nih.gov/
' midbrain geo/query/acc.cgi?acc=GSE76381
Ref. (504) GW16-27 hippocampus https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE119212




99

3.3.5 Immunocytochemistry

Immunocytochemistry was performed in 24-well plates. Cells were washed once with
500 pL DPBS and fixed with 500 pL cold (—20°C) methanol for 5 min, except cells intended for
calponin/SM22a and CD31/Ki67 detection, which were fixed with 500 pL of 4%
paraformaldehyde for 15 min. Cells were washed three times with 500 uL. DPBS and blocked in
150 puL DPBS supplemented with 10% goat serum (Life Technologies) for 1 h at room
temperature, except cells intended for calponin/SM22a detection, which were blocked and
permeabilized in DPBS supplemented with 3% BSA and 0.1% Triton X-100, or cells intended
for CD31/Ki67 detection, which were blocked and permeabilized in DPBS supplemented with
5% non-fat dry milk and 0.4% Triton X-100. Primary antibodies diluted in 150 pL of the above
blocking solutions (see Table 3.1 for antibody information) were added to cells and incubated
overnight at 4°C on a rocking platform. Cells were washed three times with 500 uL. DPBS.
Secondary antibodies diluted in 150 pL. of the above blocking solutions (see Table 3.1 for
antibody information) were added to cells and incubated for 1 h at room temperature on a
rocking platform, protected from light. Cells were washed three times with 500 uL. DPBS,
followed by 5 min incubation with 500 uL. DPBS plus 4 uM Hoechst 33342 (Life Technologies).
Images were acquired using an Eclipse Ti2-E epifluorescence microscope (Nikon, Tokyo, Japan)
with a 20x or 30x objective or an AIR-Si+ confocal microscope (Nikon) with a 100x oil
objective. Confocal images were acquired with 1 pm slice spacing.

Images were analyzed using FIJI (ImagelJ) software. For epifluorescence images, 5 fields
(20% or 30x) were analyzed per well, with 3—4 wells per treatment condition. For quantification
of cell number, EC colonies were manually outlined, and the Analyze Particles function was
used to estimate the number of nuclei within the EC colonies. Nuclei outside the EC colonies

were manually counted. EC purity (% EC) was calculated as the number of nuclei within EC
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colonies relative to total nuclei. To estimate % GLUT-1" ECs, cells within the EC colonies with
membrane-localized GLUT-1 immunoreactivity were manually counted. To estimate % Ki67"
ECs, cells within the EC colonies with at least one nuclear-localized Ki67 punctum were
manually counted. For quantification of fluorescence intensity in epifluorescence images, EC
colonies were manually outlined, and the Measure function was used to obtain the mean
fluorescence intensity for each image channel (fluorophore). A cell-free area of the plate was
similarly quantified for background subtraction. Following background subtraction, the mean
fluorescence intensity of each protein of interest was normalized to the mean fluorescence
intensity of Hoechst to correct for effects of cell density. For confocal images, 3—4 fields (100%)
containing only VE-cadherin® ECs were analyzed per well, with 4 wells per treatment condition.
The first slice with visible nuclei (closest to glass) was defined as Z = 0, and the Measure
function was used to obtain the mean fluorescence intensity for each image channel
(fluorophore) in each slice from Z = 0 to Z = 7 um. A cell-free area of the plate was similarly
quantified for background subtraction. After background subtraction, to approximate total
abundance (area under the fluorescence versus Z curve, AUC) for each channel, mean
fluorescence intensities were summed across all slices. AUC for the proteins of interest were

normalized to Hoechst AUC.

3.3.6 Cell cycle analysis

Passage 1 cultures were dissociated by treatment with Accutase for 10 min at 37°C. Cell
suspensions were passed through 40 pm cell strainers into 4x volume of DMEM/F-12 and
centrifuged for 5 min, 200xg. Approximately 5x10° cells per replicate were resuspended in
MACS buffer and incubated with the CD31-APC antibody (Miltenyi Biotec) for 30 min at 4°C,
protected from light. Cell suspensions were brought to a volume of 5 mL with MACS buffer and

centrifuged at 4°C for 5 min, 200xg. Cells were resuspended in 500 pL MACS buffer containing
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2 pg/mL DAPI and 0.5 pL Vybrant DyeCycle Green Stain (Invitrogen) and incubated at room
temperature for 1 h, protected from light. Cells were analyzed on an Attune NxT flow cytometer
(Invitrogen). FlowJo software (BD Biosciences) was used to gate CD317 cells and quantify the

percentage of S/G2/M phase cells.

3.3.7 Western blotting

To enrich samples from Passage 1 cultures for ECs, the Accutase-based selective
dissociation method described above was employed. Dissociated cells were centrifuged for 5
min, 200xg, and resulting cell pellets were lysed in RIPA buffer (Rockland Immunochemicals,
Pottstown, PA) supplemented with 1x Halt Protease Inhibitor Cocktail (Thermo Scientific).
Passage 3 cells were lysed with the above buffer directly on plates. Lysates were centrifuged at
4°C for 5 min, 14,000xg, and protein concentration in supernatants quantified using the Pierce
BCA Protein Assay Kit (Thermo Scientific). Equal amounts of protein were diluted to equal
volume with water, mixed with sample buffer, and heated at 95°C for 5 min, except lysates
intended for GLUT-1 Western blotting, which were not heated. Samples were resolved on 4—
12% Tris-Glycine gels and transferred to nitrocellulose membranes. Membranes were blocked
for 1 h in tris-buffered saline plus 0.1% Tween-20 (TBST) supplemented with 5% non-fat dry
milk. Primary antibodies (see Table 3.1 for antibody information) diluted in TBST plus 5% non-
fat dry milk were added to membranes and incubated overnight at 4°C on a rocking platform.
Membranes were washed five times with TBST. Secondary antibodies (see Table 3.1 for
antibody information) diluted in TBST were added to membranes and incubated for 1 h at room
temperature on a rocking platform, protected from light. Membranes were washed five times
with TBST and imaged using an Odyssey 9120 (LI-COR, Lincoln, NE). Band intensities were

quantified using Image Studio software (LI-COR).
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3.3.8 Dextran accumulation assay

A fixable, Alexa Fluor 488-conjugated dextran with an average molecular weight of 10
kDa (Invitrogen) was used as a tracer to estimate total fluid-phase endocytosis. Dextran was
added at 10 uM to the medium of Passage 1 cultures. Plates were incubated on rotating platforms
at 37°C or 4°C for 2 h. For inhibitor experiments, 20 pM chlorpromazine (Sigma), 100 U/mL
nystatin (Sigma), or 2 uM rottlerin (Tocris) were added to the medium 30 min prior to addition
of dextran. Medium was removed and cells were washed once with DPBS, and then incubated
with Accutase for 10 min at 37°C. Cell suspensions were passed through 40 pm cell strainers
into 4x volume of DMEM/F-12 and centrifuged for 5 min, 200xg. Cells were resuspended in
MACS buffer and incubated with the CD31-APC antibody (Miltenyi Biotec) for 30 min at 4°C,
protected from light. Cell suspensions were brought to a volume of 5 mL with MACS buffer and
centrifuged at 4°C for 5 min, 200xg. Pellets were resuspended in DPBS supplemented with 4%
paraformaldehyde and incubated for 15 min at room temperature, protected from light. Cells
were centrifuged for 5 min, 200xg. Pellets were resuspended in MACS buffer and analyzed on a
BD FACSCalibur flow cytometer (BD Biosciences). FlowJo software was used to gate CD31*
cells and quantify geometric mean fluorescence intensity and coefficient of variation (CV) of
dextran. For imaging, the dextran accumulation assay was performed on cells cultured on #1.5
glass bottom plates. After 2 h of dextran treatment, medium was removed and cells washed with
DPBS. Cells were fixed with 4% paraformaldehyde for 15 min. Cells were washed three times
with 500 uL. DPBS and blocked and permeabilized with DPBS supplemented with 10% goat
serum and 0.1% Triton X-100 for 1 h at room temperature. Cells were stained with the caveolin-

1 primary antibody and imaged on a confocal microscope as described above.
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3.3.9 Transendothelial electrical resistance and sodium fluorescein permeability

Transwell inserts (6.5 mm diameter with 0.4 pm pore polyester filters) (Corning) were
coated with 50 pl of a solution of collagen IV (400 pg/mL) and fibronectin (100 pg/mL) in water
for 4 h at 37°C. Passage 3 DMSO- and CHIR-treated ECs were seeded on Transwell inserts at
10° cells/cm? in hRECSR medium supplemented with DMSO or CHIR. Medium volumes were
200 pL for the apical chamber and 800 uL for the basolateral chamber. Beginning the day after
seeding, TEER was measured daily for 6 days using an EVOM2 epithelial voltohmmeter with
STX2 chopstick electrodes (World Precision Instruments, Sarasota, FL). Medium was replaced
every other day. TEER values were corrected by subtracting the resistance of a collagen
I'V/fibronectin-coated Transwell insert without cells and multiplying by the filter surface area of
0.33 c¢cm?. Permeability of endothelial monolayers to sodium fluorescein was assessed 6 days
after seeding cells on Transwell inserts. Medium in both apical and basolateral chambers was
replaced and cells returned to the incubator for 1 h. Medium in apical chambers, including the
apical chamber of a collagen IV/fibronectin-coated Transwell insert without cells, was then
replaced with medium supplemented with 10 uM sodium fluorescein (Sigma Aldrich), and plates
placed on an orbital platform in an incubator. At 15, 30, 45, and 60 min, an 80 uL sample of the
basolateral chamber medium was withdrawn from each Transwell, transferred to a 96-well plate,
and 80 pL fresh medium replaced in the basolateral chamber of each Transwell. At 60 min, an 80
puL sample of apical chamber medium was also withdrawn from each Transwell and transferred
to the 96-well plate. 80 uL of medium lacking sodium fluorescein was also transferred to the 96-
well plate for background subtraction. Fluorescence intensity of all samples was measured using
an Infinite M1000 PRO plate reader (Tecan, Mannedorf, Switzerland) with 485 nm excitation
and 530 nm emission wavelengths. Background-subtracted fluorescence intensity values at the

30, 45, and 60 min timepoints were corrected for sampling-induced dilution as previously
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described (437). The endothelial permeability coefficient (P.), which is a concentration-
independent parameter corrected for the permeability of a cell-free Transwell insert, was

calculated as previously described (431).

3.3.10 Statistics

Individual wells of cultured cells that underwent identical experimental treatments are
defined as replicates, and all key experiments were repeated using multiple independent hPSC
differentiations. Detailed information about replication strategy is provided in figure legends.
Student’s ¢ test was used for comparison of means from two experimental groups. One-way
analysis of variance (ANOVA) was used for comparison of means from three or more
experimental groups, followed by Dunnett’s post-hoc test for comparison of multiple treatments
to a single control, or Tukey’s honest significant difference (HSD) post-hoc test for multiple
pairwise comparisons. When data from multiple differentiations were combined, two-way
ANOVA (one factor being the experimental treatment and one factor being the differentiation)
was used for comparison of means to achieve blocking of differentiation-based variability,
followed by post-hoc tests as described above if more than two experimental treatments were
compared. For fluorescence intensities (a.u.), two-way ANOVA was performed prior to
normalization of these values to the control group within each differentiation (for visualization in
plots). Statistical tests were performed in JMP Pro (v15.0.0). For RNA-seq differential
expression analysis, the DESeq2 Wald test with Benjamini-Hochberg correction was used to
calculate P-values. Descriptions of the statistical tests used are provided in figure legends.
3.4 Results
3.4.1 Wnt activation in hPSC-derived endothelial progenitors

We adapted an existing protocol to produce endothelial progenitor cells (EPCs) from

hPSCs (458, 459) (Figure 3.1A). To achieve mesoderm specification, this method employs an
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initial activation of Wnt/B-catenin signaling with CHIR 99021 (CHIR), a small molecule
inhibitor of glycogen synthase kinase-3 (GSK-3), which results in inhibition of GSK-3f-
mediated B-catenin degradation. After 5 days of expansion, the resulting cultures contained a
mixed population of CD34"CD31" EPCs and CD34 CD31  non-EPCs (Figure 3.1B-C). We used
magnetic-activated cell sorting (MACS) to isolate CD31" cells from this mixed culture and
plated these cells on collagen IV-coated plates in a minimal endothelial cell medium termed
hECSR (468). We first asked whether Wnt3a, a ligand widely used to activate canonical Wnt/(3-
catenin signaling (228, 427, 464, 562, 563), could induce GLUT-1 expression in the resulting
ECs. After 6 days of treatment, we observed a significant increase in the fraction of GLUT-1*
ECs in Wnt3a-treated cultures compared to controls (Figure 3.1D-E). Consistent with previous
observations (468), we also detected a population of calponin® smooth muscle protein 22-o*
putative smooth muscle-like cells (SMLCs) outside the endothelial colonies (Figure 3.2) and

these SMLCs expressed GLUT-1 in both control and Wnt3a-treated conditions (Figure 3.1D).
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Figure 3.1. hPSC-derived endothelial progenitors as a model for studying Wnt-mediated barriergenesis. (A) Overview of
the endothelial differentiation and Wnt treatment protocol. (B) Immunocytochemistry analysis of CD34 and CD31 expression in
D5 EPCs prior to MACS. Hoechst nuclear counterstain is overlaid in the merged image. Scale bars: 200 um. (C) Flow cytometry
analysis of CD34 and CD31 expression in D5 EPCs prior to MACS. (D) Immunocytochemistry analysis of B-catenin and GLUT-
1 expression in Passage 1 ECs treated with Wnt3a or control. Hoechst nuclear counterstain is overlaid. Arrowheads indicate
smooth muscle-like cells (SMLCs). Scale bars: 200 um. (E) Quantification of the percentage of GLUT-1* ECs in control- and
Wnt3a-treated conditions. Points represent replicate wells from 2 independent differentiations of the IMR90-4 line, each
differentiation indicated with a different color. Bars indicate mean values. P-value: Two-way ANOVA.
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Figure 3.2. Smooth muscle-like cells (SMLCs). Immunocytochemistry analysis of calponin and smooth muscle protein 22-o
(SM22a) in Passage 1 cultures containing ECs and SMLCs. Hoechst nuclear counterstain is overlaid in the merged image.

Dashed area indicates an EC colony. Scale bars: 200 pm.
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Figure 3.3. Effect of CHIR on endothelial properties. (A) Immunocytochemistry analysis of claudin-5, caveolin-1, and GLUT-
1 expression in Passage 1 ECs treated with DMSO or 4 uM CHIR. Hoechst nuclear counterstain is overlaid in the merged
images. Dashed lines indicate the border between an EC colony and SMLCs in the DMSO condition. Scale bars: 200 um. (B)
Quantification of images from the conditions described in (A) for number of ECs per 20x% field, percentage of ECs (claudin-5*
cells relative to total nuclei), percentage of GLUT-1" ECs (relative to total claudin-5" ECs), and mean fluorescence intensity of
claudin-5, caveolin-1, and GLUT-1 normalized to Hoechst mean fluorescence intensity within the area of claudin-5" ECs only.
Points represent replicate wells from 2—6 independent differentiations of the IMR90-4 line, each differentiation indicated with a
different color. Bars indicate mean values. For the fluorescence intensity plots, values were normalized within each
differentiation such that the mean of the DMSO condition equals 1. P-values: Two-way ANOVA on unnormalized data.
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Based on these promising results with Wnt3a, we next tested a low concentration (4 pM)
of the GSK-3 inhibitor CHIR because of its ability to activate Wnt signaling in a receptor/co-
receptor-independent manner. In addition to GLUT-1, we evaluated expression of two other key
proteins: claudin-5, which is known to be upregulated in CNS ECs in response to Wnt (379), and
caveolin-1, given the low rate of caveolin-mediated transcytosis in CNS compared to non-CNS
ECs (39, 263) (Figure 3.3A). 4 uM CHIR robustly induced GLUT-1 expression in approximately
90% of ECs while increasing EC number and increasing EC purity to nearly 100% (Figure
3.3B). Furthermore, CHIR led to an approximately 1.5-fold increase in average claudin-5
abundance and a 10- to 30-fold increase in GLUT-1 abundance, but also a 2- to 4-fold increase in
caveolin-1 (Figure 3.3B). We therefore titrated CHIR to determine an optimal concentration for
EC expansion, purity, GLUT-1 induction, and claudin-5 upregulation while limiting the
undesirable non-CNS-like increase in caveolin-1 abundance. Although 2 uM CHIR did not lead
to increased caveolin-1 expression compared to vehicle control (DMSO), it also did not elevate
claudin-5 or GLUT-1 expression compared to control and was less effective in increasing EC
number and EC purity than 4 uM CHIR (Figure 3.4). On the other hand, 6 uM CHIR further
increased GLUT-1 abundance but also further increased caveolin-1 abundance and did not
improve EC number, EC purity, or claudin-5 expression (Figure 3.4). Therefore, we conducted
further experiments using 4 uM CHIR. We confirmed that the CHIR-mediated increases in EC
purity, EC number, and caveolin-1 and GLUT-1 expression were conserved in an additional
hPSC line, although claudin-5 upregulation was not apparent (Figure 3.5). We also used two
hPSC lines with doxycycline-inducible expression of short hairpin RNAs targeting CTNNBI (B-
catenin) to confirm that CHIR-mediated upregulation of GLUT-1 in ECs was B-catenin-
dependent. Indeed, doxycycline treatment in combination with CHIR significantly reduced

GLUT-1 abundance in ECs derived from these hPSC lines (Figure 3.6). Finally, we confirmed
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that increased EC number was the result of increased EC proliferation in CHIR-treated cultures
(Figure 3.7). Together, these results suggest that activation of the Wnt/B-catenin pathway is

capable of inducing CNS-like phenotypes in hPSC-derived endothelial progenitors.
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Figure 3.4. Dose-dependent effects of CHIR on endothelial properties. (A) Immunocytochemistry analysis of claudin-5,
caveolin-1, and GLUT-1 expression in Passage 1 ECs treated with 2 pM, 4 pM, or 6 uM CHIR, or DMSO vehicle control.
Hoechst nuclear counterstain is overlaid in the merged images. Scale bars: 200 pm. (B) Quantification of images from the
conditions described in (A) for number of ECs per 20x field and percentage of ECs (claudin-5* cells relative to total nuclei).
Points represent replicate wells from one differentiation of the IMR90-4 line and bars indicate mean values. P-values: ANOVA
followed by Tukey’s HSD test. (C) Quantification of claudin-5, caveolin-1, and GLUT-1 mean fluorescence intensity normalized
to Hoechst mean fluorescence intensity within the area of claudin-5" ECs only. Points represent replicate wells from one
differentiation of the IMR90-4 line. Bars indicate mean values, with values normalized such that the mean of the DMSO
condition equals 1. P-values: ANOVA followed by Tukey’s HSD test.
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Figure 3.5. CHIR-mediated effects in an additional hPSC line. (A) Immunocytochemistry analysis of claudin-5, caveolin-1,
and GLUT-1 expression in Passage 1 ECs differentiated from the WTC11 iPSC line treated with 2 uM, 4 pM, or 6 pM CHIR, or
DMSO vehicle control. Hoechst nuclear counterstain is overlaid in the merged images. Scale bars: 200 um. (B) Quantification of
images from the conditions described in (A) for number of ECs per 20x field and percentage of ECs (claudin-5* cells relative to
total nuclei). Points represent replicate wells from 1-2 differentiations of the WTC11 line, each differentiation indicated with a
different color. Bars indicate mean values. P-values: Two-way ANOVA followed by Tukey’s HSD test. (C) Quantification of
claudin-5, caveolin-1, and GLUT-1 mean fluorescence intensity normalized to Hoechst mean fluorescence intensity within the
area of claudin-5* ECs only. Points represent replicate wells from 1-2 differentiations of the WTC11 line, each differentiation
indicated with a different color. Bars indicate mean values, with values normalized within each differentiation such that the mean
of the DMSO condition equals 1. P-values: Two-way ANOVA followed by Tukey’s HSD test on unnormalized data.
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Figure 3.6. p-catenin-dependence of CHIR-mediated GLUT-1 induction. (A) Immunocytochemistry analysis of GLUT-1
expression in Passage 1 ECs treated with DMSO, CHIR, or CHIR + doxycycline (Dox) at 1, 2, or 4 pg/mL. Images from the H9-
7TGP-ishcat2, 19-9-11-7TGP-ishcat3, and IMR90-4 lines are shown. Hoechst nuclear counterstain is overlaid. Dashed lines
indicate borders between EC colonies and SMLCs in the DMSO condition. Scale bars: 200 um. (B) Quantification of images
from the conditions described in (A) for GLUT-1 mean fluorescence intensity normalized to Hoechst mean fluorescence intensity
within the area of ECs only. At left, points represent replicate wells from one differentiation of the H9-7TGP-ishcat line (green)
and one differentiation of the 19-9-11-7TGP-ishcat3 line (orange). Bars indicate mean values, with values normalized within
each differentiation such that the mean of the DMSO condition equals 1. P-values: Two-way ANOVA followed by Tukey’s HSD
test on unnormalized data. At right, points represent replicate wells from one differentiation of the IMR90-4 line. Bars indicate
mean values, with values normalized such that the mean of the DMSO condition equals 1. P-values: ANOVA followed by
Tukey’s HSD test.
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Figure 3.7. Effect of CHIR on endothelial cell proliferation. (A) Immunocytochemistry analysis of CD31 and Ki67 expression
in Passage 1 ECs treated with DMSO or CHIR. Hoechst nuclear counterstain is overlaid. Dashed lines indicate borders between
the EC colony and SMLCs in the DMSO condition. Arrowheads indicate examples of Ki67* ECs. Scale bars: 200 um. (B)
Quantification of the percentage of Ki67+ ECs in DMSO- and CHIR-treated conditions. Points represent replicate wells from one
differentiation of the WTC11 line, and bars indicate mean values. P-value: Student’s ¢ test. (C) Flow cytometry-based cell cycle
analysis. Representative plots of Vybrant DyeCycle Green Stain abundance in CD31* cells from Passage 1 cultures treated with
DMSO or CHIR. (D) Quantification of the percentage of S/G2/M phase ECs. Points represent replicate wells from one
differentiation of the WTC11 line, and bars indicate mean values. P-value: Student’s ¢ test.

3.4.2 Effects of CHIR-mediated Wnt activation in endothelial progenitors

Since CHIR elicited a robust Wnt-mediated response, we next asked whether other
aspects of the CNS EC barrier phenotype were CHIR-regulated. PLVAP, a protein that forms
bridges across both caveolae and fenestrae (66), is one such canonically Wnt-downregulated

protein. We therefore first evaluated PLVAP expression in Passage 1 control (DMSO) or CHIR-
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treated ECs using confocal microscopy (Figure 3.8A). We observed numerous PLVAP* punctate
vesicle-like structures in both conditions, with CHIR treatment reducing PLVAP abundance by
approximately 20% (Figure 3.8A-B). This effect was not apparent in Western blots of Passage 1
ECs, likely due to the relatively modest effect (Figure 3.9A-B). However, after two more
passages (Figure 3.1A), Passage 3 ECs demonstrated a robust downregulation of PLVAP in
CHIR-treated cells compared to controls (Figure 3.9C-D). We also used Western blotting to
confirm CHIR-mediated upregulation of GLUT-1 and claudin-5 both at Passage 1 and Passage 3
(Figure 3.9A-D). We next evaluated expression of the tricellular tight junction protein LSR
(angulin-1) because of its enrichment in CNS versus non-CNS ECs, and the temporal similarity
between LSR induction and the early stage of Wnt-mediated CNS barriergenesis (62). We found
that CHIR treatment led to a strong increase in LSR expression in both Passage 1 and Passage 3
ECs (Figure 3.9A-D), suggesting that Wnt signaling upregulates multiple necessary components
of the CNS EC bicellular and tricellular junctions.

CHIR treatment produced two apparently competing changes in ECs related to vesicular
transport: an expected downregulation of PLVAP and an unexpected upregulation of caveolin-1.
We therefore asked whether the rate of total fluid-phase endocytosis differed between CHIR-
treated and control ECs, using a fluorescently-labeled 10 kDa dextran as a tracer. After
incubating Passage 1 cultures with dextran for 2 h at 37°C, we used flow cytometry to gate
CD31" ECs and assess total dextran accumulation (Figure 3.10A-B). In ECs incubated at 37°C,
CHIR treatment did not change the geometric mean dextran signal compared to DMSO (Figure
3.10B,C), but did cause a broadening of the distribution of dextran intensities as quantified by
the coefficient of variation (CV), indicative of sub-populations of cells with decreased and
increased dextran uptake (Figure 3.10B,D). We confirmed that the dextran signal measured by

this assay was endocytosis-dependent by carrying out the assay at 4°C and with inhibitors of
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specific endocytic pathways (Figure 3.11A-C). Compared to vehicle control, chlorpromazine
(inhibitor of clathrin-mediated endocytosis) and rottlerin (inhibitor of macropinocytosis) both
decreased dextran uptake, while nystatin (inhibitor of caveolin-mediated endocytosis) did not
significantly affect uptake (Figure 3.11B,C), consistent with the very small number of dextran®
caveolin-1" puncta observed by confocal imaging (Figure 3.11D). Thus, despite the generally
uniform elevation of caveolin-1 and decrease of PLVAP observed by immunocytochemistry in
CHIR-treated ECs, our functional assay suggests neither an overall increase nor decrease in total
fluid-phase endocytosis. Instead, it indicates that CHIR increases the heterogeneity of the EC
population with respect to the rate of endocytosis.

We also compared the paracellular barrier properties of DMSO- and CHIR-treated ECs.
Because Passage 1 cultures contain SMLCs that preclude formation of a confluent endothelial
monolayer, we evaluated paracellular barrier properties of Passage 3 ECs that had undergone
selective dissociation and replating (see Section 3.3), a strategy that effectively purifies the
cultures (468). CHIR-treated Passage 3 ECs had elevated transendothelial electrical resistance
(TEER) (Figure 3.10E) and decreased permeability to the small molecule tracer sodium
fluorescein (Figure 3.10F). Together, these results are consistent with CHIR-mediated increases
to tight junction protein expression (e.g., claudin-5 and LSR) and suggest Wnt activation leads to

functional improvements to paracellular barrier in this system.
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Figure 3.8. Effect of CHIR on endothelial PLVAP expression. (A) Confocal immunocytochemistry analysis of VE-cadherin
and PLVAP expression in Passage 1 ECs treated with DMSO or CHIR. Hoechst nuclear counterstain is overlaid. Eight serial
confocal Z-slices with 1 pm spacing are shown. Scale bars: 50 um. (B) Quantification of PLVAP and VE-cadherin area under the
curve (AUC) of mean fluorescence intensity versus Z-position normalized to Hoechst AUC. Points represent replicate wells from
3 independent differentiations of the IMR90-4 line, each differentiation indicated with a different color. Bars indicate mean
values, with values normalized within each differentiation such that the mean of the DMSO condition equals 1. P-values: Two-
way ANOVA on unnormalized data.
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Figure 3.9. Effect of CHIR on protein expression in Passage 1 and Passage 3 ECs. (A) Western blots of Passage 1 ECs
treated with DMSO or CHIR probed for GLUT-1, claudin-5, PLVAP, VE-cadherin, LSR, and B-actin. (B) Quantification of
Western blots of Passage 1 ECs. GLUT-1, claudin-5, PLVAP, VE-cadherin, and LSR band intensities were normalized to -actin
band intensity. Points represent replicate wells from 2-3 independent differentiations of the IMR90-4 line, each differentiation
indicated with a different color. Bars indicate mean values, with values normalized within each differentiation such that the mean
of the DMSO condition equals 1. P-values: Two-way ANOVA on unnormalized data. (C) Western blots of Passage 3 ECs treated
with DMSO or CHIR probed for GLUT-1, claudin-5, PLVAP, VE-cadherin, LSR, and B-actin. (D) Quantification of Western
blots of Passage 3 ECs. GLUT-1, claudin-5, PLVAP, VE-cadherin, and LSR band intensities were normalized to B-actin band
intensity. Points represent replicate wells from 3 independent differentiations of the IMR90-4 line, each differentiation indicated
with a different color. Bars indicate mean values, with values normalized within each differentiation such that the mean of the
DMSO condition equals 1. P-values: Two-way ANOVA on unnormalized data.
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Figure 3.10. Functional properties of CHIR- and DMSO-treated ECs. (A) Flow cytometry analysis of CD31 expression in
Passage 1 ECs following the dextran internalization assay. CD31" cells were gated for further analysis. (B) Flow cytometry
analysis of 10 kDa dextran-Alexa Fluor 488 (AF488) abundance in CD31* cells. Cells were treated with DMSO or CHIR for 6 d
prior to the assay. Representative plots from cells incubated with dextran for 2 h at 37°C are shown. (C) Quantification of 10 kDa
dextran-AF488 geometric mean fluorescence intensity in CD317 cells. Treatment and assay conditions were as described in (B).
Points represent replicate wells from 3 independent differentiations of the IMR90-4 line, each differentiation indicated with a
different color. Bars indicate mean values. P-value: Two-way ANOVA. (D) Quantification of the coefficient of variation (CV) of
10 kDa dextran-AF488 fluorescence intensity in CD31* cells. Points represent replicate wells from 3 independent differentiations
of the IMR90-4 line, each differentiation indicated with a different color. Bars indicate mean values. P-value: Two-way ANOVA.
(E) Transendothelial electrical resistance (TEER) of Passage 3 ECs. The x-axis indicates the number of days after seeding cells
on Transwell inserts. Points represent replicate wells from three independent differentiations of the IMR90-4 line, each
differentiation indicated with a different shape. P-value: Two-way ANOVA. (F) Permeability of Passage 3 ECs to sodium
fluorescein. Points represent replicate wells from two independent differentiations of the IMR90-4 line, each differentiation
indicated with a different color. Bars indicate mean values. P-value: Two-way ANOVA.
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Figure 3.11. Endocytosis-dependence of dextran uptake. (A-B) Flow cytometry analysis of 10 kDa dextran-Alexa Fluor 488
(AF488) abundance in DMSO-treated CD31" cells. Representative plots from cells incubated with dextran for 2 h at 37°C (same
plot shown in Figure 5B) or 4°C (A) or cells incubated with dextran and indicated inhibitors (B) are shown. (C) Quantification of
10 kDa dextran-AF488 geometric mean fluorescence intensity in CD31* cells. Treatment and assay conditions were as described
in (B). Points represent replicate wells from 2 independent differentiations of the IMR90-4 line, each differentiation indicated
with a different color. Bars indicate mean values. P-values: Two-way ANOVA followed by Dunnett’s test. CPZ: chlorpromazine.
(D) Confocal immunocytochemistry analysis of caveolin-1 expression and 10 kDa dextran internalization in Passage 1 DMSO-
treated ECs. Hoechst nuclear counterstain is overlaid. Single confocal Z-slices from two representative fields are shown. XZ and
YZ projections derived from serial Z-slices with 0.25 pm spacing are shown at right and below. Arrowheads indicate dextran*
caveolin-1* puncta. Scale bars: 10 pm.
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Given the relatively weak responses to Wnt activation in adult mouse liver ECs in vivo
(367) and adult mouse brain ECs cultured in vitro (226), we sought to determine whether the
immature, potentially more plastic state of hPSC-derived endothelial progenitors contributed to
the relatively robust CHIR-mediated response we observed. To test this hypothesis, we matured
hPSC-derived ECs in vitro for 4 passages (until approximately day 30) prior to initiating CHIR
treatment for 6 days, and compared the resulting cells to differentiation-matched samples treated
with CHIR immediately after MACS (Figure 3.12A). Both Passage 1 DMSO-treated ECs and
Passage 5 DMSO-treated ECs, which are analogous to EECM-BMEC-like cells we previously
reported (468), did not have detectable GLUT-1 expression (Figure 3.12B). Compared to DMSO
controls, the CHIR-treated Passage 5 ECs exhibited no increase in GLUT-1 abundance (Figure
3.12B-D), which contrasts with the marked increase observed when CHIR treatment was
initiated immediately after MACS (Figure 3.12B-D). Furthermore, CHIR treatment in matured
ECs did not increase claudin-5 expression and did not increase EC number (Figure 3.12B-D), in
contrast to the increases observed in both properties when treatment was initiated immediately
after MACS (Figure 3.12B-D). We observed a similar lack of robust GLUT-1 induction in an
additional differentiation and an additional hPSC line in which CHIR treatment was carried out
at Passage 4 (Figure 3.13). Together, these data suggest that early, naive endothelial progenitors
are more responsive to Wnt activation than more mature ECs derived by the same differentiation

protocol.
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Figure 3.12. Effect of CHIR treatment in EPCs and matured endothelium. (A) Overview of the endothelial differentiation,
extended culture, and CHIR treatment protocols. (B) Immunocytochemistry analysis of claudin-5 and GLUT-1 expression in ECs
treated with DMSO or CHIR as outlined in (A). Images from the IMR90-4 line are shown. Hoechst nuclear counterstain is
overlaid. Scale bars: 100 um. (C) Quantification of images from the conditions described in (B) for number of ECs per 30x% field.
Points represent replicate wells from one differentiation of the IMR90-4 line. Bars indicate mean values. P-values: ANOVA
followed by Tukey’s HSD test. (D) Quantification of images from the conditions described in (B) for GLUT-1 and claudin-5
mean fluorescence intensity normalized to Hoechst mean fluorescence intensity within the area of claudin-5" ECs only. Points
represent replicate wells from one differentiation of the IMR90-4 line. Bars indicate mean values, with values normalized such
that the mean of the DMSO condition equals 1. P-values: ANOVA followed by Tukey’s HSD test.
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Figure 3.13. Effect of CHIR treatment in matured endothelium. (A) Immunocytochemistry analysis of claudin-5 and GLUT-
1 expression in ECs treated with DMSO or CHIR at Passage 4 (as outlined in Figure 3.12). Images from the IMR90-4 and H9-
CDHS5-eGFP lines are shown. Hoechst nuclear counterstain is overlaid. Scale bars: 100 pum. (B) Quantification of images from
the conditions described in (A) for number of ECs per 20% field. Points represent replicate wells from one differentiation of the
IMR90-4 line (orange) and one differentiation of the H9-CDH5-eGFP line (blue). Bars indicate mean values. P-value: Two-way
ANOVA. (C) Quantification of images from the conditions described in (A) for GLUT-1 and claudin-5 mean fluorescence
intensity normalized to Hoechst mean fluorescence intensity within the area of claudin-5* ECs only. Points represent replicate
wells from one differentiation of the IMR90-4 line (orange) and one differentiation of the H9-CDHS5-eGFP line (blue). Bars
indicate mean values, with values normalized within each differentiation such that the mean of the DMSO condition equals 1. P-
values: Two-way ANOVA on unnormalized data.

3.4.3 Comprehensive profiling of the Wnt-regulated endothelial transcriptome

We turned next to RNA-sequencing as an unbiased method to assess the impacts of Wnt
activation on the EC transcriptome. We performed four independent differentiations and
analyzed Passage 1 ECs treated with DMSO or CHIR, using fluorescence-activated cell sorting
(FACS) to isolate CD31" ECs from the mixed EC/SMLC cultures. We also sequenced the
SMLCs from DMSO-treated cultures at Passage 1 from two of these differentiations. DMSO-

and CHIR-treated ECs at Passage 3 from three of these differentiations were also sequenced.

Principal component analysis of the resulting whole-transcriptome profiles revealed that the two
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cell types (ECs and SMLCs) segregated along principal component (PC) 1, which explained 57%
of the variance. In ECs, the effects of passage number and treatment were reflected in PC 2,
which explained 21% of the variance (Figure 3.14A). We next validated the endothelial identity
of our cells; we observed that canonical endothelial marker genes (including CDHS5, CD34,
PECAMI1, CLDNS, ERG, and FLII) were enriched in ECs compared to SMLCs and had high
absolute abundance, on the order of 100-1,000 transcripts per million (TPM) (Figure 3.14B;
Supplementary file 1). SMLCs expressed mesenchymal (mural/fibroblast)-related transcripts
(including PDGFRB, CSPG4, PDGFRA, TBX2, CNNI, and COLIAI), which ECs generally
lacked, although we did observe slight enrichment of some of these genes in Passage 1 DMSO-
treated ECs, likely reflective of a small amount of SMLC contamination despite CD31 FACS
(Figure 3.14B). SMLCs also expressed SLC2A41 (Supplementary file 1) consistent with protein-
level observations (Figure 3.14D). We also observed little to no expression of the epithelial
genes CDHI, EPCAM, CLDNI, CLDN3 (54), CLDN4, and CLDNG, reflecting the definitive
endothelial nature of the cells (Figure 3.14B; Supplementary file 1).

First comparing CHIR- and DMSO-treated ECs at Passage 1, we identified 1,369
significantly upregulated genes and 2,037 significantly downregulated genes (Figure 3.14C;
Supplementary file 2). CHIR-upregulated genes included SLC241, CLDN5, LSR, and CAV1,
consistent with protein-level assays. PLVAP was downregulated, as were a number of
mesenchymal genes (TAGLN, COLIAI), again reflective of slight contamination of SMLC
transcripts in the DMSO-treated EC samples (Figure 3.14C-D). Additionally, important
downstream effectors of Wnt signaling were upregulated, including the transcription factors
LEF1 and TCF7, the negative regulator AXIN2, and the negative regulator APCDD1, which is
known to modulate Wnt-regulated barriergenesis in retinal endothelium (564) (Figure 3.14C-D).

We also identified upregulated transcription factors: ZIC3, which is highly enriched in brain and
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retinal ECs in vivo and downstream of Frizzled4 signaling (65, 238), and SOX7, which acts
cooperatively with SOX77 and SOXI8§ in retinal angiogenesis (565), were upregulated by CHIR
in our system (Figure 3.14D). MSX/ and EBF'I, which are expressed by murine brain ECs in vivo
(56) were also CHIR-upregulated (Figure 3.14D). Additional CHIR-upregulated genes included
ABCG?2 (encoding the efflux transporter Breast Cancer Resistance Protein, BCRP), APLN, a tip
cell marker enriched in postnatal day 7 murine brain ECs compared to those of other organs, and
subsequently downregulated in adulthood (65, 226), and FLVCR?2, a disease-associated gene
with a recently-identified role in brain angiogenesis (566) (Figure 3.14C-D). Finally, we detected
CHIR-mediated downregulation of the fatty acid-binding protein-encoding FABP4, which is
depleted in brain ECs compared to those of peripheral organs (65). We also observed similar
downregulation of SMADG6, which is depleted in brain ECs compared to lung ECs and is a
putative negative regulator of BMP-mediated angiogenesis (56, 567) (Figure 3.14D).

In Passage 3 ECs, many of the CHIR-mediated gene expression changes observed at
Passage 1 persisted, including SLC241, LSR, LEF1, AXIN2, APCDDI, ZIC3, EBFI, FLVCR2
and ABCG2 upregulation and PLVAP downregulation (Figure 3.14E; Figure 3.15). Additional
concordantly CHIR-upregulated genes encoding secreted factors, transcription factors, and
transmembrane proteins are shown in Figure 3.16, and include REEPI, a gene enriched in brain
versus non-brain ECs (56, 65) that encodes a regulator of endoplasmic reticulum function, and
the Notch ligand-encoding gene JAG2. On the other hand, at Passage 3, CLDN5 was not
upregulated in CHIR-treated cells compared to DMSO-treated cells, but was highly expressed
(~2,500 TPM). Similarly, CAVI abundance remained high, but was not CHIR-upregulated in
Passage 3 cells (Figure 3.15). Conversely, JAM2, which encodes junctional adhesion molecule 2,
a component of EC tight junctions (568, 569), was upregulated by CHIR at Passage 3, but not at

Passage 1, as was the retinol-binding protein-encoding gene RBPI (Figure 3.15).
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We used Weighted Gene Correlation Network Analysis (WGCNA) (554, 559) to identify
modules containing genes with highly correlated expression across the 14 EC samples (Figure
3.17A; Supplementary file 3). One such module (the green module, containing 441 genes) had a
representative gene expression profile (module eigengene) with a strong, positive correlation
with CHIR treatment (Figure 3.17B). Importantly, genes central to this module included
canonical transcriptional targets of Wnt/B-catenin signaling, including AXIN2 and APCDDI,
further supporting the key role of B-catenin signaling in transcriptional changes observed in
CHIR-treated ECs. Additional central (highly correlated) genes within the green module
included SLC2A41, ZIC3, and FLVCR?2, consistent with pairwise differential expression analysis,
transcription factors (CASZI, PRRXI), and genes with putative roles in vesicle trafficking
(SNX4, ARLSB, APIAR, VTIIA, VPS41) and lipid metabolism (AGPATS5, ASAHI) (Figure
3.17C).

To determine the effects of extended culture, we next compared control (DMSO-treated)
ECs at Passage 3 versus Passage 1 (Figure 3.18; Supplementary file 2). Extended culture to
Passage 3 in the absence of exogeneous Wnt activation led to 1,521 upregulated genes, including
CLDNS5 and CAV1, consistent with previously-reported protein-level observations in EECM-
BMEC-like cells (468), which are analogous to Passage 3 DMSO-treated cells. We also observed
1,625 downregulated genes, including marked downregulation of PLVAP (Figure 3.18). SLC2A1,
however, was not upregulated at Passage 3 (Figure 3.18), concordant with absence of GLUT-1
protein expression in the control ECs (Figure 3.12B), nor was LSR. Further, despite some
similarly-regulated genes between the passage number and CHIR treatment comparisons (e.g.,
CLDNS5, CAV1, PLVAP), the transcriptional responses to these two experimental variables were
globally distinct as assessed by gene correlation network analysis (Figure 3.17B). We also

evaluated transcript-level expression of components of the Wnt signaling pathway in Passage 3
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control (DMSO-treated) ECs as a first step towards understanding the relative lack of
responsiveness observed when CHIR treatment was initiated in matured (Passage 4) ECs (Figure
3.18). While CTNNBI, GSK3B, and genes encoding components of the destruction complex
were not significantly different between Passage 3 and Passage 1, LEFI and TCF7 were strongly
downregulated in Passage 3 cells (Figure 3.18).

Finally, to further understand the strengths and limitations of this model system both as a
readout of early developmental changes in CNS ECs (Passage 1 cells) or as a source of CNS-like
ECs for use in downstream modeling applications, we evaluated absolute transcript abundance
and effects of treatment or passage number on 53 characteristic CNS EC genes encompassing
tight junction components, vesicle trafficking machinery, solute carriers, and ATP-binding
cassette (ABC) efflux transporters selected based on high expression in human brain endothelial
cells from a meta-analysis of single cell RNA-seq data (336) (Figure 3.19). While ECs expressed
CLDNS, TJPI1, TJP2, OLCN, and LSR, they lacked MARVELD? (encoding tricellulin) under all
conditions. ECs under all conditions also lacked MFSD2A and, despite CHIR-mediated
downregulation of PLVAP, retained high absolute expression of this and other caveolae-
associated genes. Finally, while many solute carriers and ABC transporters were expressed
(SLC241, SLC3A42, SLC16A41, SLC3842, ABCG?2), others expressed at the in vivo human BBB
were not (SLC543, SLC7A11, SLC3843, SLCOI1A2, ABCBI) (Figure 3.19). Thus, while CHIR
treatment yields ECs with certain elements of CNS-like character, additional molecular signals

are likely necessary to impart other aspects of the in vivo CNS EC phenotype.
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Figure 3.14. RNA-seq of DMSO- and CHIR-treated ECs. (A) Principal component analysis of EC and SMLC whole-
transcriptome data subject to variance stabilizing transformation by DESeq2. Points from Passage 1 ECs represent cells from 4
independent differentiations of the IMR90-4 line, points from Passage 3 ECs represent cells from 3 independent differentiations
of the IMR90-4 line, and points from SMLCs represent 2 independent differentiations of the IMR90-4 line. Points are colored
based on treatment: DMSO (black), CHIR (red). 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. Dashed
lines indicate points from Passage 1 and Passage 3 ECs, and are not confidence ellipses. (B) Heat map of transcript abundance
[log>(TPM+1)] for endothelial, mesenchymal, and epithelial genes across all samples. Abundance data for all transcripts are
provided in Supplementary file 1. (C) Differential expression analysis of Passage 1 CHIR-treated ECs compared to Passage 1
DMSO-treated ECs. Differentially expressed genes (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg
correction) are highlighted in green (upregulated) and red (downregulated). The number of upregulated, downregulated, and non-
significant (ns) genes are shown in the legend. Complete results of differential expression analysis are provided in Supplementary
file 2. (D) Transcript abundance (TPM) of Wnt-regulated, barrier-related genes in Passage 1 DMSO- and CHIR-treated ECs.
Points represent cells from 4 independent differentiations of the IMR90-4 line and lines connect points from matched
differentiations. All genes shown were differentially expressed (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-
Hochberg correction). P-values are provided in Supplementary file 2. (E) Venn diagram illustrating the number of genes
identified as upregulated or downregulated (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) in
ECs treated with CHIR versus DMSO at Passage 1 compared to Passage 3. Gene lists are provided in Supplementary file 2 and
selected genes are shown in Figure 3.15 and Figure 3.16.
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Figure 3.15. Differential expression analysis of Passage 3 ECs treated with CHIR versus DMSO.(A) Differential expression
analysis of Passage 3 CHIR-treated ECs compared to Passage 3 DMSO-treated ECs. Differentially expressed genes (adjusted P-
values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) are highlighted in green (upregulated) and red
(downregulated). The number of upregulated, downregulated, and non-significant (ns) genes are shown in the legend. Complete
results of differential expression analyses are provided in Supplementary file 2. (B) Transcript abundance (TPM) of selected
genes in Passage 1 and Passage 3 DMSO- and CHIR-treated ECs. Points represent cells from 3—4 independent differentiations of
the IMR90-4 line. Lines connect points from matched differentiations between the DMSO and CHIR conditions; for clarity, lines
connecting points between Passage 1 and Passage 3 are omitted. Genes shown were differentially expressed (CHIR v. DMSO,
adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction), except where indicated as ns. P-values are
provided in Supplementary file 2.
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Figure 3.16. Genes upregulated by CHIR at both Passage 1 and Passage 3. (A-C) Heat maps of transcript abundance
[logo(TPM+1)] for genes encoding secreted factors (A), transcription factors (B), and transmembrane proteins (C) that are CHIR-
upregulated (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) in both Passage 1 and Passage 3
ECs. P-values are provided in Supplementary file 2. The logx(fold change) (CHIR v. DMSO, average of Passage 1 and Passage 3
values) for each gene is shown at left.
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Figure 3.17. Gene correlation network analysis. (A) Heatmap representation of the WGCNA topological overlap matrix
(TOM). Red indicates high topological overlap. Dendrogram from hierarchical clustering of genes based on dissimilarity (1 —
TOM) is shown above. Module assignments (colors) are shown above and at left. (B) Correlation between module eigengenes
and experimental variables (Passage number and CHIR treatment). Each box shows the Pearson correlation coefficient » and the
P-value (P). (C) Network representation of the 30 genes in the green module with the highest intramodular connectivity. Edge
color represents topological overlap. Edges with topological overlap less than 0.08 are not shown. For reference, maximum
topological overlap (excluding the diagonal) within the entire network is 0.38, and topological overlap between AXIN2 (green
module) and ACTB (turquoise module) is 3.8x1074.
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Figure 3.18. Differential expression analysis of Passage 1 versus Passage 3 ECs (A) Differential expression analysis of
Passage 3 DMSO-treated ECs compared to Passage 1 DMSO-treated ECs. Differentially expressed genes (adjusted P-values <
0.05, DESeq2 Wald test with Benjamini-Hochberg correction) are highlighted in green (upregulated) and red (downregulated).
The number of upregulated, downregulated, and non-significant (ns) genes are shown in the legend. Complete results of
differential expression analyses are provided in Supplementary file 2. (B) Transcript abundance (TPM) of selected genes. Genes
shown were differentially expressed (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) except
those indicated as ns. P-values are provided in Supplementary file 2. (C) Flow cytometry analysis of CD34 and CD31 expression
in D5 EPCs (prior to MACS) and in Passage 2 ECs.
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Figure 3.19. Blood-brain barrier transcriptional profile. Heat map of transcript abundance [log,(TPM+1)] for BBB genes
encompassing tight junctions, vesicle trafficking components, solute carriers, and efflux transporters. Solute carrier and efflux
transporter genes that were expressed in human brain ECs at an average of >100 TPM in a meta-analysis of scRNA-seq datasets
(336) are included. Abundance data for all transcripts is provided in Supplementary file 1. At right, arrows indicate directionality
of change for differentially expressed genes (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction)
for the three comparisons shown above. Changes with expected directionality for gain of CNS EC character have arrows

highlighted in green.
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Figure 3.20. Expression of Wnt pathway components in naive ECs. Abundance of transcripts (in transcripts per million,
TPM) encoding Wnt receptors, co-receptors, and other pathway components in Passage 1 DMSO-treated ECs. Points represent
cells from 4 independent differentiations of the IMR90-4 line. Bars indicate mean values. ADGRA? is also known as GPR124.
3.4.4 The Wnt-regulated endothelial transcriptome in multiple contexts

To globally assess whether CHIR-mediated gene expression changes in our system are
characteristic of the responses observed in ECs in vivo and similar to those observed in other in
vitro contexts, we compared our RNA-seq dataset to those of studies that employed a genetic
strategy for B-catenin stabilization (the Ctnnb 173 allele) in adult mouse ECs in several contexts:
(1) pituitary ECs, which acquire some BBB-like properties upon -catenin stabilization (71); (ii)
liver ECs, which exhibit little to no barriergenic response to B-catenin stabilization (367); (iii)
brain ECs briefly cultured in vitro, which rapidly lose their BBB-specific gene expression profile
even with B-catenin stabilization (226), and offer the most direct comparison to our in vitro
model system. Upon recombination, the Ctnnb17°%* allele produces a dominant mutant B-catenin
lacking residues that are phosphorylated by GSK-3p to target B-catenin for degradation (570); as

such, this strategy for ligand- and receptor-independent Wnt activation by B-catenin stabilization
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is similar to CHIR treatment, although GSK-3 phosphorylates targets other than B-catenin
(discussed below).

We first used literature RNA-seq data from postnatal day 7 murine brain, liver, lung, and
kidney ECs (65) to define core sets of genes in brain ECs that are differentially expressed
compared to all three of the other organs (Figure 3.21A-B). Using the resulting sets of 1094
brain-enriched and 506 brain-depleted genes, we asked how many genes in our Passage 1 ECs
were concordantly-regulated by CHIR: 130 of the brain-enriched genes were CHIR-upregulated
and 116 of the brain-depleted genes were CHIR-downregulated (Figure 3.21C). At Passage 3, 61
genes were concordantly upregulated and 46 downregulated (Figure 3.22). In pituitary ECs with
B-catenin stabilization, 102 of the brain-enriched genes were upregulated and 48 of the brain-
depleted genes were downregulated (Figure 3.21D). Compared with the pituitary ECs, there were
far fewer concordantly-regulated genes in liver ECs with B-catenin stabilization, with 25
upregulated and 1 downregulated (Figure 3.21E). Finally, cultured primary mouse brain ECs
with B-catenin stabilization exhibited 72 concordantly upregulated and 16 downregulated genes
(Figure 3.21F). The only gene concordantly-regulated in all four comparisons was the canonical
Wnt target AXIN2. Several additional genes were concordantly upregulated in three of four,
including TCF7, FAM107A, NKD1, TNFRSF19, GLUL, SLC30A1, and ABCBI, which was the
only gene concordantly regulated in all comparisons except the hPSC-derived ECs (Figure
3.21G). Several canonical target genes were shared by the hPSC-derived EC and pituitary EC
systems, including APCDDI, LEF1, CLDN5, and SLC2A1; also in this category were LSR, the
zinc/manganese transporter SLC3948, and 12 additional genes (Figure 3.21G). Notably, the
caveolae inhibitor MFSD2A was robustly upregulated by B-catenin in pituitary ECs, but not in
any other context (Figure 3.21C-F), suggesting other brain-derived factors may cooperate with

Wnt to regulate expression of this important inhibitor of caveolin-mediated transcytosis.



137

Complete gene lists from this comparative analysis are provided in Supplementary file 4. In sum,
the data suggest that the hPSC-derived ECs responded to Wnt activation in a fashion that led to
modest induction of CNS transcriptional programs and that the response was most similar to the
pituitary [-catenin stabilization model. Importantly, this analysis also supports the hypothesis
that immature endothelium is highly responsive to Wnt activation where mature (adult)
endothelium is largely refractory except in regions proximal to barrier-forming regions.

Last, because GSK-3 is a component of numerous signaling pathways in addition to
Wnt/B-catenin (57/-573), we used RNA-seq data to infer pathways that might be differentially
regulated by the two strategies for activating Wnt/B-catenin signaling employed in the
experiments above: CHIR treatment, which increases -catenin stability by inhibiting GSK-3, or
direct stabilization of B-catenin. We tested lists of upregulated genes in (i) our Passage 1 ECs
treated with CHIR versus DMSO, (ii) Passage 3 ECs treated with CHIR versus DMSO, and (iii)
pituitary ECs with B-catenin stabilization versus controls (77), against the Hallmark gene set
collection (561) (Figure 3.23; Supplementary file 5). In all three comparisons, the Wnt/f-catenin
signaling gene set was significantly enriched (Figure 8—figure supplement 2A). Similarly, the
Notch signaling, TNF a signaling via NF-kB, KRAS signaling up, and several additional gene sets
were consistently enriched in all three comparisons (Figure 3.23A-B; Supplementary file 5),
suggesting similar regulation by GSK-3 inhibition and direct B-catenin stabilization. In contrast,
the PI3K AKT mTOR signaling gene set was enriched in Passage 1 ECs, but not in Passage 3
ECs or pituitary ECs. Similarly, the gene set mTORC1 signaling was enriched in Passage 1 ECs
and pituitary ECs, but genes driving this enrichment were distinct (Figure 3.23C), and this gene
set was not enriched in Passage 3 ECs. Thus, given the known, bidirectional interactions of
GSK-3 and AKT/mTOR pathway components (572), these results suggest that CHIR-mediated

inhibition of GSK-3 may transiently activate this pathway in Passage 1 ECs. Conversely, the



138

gene set TGF-p signaling was enriched only in pituitary ECs with B-catenin stabilization (Figure
3.23; Supplementary file 5). Taken together, these results, coupled with those of our CTNNBI
knockdown experiments and gene correlation network analysis, suggest a central role for -
catenin as a key effector of CHIR-mediated signaling, but also highlight some potential
differences in the pathways activated in response to CHIR treatment versus [-catenin
stabilization. Differences in other aspects of these two experimental paradigms (in vitro versus in
vivo, naive versus CNS-proximal, human versus mouse), however, caution against over-

interpretation of these results.
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Figure 3.21. Identification of concordantly Wnt-regulated CNS EC-associated genes in RNA-seq data.(A) Differential
expression analysis of P7 murine brain ECs compared to liver, lung, or kidney ECs (65). Differentially expressed genes (adjusted
P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) are highlighted in green (up, brain-enriched) and red
(down, brain-depleted). The number of up, down, and non-significant (ns) genes are shown in the legends. (B) Venn diagrams
illustrating the number of genes identified as brain EC-enriched (left) or brain EC-depleted (right) versus liver, lung, or kidney
ECs (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction). The 1094 genes enriched in brain ECs
compared to each other organ, and the 506 genes depleted in brain ECs compared to each other organ, were used for subsequent
analysis of the effects of Wnt activation in the various experimental contexts. (C-F) In each plot, the x-axis indicates average
logy(fold change) of gene expression in brain ECs compared to liver, lung, and kidney ECs for the 1094 brain EC-enriched genes
and 506 brain EC-depleted genes described in (B) with known mouse-human homology. Homologous human gene names are
shown. The y-axes indicate differential expression [logx(fold change)] in Passage 1 CHIR-treated ECs compared to Passage 1
DMSO-treated ECs (C), in adult mouse pituitary ECs with stabilized B-catenin (gain-of-function, GOF) compared to controls
(71) (D), in adult mouse liver ECs with stabilized p-catenin compared to controls (367) (E), or in cultured adult mouse brain ECs
with stabilized B-catenin compared to controls (226) (F). Points are highlighted in blue if concordantly-regulated (upregulated in
both comparisons or downregulated in both comparisons). The number of concordantly upregulated and concordantly
downregulated genes is shown. Genes were identified as upregulated or downregulated based on adjusted P-values < 0.05,
DESeq2 Wald test with Benjamini-Hochberg correction. (G) Venn diagrams illustrating the number of brain EC-enriched genes
concordantly upregulated with B-catenin GOF (top) and the number of brain EC-depleted genes concordantly downregulated with
B-catenin GOF (bottom) for the four comparisons shown in (C-F). Complete results of this analysis are provided in
Supplementary file 4.
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Figure 3.22. Concordantly Wnt-regulated CNS EC-associated genes in RNA-seq data of Passage 3 ECs. The x-axis
indicates average logy(fold change) of gene expression in brain ECs compared to liver, lung, and kidney ECs for the 1094 brain
EC-enriched genes and 506 brain EC-depleted genes described in Figure 8B with known mouse-human homology. Homologous
human gene names are shown. The y-axis indicates differential expression [logx(fold change)] in Passage 3 CHIR-treated ECs
compared to Passage 3 DMSO-treated ECs. Points are highlighted in blue if concordantly-regulated (upregulated in both
comparisons or downregulated in both comparisons). The number of concordantly upregulated and concordantly downregulated
genes is shown. Genes were identified as upregulated or downregulated based on adjusted P-values < 0.05, DESeq2 Wald test
with Benjamini-Hochberg correction.
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Figure 3.23. Pathway analysis of ECs with Wnt activation. (A) Enriched gene sets (false discovery rate < 0.05) in Passage 1
CHIR-treated ECs compared to Passage 1 DMSO-treated ECs (top), Passage 3 CHIR-treated ECs compared to Passage 3 DMSO-
treated ECs (middle), or adult mouse pituitary ECs with stabilized B-catenin (gain-of-function, GOF) compared to controls (77)
(bottom). For each gene set, the ratio of the number of genes in the gene set that are upregulated (log,(fold change) > 0, adjusted
P-value < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) in the relevant comparison (k) to the total number of
genes in the gene set (K) is shown. For each comparison, the 20 gene sets with the highest k/K ratio are shown. Supplementary
file 5 lists all enriched gene sets, and values of k, K, and false discovery rate. (B) Venn diagram illustrating the number of
enriched gene sets for the three comparisons in (A). (C) Genes driving gene set enrichment. Selected gene sets enriched in at least
one comparison shown in (A) are shown, with squares highlighted in green indicating upregulation (logx(fold change) > 0,
adjusted P-value < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction). Only genes upregulated in at least one of the
three comparisons are shown.
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3.5 Discussion

The Wnt/B-catenin signaling pathway plays a central role in CNS angiogenesis and in
establishing the unique properties of CNS ECs (225, 227, 228, 237, 241, 242, 247). In this work,
we investigated the role of Wnt/B-catenin signaling in induction of BBB properties in a human
EC model, using naive endothelial progenitors derived from hPSCs. We reasoned that these
immature EPCs (458) would be similar to the immature endothelium in the perineural vascular
plexus and thus competent to acquire CNS EC phenotypes in response to Wnt activation. To
activate Wnt signaling, we evaluated the widely used ligand Wnt3a (228) and the GSK-3
inhibitor CHIR.

We found that CHIR treatment robustly induced several canonical CNS EC molecular
phenotypes, including a marked induction of GLUT-1, upregulation of claudin-5, and
downregulation of PLVAP, which correlated with differential gene expression in RNA-seq data.
We also observed a functional decrease in paracellular permeability. Further, using RNA-seq and
Western blotting, we identified LSR (angulin-1) as CHIR-induced in this system, supporting the
notion that this highly CNS EC-enriched tricellular tight junction protein (62, 102) is Wnt-
regulated. In RNA-seq data, we observed differential expression of known CNS EC-
enriched/depleted and Wnt-regulated genes including upregulated LEFI, AXIN2, APCDDI,
ABCG2, SOX7, ZIC3, FLVCR2, JAM2, and RBP1, and downregulated PLVAP, FABP4, SMADG,
and SLIT2. These RNA-seq data should therefore be useful in generating hypotheses of BBB-
associated genes regulated by Wnt activation in ECs for future functional studies. Our work also
defines an important set of phenotypes for which Wnt activation in ECs is not sufficient in our
system: in the context of vesicle trafficking, we observed caveolin-1 (CAVI) upregulation, no
change in mean functional endocytosis, virtually no expression of MFSD2A, and high absolute

PLVAP abundance in RNA-seq data despite CHIR-mediated downregulation. Given roles of
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brain pericytes in regulating PLVAP, MFSD2A, and functional transcytosis (30, 256, 447, 574),
and the observation that MFSD2A is Wnt-regulated in pituitary ECs in vivo (71), where pericytes
are present, it is plausible that pericyte-derived cues are necessary in addition to Wnts to achieve
the characteristically low rate of CNS EC pinocytosis. Next, while ABCG2 (BCRP) was Wnt-
induced in our system, other hallmark efflux transporters were not Wnt-regulated and either
expressed at low levels (e.g., ABCC4, encoding MRP-4) or not expressed (e.g. ABCB1, encoding
P-glycoprotein). Notably however, 4bcbla was Wnt-regulated in the three other B-catenin
stabilization experiments from the literature that we evaluated (71, 226, 367). Thus, pericyte-
derived cues, astrocyte-derived cues, and/or activation of the pregnane X or other nuclear
receptors may be important for complete acquisition of the complement of CNS EC efflux
transporters (464, 575, 576).

CHIR is widely used to activate Wnt/B-catenin signaling in cell culture (323, 458, 493,
577-580). It remains unknown, however, to what extent CHIR-mediated inhibition of GSK-3 in
ECs mimics the effects of Wnt ligand-induced inhibition of GSK-3 or direct stabilization of B-
catenin. In our system, although the GLUT-1-inductive effect of CHIR was partially inhibited by
B-catenin knockdown and our RNA-seq data revealed a transcriptional response characteristic of
canonical Wnt signaling, it is possible that CHIR affects other signaling pathways, as suggested
by pathway enrichment analysis. Thus, employing ligand-based strategies to activate Wnt
signaling will be an important next step. Our RNA-seq data suggests that the receptors and
coreceptors necessary to transduce Wnt7 and Norrin signaling (e.g., FZD4, LRP6, RECK,
ADGRA?2 [GPR124], TSPAN12, DVL?2) are expressed by hPSC-derived ECs (Figure 3.20). Given
evidence that Wnt ligands have poor solubility (587) and our preliminary data suggesting that
supplementation of culture medium with Wnt7a and Wnt7b is largely ineffective in activating

Wnt/B-catenin signaling in this system, special emphasis should be placed on strategies that
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present Wnt7a, Wnt7b, and/or Norrin in a manner that concentrates ligands at the cell surface,
for example, by using direct cocultures of endogenously Wnt-producing cells (neural progenitors
or astrocytes) or Wnt-overexpressing cells. Importantly, neural progenitor cells and astrocytes
likely would also contribute other yet-unidentified ligands important for acquisition of CNS EC
phenotype. Finally, it would also be informative to directly compare CHIR and/or Wnt ligand
treatment to direct stabilization of P-catenin in this system, for example, by generating a hPSC
line with inducible expression of a dominant active B-catenin.

We also directly addressed the hypothesis that immature ECs are more plastic, that is,
more competent to acquire BBB properties upon Wnt activation, than mature ECs. This
hypothesis is supported by existing observations that ectopic expression of Wnt7a is sufficient to
induce GLUT-1 expression in non-CNS regions of the mouse embryo (227), but B-catenin
stabilization in adult mouse liver and lung ECs produces only a slight effect (367). We repeated
our CHIR treatment paradigm in hPSC-derived ECs after an extended period of in vitro culture
(Passage 4 ECs), and observed much weaker induction of GLUT-1 and no pro-proliferative
effect. Thus, our results support this hypothesis and suggest that the loss of BBB developmental
plasticity in ECs is an intrinsic, temporally-controlled process rather than a result of the
peripheral organ environment. The molecular mechanisms underlying this loss of plasticity
remain poorly understood. While previous studies have demonstrated that the level of Wnt/p-
catenin signaling in CNS ECs peaks early in development and subsequently declines (582, 583),
this finding does not address mechanisms underlying the competence of ECs (CNS and non-
CNS) to respond to Wnt signals. In RNA-seq data of Passage 3 control (DMSO-treated) ECs,
LEFI and TCF7 were strongly downregulated compared to Passage 1 cells. This result suggests
that low baseline expression of these transcription factors, which form a complex with nuclear -

catenin to regulate Wnt target genes, may partially explain the poor efficacy of CHIR in matured
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ECs, although additional work is necessary to assess the functional relevance of these
differences. Interestingly, ECs in non-BBB-forming regions of the CNS (i.e., CVOs), and in the
anterior pituitary, which is directly proximal to the CNS, retain some of their plasticity in
adulthood (71), possibly as the result of a delicate balance between Wnt ligands and Wnt-
inhibitory factors in these regions. Our model should facilitate additional systematic examination
of factors that may enhance or attenuate EC Wnt responsiveness.

Finally, our work establishes an improved hPSC-based model for investigating
mechanisms of BBB development in naive ECs. hPSCs are an attractive model system to
complement in vivo animal studies because they (i) are human, (ii) permit investigation of
developmental processes in contrast to primary or immortalized cells, (iii) are highly scalable,
(iv) can be derived from patients to facilitate disease modeling and autologous coculture systems,
and (v) are genetically tractable. While widely used hPSC-based BBB models are useful for
measuring molecular permeabilities and have been employed to understand genetic contributions
to barrier dysfunction (442, 443, 455), they have not been shown to proceed through a definitive
endothelial progenitor intermediate (429, 452) and express epithelial-associated genes (4517, 452,
455, 584). Thus, new models with developmentally relevant differentiation trajectories and
definitive endothelial phenotype are needed for improved understanding of developmental
mechanisms. Motivated in part by prior use of endothelial cells derived from hematopoietic
progenitors in human cord blood to generate BBB models (427, 428), we and others recently
showed that hPSC-derived naive endothelial progenitors or ECs are good candidates for such a
system (464—466, 468). For example, Praca et al. showed that a combination of VEGF, Wnt3a,
and retinoic acid directed EPCs to brain capillary-like ECs with moderate transendothelial
electrical resistance (TEER) similar in order of magnitude to that reported here. We previously

showed that BBB-like paracellular barrier characteristics are induced in hPSC-EPC-derived ECs
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after extended culture in a minimal medium. These so-called EECM-BMEC-like cells had TEER
and small molecule permeability similar to primary human brain ECs, well-developed tight
junctions, and an immune cell adhesion molecule profile similar to brain ECs in vivo (468). In
this study, we showed it was possible to use the small molecule Wnt agonist CHIR to induce
additional hallmarks of CNS EC phenotype in hPSC-EPC-derived ECs, including canonical
GLUT-1, claudin-5, and PLVAP effects (both Passage 1 and 3 CHIR-treated ECs). However, it
is important to note that despite the improvements in CNS EC character with CHIR treatment,
further improvements to functional endocytosis, and efflux transporter and solute carrier
phenotype should be targets of future study and may be facilitated by cocultures and/or
additional molecular factors. Along these lines, the Passage 1 CHIR-treated CNS-like ECs would
be at a differentiation stage well suited to investigate cues subsequent to Wnt signaling that may
be key for the induction of additional CNS EC properties. Alternatively, the Passage 3 CHIR-
treated CNS-like ECs may be suitable for other BBB modeling applications. In summary, our
work has defined the EC response to Wnt activation in a simplified, human system and
established a new hPSC-derived in vitro model that will facilitate improved understanding of

endothelial barriergenesis.
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Chapter 4 Integrative analysis of the human brain mural cell

transcriptome”

4.1 Summary

Brain mural cells, including pericytes and vascular smooth muscle cells, are important for
vascular development, blood-brain barrier function, and neurovascular coupling, but the
molecular characteristics of human brain mural cells are incompletely characterized. Single cell
RNA-sequencing (scRNA-seq) is increasingly being applied to assess cellular diversity in the
human brain, but the scarcity of mural cells in whole brain samples has limited their molecular
profiling. Here, we leverage the combined power of multiple independent human brain scRNA-
seq datasets to build a transcriptomic database of human brain mural cells. We use this combined
dataset to determine human-mouse species differences in mural cell transcriptomes, culture-
induced dedifferentiation of human brain pericytes, and human mural cell organotypicity, with
several key findings validated by RNA fluorescence in situ hybridization. Together, this work
improves knowledge regarding the molecular constituents of human brain mural cells, serves as a
resource for hypothesis generation in understanding brain mural cell function, and will facilitate

comparative evaluation of animal and in vitro models.

4.2 Introduction
Vascular smooth muscle cells (VSMCs) and pericytes, collectively termed mural cells,
line the abluminal surface of blood vessels and regulate vascular development and function.

VSMCs surround large vessels while pericytes line microvessels. In the brain, mural cells fulfill

*This chapter published as Gastfriend BD, Foreman KL, Katt ME, Palecek SP, Shusta EV (2021). Integrative
analysis of the human brain mural cell transcriptome. J Cereb Blood Flow Metab 41:3052—68.

Supplementary tables referenced in this chapter are available in the online version of this publication at
http://doi.org/10.1177/0271678X211013700
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additional specialized roles as constituents of the neurovascular unit. VSMCs mediate
neurovascular coupling (/59, 163), while pericytes regulate blood-brain barrier (BBB)
development and maintenance (30, 256, 257), immune cell infiltration (258), and potentially
contribute to neurovascular coupling (27, 156, 166). Further, pericytes provide trophic support to
neurons via pleiotrophin (PTN) secretion (/67), and may regulate astrocyte end-foot polarization
and the function of perivascular spaces (256, 585). Brain mural cell dysfunction or degeneration
contributes to neurological diseases (reviewed in (586)), such as Alzheimer’s disease (/7, 381,
587, 588), cerebral small vessel and associated white matter diseases (589), and CADASIL
(cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy), a
disease caused by mutations in the mural cell-expressed NOTCH3 gene (339-341). Despite the
functional importance of mural cells, our knowledge of molecules that mediate key brain mural
cell functions remains limited, with molecular and functional properties largely characterized in
rodent models (27, 30, 156, 159, 163, 166, 167, 256-258). Therefore, improved knowledge of
human brain mural cell gene expression profiles will expand understanding of the molecular
mechanisms by which these cells contribute to physiological and pathological phenomena and
facilitate molecular-level evaluation of animal and in vitro models.

Microarrays and bulk RNA-sequencing (RNA-seq) have been used to profile both mouse
and human brain vascular cells. Most studies have focused on endothelial cells, although some
studies characterized mural cells by marker-based isolation or subtractive comparison of
microvessel and endothelial gene expression (65, 90, 102, 342, 345, 367, 590). Single-cell RNA-
seq (scRNA-seq) can provide comprehensive information about cellular diversity and cell type-
specific gene expression, and lacks bias associated with isolation of cells based on expression of
canonical markers (597, 592). The technique has been widely employed to profile cellular

diversity in the mouse nervous system, including in recent studies that have provided detailed
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transcriptome profiles of mouse brain mural cells and related perivascular cell populations, such
as fibroblast-like cells (56, 372, 542). These studies have greatly advanced our knowledge of
mouse brain mural cell biology and provided unambiguous molecular definitions of distinct
mural cell populations (i.e., pericytes and multiple VSMC subtypes) that share expression of
canonical marker genes and have historically been defined based predominantly on anatomical or
morphological characteristics. An increasing number of studies have applied scRNA-seq to
human brain samples (391, 392, 503, 504, 593), but the scarcity of mural cells in whole brain
samples is a major limitation in using these datasets to investigate human brain mural cell
biology.

We reasoned that integrating the limited mural cell data from multiple human brain
scRNA-seq datasets could reveal a more precise transcriptomic profile of human brain mural
cells than is currently available. To this end, we made use of five human brain scRNA-seq
datasets from the published literature (391, 392, 503, 504, 593) and employed computational
tools that can identify common populations of cells across multiple independent scRNA-seq
datasets (594-596). Our results reveal high quality markers for human brain mural cells that are
conserved across multiple brain regions and developmental stages. We also identify mural cell
genes with human- or mouse-enriched expression, describe differences in gene expression
profiles between in vivo and cultured human brain pericytes, and discover genes with enriched
expression in brain mural cells compared to mural cells in other organs. Together, this work
establishes high quality, consensus datasets for exploration of the human brain mural cell

transcriptome.
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4.3 Methods

4.3.1 RNA-seq datasets and analysis

We obtained scRNA-seq gene expression matrices and bulk RNA-seq FASTQ files from
sources provided in Table 4.1. We used R (version 3.6.2), the package Seurat (version 3.1.5)
(594, 595), and the package sctransform (version 0.2.1) (596) for all analyses except where
indicated. Statistical analyses of differential expression used the Wilcoxon rank sum test (a non-
parametric test that does not assume normally-distributed data) with Bonferroni correction. Fold-
change results are presented using the natural logarithm except where indicated. We also
compared the expression of protein-coding genes in scRNA-seq data from in vivo pericytes and

bulk RNA-seq data from cultured pericytes.

Table 4.1. Dataset sources and accession numbers.

. Dataset identifier| if
Dataset Source/accession number set identifier(s),

applicable

Allen Institute (502) http:{/portal.bram-map‘org/atlases-and-data/rnaseq/human- transcript.tome

multiple-cortical-areas-smart-seq

Polioudakis et al. (392) http://solo.bmap.ucla.edu/shiny/webapp/
GSM3980129,

Han et al. (503) GEO accession GSE134355 PRI
GSM4008658

La Manno et al. (391) GEO accession GSE76381 GSE76381_EmbryoMole
culeCounts.cef.txt.gz

Zhong et al. (504) GEO accession GSE119212

Karrow et al. (597) GEO accession GSE113036

Cui et al. (598) GEO accession GSE106118

Aizarani et al. (599) GEO accession GSE124395

Travaglini et al. (600) Synapse accession syn21041850

Rubenstein et al. (601) GEO accession GSE130646

GEO accession GSE98816; cell type annotations from

Vanlandewijck, He et al. (36, 342) 10 /1401 ore/10.6084/m9. figshare.6170075.v 1

Zeisel et al. (372) http://mousebrain.org/downloads.html L5 All.loom
Kumar et al. (321) GEO accession GSE75990 GSM2358894
; : GSM2790560,
Griffin et al. (324) GEO accession GSE104141 GSM2790561
; : GSM3537071,
Stebbins et al. (447) GEO accession GSE124579 GSM3537072

4.3.2 scRNA-seq data analysis
Expression matrices provided in comma-separated or tab-separated formats were

imported into R using read.table; matrices provided in .mtx format were imported using the
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ReadMM function from the Matrix package. The package scrattch.io was used to import the
Allen Institute .tome file (502) and the package loomR was used to import the .loom file
provided by Zeisel et al. (372) After importing scCRNA-seq gene expression (count) matrices, we
used the package sctransform (596) (version 0.2.1) to normalize data and identify 3000 highly
variable features (genes) for each dataset independently. We performed principal component
analysis and used the first 30—-50 principal components to perform UMAP embedding and graph-
based clustering using the FindNeighbors function, followed by cluster identification using the
FindClusters function with resolutions of 0.5—1.5, except for the heart dataset where a resolution

of 5 was necessary to resolve visually apparent clusters Table 4.2.

Table 4.2. Clustering parameters.

Dataset PCs? Resolution®
Allen Institute (502) 1:40 1.5
Polioudakis et al. (392) 1:40 0.8
Han et al. (503) 1:40 1.0
La Manno et al. (391) 1:40 0.8
Zhong et al. (504) 1:40 0.8
Karow et al. (597) 1:50 0.5
Cui et al. (598) 1:50 5.0
Aizarani et al. (599) 1:50 0.5
Travaglini et al. (600) 1:50 1.0
Rubenstein et al. (601) 1:30 1.0
Vanlandewijck, He et al. (56, 542) 1:40 N/Ac
Zeisel et al. (372) 1:50 N/A

2 Principal components used for UMAP embedding and FindNeighbors
b Resolution used for FindClusters
¢ N/A: not applicable; authors’ cluster annotations were used.

For marker identification, we used the FindAllMarkers function (with parameters min.pct = 0.25,
logfc.threshold = 0.25, only.pos = TRUE), and selected genes with adjusted P-values < 0.05
based on the default Wilcoxon rank sum test (a non-parametric test that does not assume
normally-distributed data) with Bonferroni correction. We used the Seurat functions DimPlot,
FeaturePlot, VInPlot, DoHeatmap, and DotPlot for visualization. For Venn diagram construction,
we used the tool available at http://bioinformatics.psb.ugent.be/webtools/Venn/.

To integrate the five human brain scRNA-seq datasets, we used the Seurat workflow that

harmonizes Pearson residuals output by sctransform, using the SelectlntegrationFeatures,
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PrepSCTIntegration, FindIntegrationAnchors, and IntegrateData functions. We performed
principal component analysis on the resulting integrated dataset, followed by UMAP embedding
and FindNeighbors using the first 50 principal components, and FindClusters using a resolution
of 1. After integration and clustering, we performed marker identification using raw log-
normalized counts, with the FindAllMarkers parameters described above. To generate
differential expression results for input to Gene Set Enrichment Analysis (GSEA), we used the
Seurat function FindMarkers (with parameter logfc.threshold = 0.25), comparing the cluster of
interest (mural: cluster 30; endothelial: cluster 32; fibroblast-like: cluster 40) to all other cells in
the integrated dataset. For each gene, we calculated a ranking metric —logio(P)*log(fold change).
We input the ranked gene lists into GSEA (version 4.0.2) (602, 603) and tested them against the
KEGG canonical pathways gene set. For sub-clustering of mural cells, we isolated cluster 30
from the integrated dataset and preserved the original UMAP coordinates, but re-ran PCA,
FindNeighbors using the first 10 principal components, and FindClusters with a resolution of 1.
We collapsed the resulting 12 clusters into a single pericyte-enriched and a single VSMC-
enriched cluster based on expression of ACTA2 (Figure 4.4e,f) and removed multiplet or
contaminant cells with nonzero counts for CLDN5 (endothelial cells), TUBB3 (neurons), AQP4
(astrocytes), OLIG1/2 (oligodendrocytes and oligodendrocyte precursor cells), AIFI
(microglia/macrophages), and GYPA (erythrocytes) as shown in Figure 4.4G. These filtered
mural cell sub-clusters are shown in Fig. 2F and were used for subsequent analyses except where
indicated. Differential expression analysis comparing the pericyte-enriched and VSMC-enriched
clusters was performed using the FindMarkers function (with parameter min.pct = 0.25).

For comparison of human and mouse scRNA-seq datasets, we used mouse-human gene
homology data from the Ensembl database (release 100; http://ensembl.org/biomart/martview/)

(560) to assign homologous human gene names to the mouse brain vascular scRNA-seq data. We
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manually curated the resulting gene expression matrix using mouse gene name synonym data
from the Mouse Genome Database (http://www.informatics.jax.org/batch) (604). We used Seurat
to perform UMAP embedding of the mouse data as described above, and selected the cells
annotated as pericytes by Vanlandewijck, He et al. (56, 542) for differential expression analysis.
To compare mouse pericytes and human pericytes (cluster 0’), we used the FindMarkers function
with the following parameters: min.pct = 0.5, logfc.threshold = 0.25. We chose a higher value of
min.pct to increase the relative number of human-enriched genes that are expressed in pericytes
from multiple human source datasets. We excluded mitochondrial and ribosomal genes, and used
a volcano plot to visualize the differential expression results (adjusted P-values from the
Wilcoxon rank sum test with Bonferroni correction versus average log(fold change)).
4.3.3 Bulk RNA-seq data analysis

We compared the expression of protein-coding genes (based on the list available from the
HUGO at https://www.genenames.org/download/statistics-and-files/) in sScRNA-seq data from in
vivo pericytes and bulk RNA-seq data from cultured pericytes. We used RSEM (version 1.3.1)
(550) to align FASTQ files from bulk RNA-seq of cultured human brain pericytes to the human
genome (hg38) and quantify transcript abundances in transcripts per million (TPM). For each
human brain scRNA-seq source dataset, we constructed a mock bulk RNA-seq dataset using
average gene counts across all cells in the pericyte cluster (cluster 0”). We generated mock TPM
values by normalizing each mock bulk RNA-seq dataset to 10%. We averaged TPM values for
each gene across the five cultured pericyte bulk RNA-seq datasets, and averaged TPM values for
each gene across the five mock bulk RNA-seq datasets from in vivo pericytes. We calculated the
Pearson correlation coefficient on the log-transformed average transcript abundances [log>(TPM

+ 1)]. For each gene, we calculated the log(fold change) between cultured and in vivo pericytes
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and input the gene list ranked based on log(fold change) to GSEA and tested it against the

KEGG canonical pathways gene set.

4.3.4 Validation via immunohistochemistry and RNA in situ hybridization (FISH)

We validated a subset of brain mural cell-enriched genes using immunohistochemistry
data from the Human Protein Atlas (507) Table 4.3. We performed immunohistochemistry on
de-identified, normal human brain tissue and mouse brain tissue. For human tissue, research was
conducted in accordance with the ethical guidelines of the University of Wisconsin—Madison
Institutional Review Board and with patient consent that tissue removed during surgery could be
used for research purposes. For mouse tissue, research was conducted in accordance with the
ethical guidelines of the University of Wisconsin—Madison Institutional Animal Care and Use
Committee following National Institutes of Health (NIH) guidelines for care and use of
laboratory animals. Results and methods are reported in compliance with the ARRIVE
guidelines; inclusion/exclusion criteria, randomization, and blinding are not applicable to the
study design. We also performed RNA FISH on human brain tissue obtained as described above.
Statistical analysis of quantified RNA FISH data was performed using the Kruskal-Wallis test
followed by Steel-Dwass test (non-parametric tests as data were not normally distributed as

assessed by the Shapiro-Wilk test).



Table 4.3. Human Protein Atlas image URLs.

Protein Antibody Brain region Image URL
Cortex images.proteinatlas.org/18144/43120 B 7 5.jpg
Hippocampus images.proteinatlas.org/18144/43120 B 8 6.jpg
PDGFRB CABO18144 Caudate nucleus images.proteinatlas.org/18144/43120 B 7 7.jpg
Cerebellum images.proteinatlas.org/18144/43120 B 7 8.jpg
Cortex images.proteinatlas.org/2/310 B 8 5.jpg
Hippocampus images.proteinatlas.org/2/310 B 7 6.jpg
ACTA2 CAB000002 Caudate nucleus images.proteinatlas.org/2/310 B 8 7.jpg
Cerebellum images.proteinatlas.org/2/310 B 7 8.jpg
Cortex images.proteinatlas.org/7575/21633 B 8 5.jpg
Hippocampus images.proteinatlas.org/7575/21633 B 7 6.jpg
S100A6 HPAQO7575 Caudate nucleus images.proteinatlas.org/7575/21633 B 7 7.jpg
Cerebellum images.proteinatlas.org/7575/21633 B 9 &.jp
Cortex images.proteinatlas.org/22293/56980 B 7 5.jpg
Hippocampus images.proteinatlas.org/22293/56980 B 9 6.jpg
SLC6AL CAB022293 Caudate nucleus images.proteinatlas.org/22293/56980 B 8 7.jpg
Cerebellum images.proteinatlas.org/22293/56980 B 7 8.jpg
Cortex images.proteinatlas.org/34973/70402_B 8 5.jpg
Hippocampus images.proteinatlas.org/34973/70402_B 9 6.jpg
SLC6AL2 HPA034973 Caudate nucleus images.proteinatlas.org/34973/70402_B 7 7.jpg
Cerebellum images.proteinatlas.org/34973/70402 B 7 8.jpg
Cortex images.proteinatlas.org/26810/57107_B 7 5.jpg
Hippocampus images.proteinatlas.org/26810/57107_B 7 6.jpg
ADIRF HPA026810 Caudate nucleus images.proteinatlas.org/26810/57107_B 7 7.jpg
Cerebellum images.proteinatlas.org/26810/57107 B 8 8.jpg
Cortex images.proteinatlas.org/27052/56949 B 7 5.jpg
Hippocampus images.proteinatlas.org/27052/56949 B 7 6.jpg
GPERI HPAO27052 Caudate nucleus images.proteinatlas.org/27052/56949 B 8§ 7.jpg
Cerebellum images.proteinatlas.org/27052/56949 B 7 8.jpg

4.3.5 Immunohistochemistry

Normal human brain tissue specimens were obtained during neurosurgeries, immediately
flash-frozen in liquid nitrogen, and stored at —80°C. Mouse brain tissue was obtained from a 7
week-old male C57/BL6N mouse used for an unrelated experiment (injection with a rabbit-Fc
brain vasculature-targeting antibody) 48 h before the mouse was sacrificed by cardiac perfusion
with 4% paraformaldehyde containing 0.5 mg/mL heparin, 1 mg/mL BSA, and Lycopersicon
esculentum (tomato) lectin-DyLight 488 (Invitrogen, L.32470). Mouse brain was flash-frozen in
liquid nitrogen and stored at —80°C. The anti-FRZB (FRP-3) antibody (Santa Cruz, B-5, mouse
IgG1) and mouse IgG1 isotype control antibody (BD Biosciences, MOPC-21) were concentrated
to 1 mg/mL in Amicon Ultra 100 kDa nominal molecular weight limit centrifugal filter units and
preconjugated using the Alexa Fluor 647 Antibody Labeling Kit (Invitrogen, A20186) according

to the manufacturer’s protocol. 8 um cryosections of the human brain tissue and mouse brain
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(sagittal) were cut and fixed with 1% paraformaldehyde for 10 min at room temperature.
Sections were washed once with PBS, blocked with PBS supplemented with 15% goat serum,
1% bovine serum albumin, 0.15% saponin, and 0.1% Triton X-100 for 30 min, and incubated
with primary antibodies in blocking solution lacking Triton X-100 overnight at 4°C. Human
brain sections were labeled with anti-PDGFRP (Cell Signaling Technology, 28El, rabbit
monoclonal, 1:100) and anti-FRZB-AF647 (1:100) or mouse IgGl isotype control-AF647
(1:100). Mouse brain sections were labeled with anti-FRZB-AF647 (1:100). Sections were
washed 5 times with PBS for 5 min each. Human brain sections were incubated with secondary
antibody (goat anti-rabbit IgG-Alexa Fluor 488, Invitrogen A11008, 1:200) in blocking solution
lacking Triton X-100 for 30 min at room temperature, followed 5 washes with PBS for 5 min
each. Coverslips were mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen,

P36935) and sections were imaged on a Nikon Eclipse Ti2-E microscope with a 40 objective.

4.3.6 RNA in situ hybridization

RNAscope” was performed on de-identified, normal human brain tissue obtained as
described above. Specimens were fixed in 10% neutral-buffered formalin for 36 h at room
temperature and transferred to 70% ethanol, followed by paraffin embedding and sectioning.
RNAscope was performed according to manufacturer protocols using the RNAscope Multiplex
Fluorescent Reagent Kit v2 with 4-plex Ancillary Kit (Advanced Cell Diagnostics). RNAscope
probes, channels, and Opal fluorophores (Akoya Biosciences) were: Assay 1: FRZB-CI-
Opal520), ATP142-C2-Opal570, CLDNS5-C3-Opal620, PDGFRB-C4-Opal690; Assay 2:
SLC6A12-C1-Opal 520, SLC6A1-C2-Opal570, CLDN5-C3-Opal620, PDGFRB-C4-Opal690.

Imaging was performed using a Nuance Multispectral Imaging System (PerkinElmer) with a 40x

"I thank Rebecca Baus and Karla Esbona of the University of Wisconsin Translational Research in Pathology
(TRIP) laboratory for performing RNAscope.
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objective. Signals were unmixed using the Nuance Multispectral Imaging System and inForm
software. ImageJ (FIJT) software was used to manually select endothelial cell nuclei (CLDN5™),
mural cell nuclei (PDGFRB"), and non-endothelial/non-mural cell nuclei (CLDN5 PDGFRB")
from one tissue specimen and quantify mean fluorescence intensity of each channel. The non-
parametric Kruskal-Wallis test followed by the Steel-Dwass test was used to compare
fluorescence intensity in endothelial cell and mural cell nuclei to non-endothelial/non-mural cell
nuclei.

4.4 Results

4.4.1 Identification of mural cell populations in human brain scRNA-seq datasets

We began by identifying and evaluating five human brain scRNA-seq datasets from the
published literature (391, 392, 503, 504, 593). These five datasets were generated using samples
from several different developmental stages, brain regions, and scRNA-seq library preparation
methodologies (Figure 4.1A). Thus, our analysis of these datasets permits us to define a mural
cell gene expression profile that is conserved across developmental stage and brain region. The
five datasets also vary considerably in the total number of cells analyzed and in average
sequencing depth (i.e., the average number of different genes detected) per cell (Figure 4.1A).
Therefore, simultaneous analysis of multiple datasets may be beneficial, as datasets with high
sequencing depth in few cells can complement datasets with large numbers of cells but low
depth.

We first performed normalization, variable feature identification, and dimensionality
reduction on each dataset independently, using the Seurat and sctransform packages (594, 596)
(see Methods). We visualized the heterogeneity in cell transcriptomes in two dimensions using
UMAP embedding (605) and performed unbiased clustering of single cells (Figure 4.1B). We

identified putative mural cell clusters based on the expression of pan-mural cell canonical
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markers PDGFRB and RGS5 or the VSMC-enriched gene ACTA2 (606), and observed at least
one cluster enriched for the combination of PDGFRB and RGS5 and/or ACTA2, in each dataset
(Figure 4.1A; Figure 4.2). We next identified markers of these clusters, defined as genes
enriched in the putative mural cell cluster(s) relative to all other cells in the same source dataset
(P < 0.05, log(fold-change) > 0.25) and expressed by at least 25% of cells in the putative mural
cell cluster(s) (Supplementary Table S1). Comparing the results of this analysis for the five
datasets revealed that 26 genes were identified as mural cell markers in all five datasets (Figure
4.1C,D). Several additional genes were identified as mural cell markers in four out of five
datasets, and many others appeared in three or fewer datasets (Figure 4.1C,D). Importantly, in
addition to the canonical markers used to identify the putative mural cell clusters, the list of
mural cell markers identified in all five datasets included several known pericyte and VSMC
genes, including PTN, MYL9, and NOTCH3 (Figure 4.1E). In the list of genes identified as mural
cell markers in four out of five datasets, additional known markers of brain mural cells appeared,
including ABCCY9, COLIA2, FOXCI, MCAM (CD146) and ZICI (83, 320, 342, 343, 345), and
shared mural/endothelial markers B2M and COL4A41 (56, 345) (Figure 4.1F). The lack of
enrichment of these genes in all five data sets is likely attributable to the low sequencing depth of
the dataset from Han et al. (503), which lacks enrichment of these markers (Supplementary
Table S1), rather than biological differences. Therefore, genes enriched in 4 or more datasets are
likely high quality markers of human brain mural cells. Together, these results support the
identification of mural cell clusters in the selected datasets, suggest striking similarities in marker
gene expression in human brain mural cells across the evaluated developmental stages and brain

regions, and provide genes that should robustly identify mural cells in human brain samples.
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Figure 4.1. Identification of mural cell populations in human brain scRNA-seq datasets. (A) Overview of the five scRNA-
seq datasets. For each dataset, the sampled brain region(s), developmental stage, total number of cells analyzed, scRNA-seq
platform, and sequencing depth (mean + SD of genes detected per cell), are indicated. GW: gestational week. (B) UMAP plots of
all single cells arranged in columns below the corresponding source dataset overview in (A). Plotted points (cells) are colored by
cluster identity (top row) or by expression of PDGFRB or RGS5 (bottom). Dashed circles mark putative mural cell clusters.
Cluster numbers shown correspond to those in Figure 4.2 and Supplementary Table S1. (C) Venn diagram depicting the number
of genes identified as markers of mural cells (P < 0.05, average log(fold change) > 0.25, expressed by at least 25% of cells in the
putative mural cell cluster(s)) in the five scRNA-seq datasets. Complete lists of marker genes are provided in Supplementary
Table S1. (D) Number of genes identified as markers of mural cells in a single dataset (1/5) or multiple datasets. 26 genes were
identified as markers of mural cells in all datasets (5/5). (E) Average log(fold change) of gene expression in mural cell clusters
compared to all other cells in the corresponding dataset for the 26 genes identified as markers of mural cells in all five datasets.
Points represent average log(fold change) from each dataset and bars indicate the mean. (F) Genes identified as markers of mural
cells in 4/5 datasets.
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Figure 4.2. Mural cell clusters in human brain scRNA-seq datasets. Expression of mural cell markers (PDGFRB, RGS5, and
ACTA?2) in clusters identified in each scRNA-seq dataset. The putative mural cell cluster(s) is shown above each set of plots.
Cluster numbers correspond to those in Figure 4.1A and Supplementary Table S1.
4.4.2 Integrated analysis of human brain mural cell transcriptome profiles

To take advantage of the combined power of the five scRNA-seq datasets and build a
consensus molecular profile of human brain mural cells, we used the “anchoring” methodology
in Seurat to integrate the five source datasets (595) (see Methods). This combined dataset
comprises more than 150,000 human brain cells. Visualization in low-dimensional space
revealed both cell clusters that are unique to a single source dataset and cell clusters comprising
cells from multiple or all source datasets (Figure 4.3A). We performed unbiased clustering on

this combined dataset (Figure 4.3B) and used canonical markers of mural cells to identify cluster

30 as the putative mural cell cluster, which contained a total of 1,489 cells, representing 0.9% of
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total cells (Figure 4.3B,C). Importantly, cluster 30 contained cells derived from all five source
datasets (Figure 4.3A,B; Figure 4.4A), suggesting gross similarity in the transcriptional profiles
of mural cells from multiple brain regions and developmental stages. This finding is further
supported by the lack of substantial spatial segregation of cerebellum- and temporal lobe-derived
mural cells from the source dataset of Han et al. (503) (Figure 4.4B). The majority (77%) of cells
from the mural cell clusters identified by analysis of independent datasets (Fig. 1) were included
in the integrated cluster 30 (Figure 4.4A). Cells in cluster 30 expressed KCNJS, a pericyte
marker (342), and ACTA2, a VSMC-enriched gene, suggesting that both of these mural cell
subtypes are present in this cluster (Figure 4.3C). Of note, the mural cell cluster did not contain a
large number of COL1A41" cells, and we identified a separate, very small cluster (cluster 40) with
enrichment of COLIAI that may comprise brain perivascular fibroblast-like cells (56, 372)
(Figure 4.3C). We identified markers (as defined previously) of mural cells in cluster 30 and
fibroblast-like cells in cluster 40 (Figure 4.3D; Supplementary Table S2). Among the mural cell-
enriched genes were all 26 markers previously identified in all five individual dataset analyses, a
majority of markers identified in four out of five datasets, and importantly, additional genes not
identified in any individual analysis, including HCFCIRI and CYB5R3 (Figure 4.4C);
Supplementary Table S2). We performed Gene Set Enrichment Analysis (GSEA) using the

results of this differential expression
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Figure 4.3. Dataset integration and analysis of mural and fibroblast transcriptional profiles. (A) UMAP plot of all single
cells after integration of the five scRNA-seq datasets described in Figure 4.1. Plotted points (cells) are colored by source dataset.
An example of a cluster comprising cells from a single source dataset is circled; most clusters comprise cells from multiple
source datasets. (B) UMAP plot of all single cells colored by cluster identity after re-clustering. Dashed circles mark the putative
mural cell cluster (30) and fibroblast cluster (40). (C) Expression of known markers of mural cells (PDGFRB, RGS5), pericytes
(KCNJS), VSMCs (ACTA2), and fibroblasts (COL1A1) in the 42 clusters identified in (B). The position of the putative mural cell
cluster (30) is indicated by an arrow below the x axis. (D) Genes identified as markers (P < 0.05, average log(fold change) >
0.25, expressed by at least 25% of cells in the putative mural cell cluster(s)) of mural cells (left) and fibroblasts (right). The
average log(fold change) of gene expression in the mural or fibroblast cell cluster compared to all other cells is plotted for the 30
genes with largest average log(fold change). Complete lists of marker genes are provided in Supplementary Table S2. (E) Gene
sets enriched and depleted (P < 0.05) in mural (top) and fibroblast (bottom) clusters compared to all other brain single cells as
identified by GSEA. NES: normalized enrichment score. The GSEA input was a list of genes ranked from the highest-confidence
mural- or fibroblast-enriched to the highest-confidence mural- or fibroblast-depleted gene, using the ranking metric —
logio(P)*log(fold change). Complete results of GSEA are provided in Supplementary Table S2. (F) UMAP plot of all mural cells
(cluster 30 in b) after sub-clustering and cluster collapsing to two clusters, pericytes (cluster 0°) and VSMCs (cluster 1°) (Figure
4.4). UMAP plots split by source dataset are shown at right. Plotted points (cells) are colored by cluster identity. The number of
cells in the integrated mural cell dataset derived from each source dataset is shown above each plot. (G) Differential expression
analysis comparing pericytes (cluster 0°) and VSMCs (cluster 1°). The heatmap shows expression of the 10 genes with the largest
average log(fold change) for each cell type. Complete results of differential expression analysis are provided in Supplementary
Table S3. (H) UMAP plots of all mural cells. Plotted points (cells) are colored by expression of PTN or TAGLN. PTN-expressing
cells concentrate in the lower region identified as cluster 0° (pericyte), while 74 GLN-expressing cells concentrate in the upper
region identified as cluster 1’ (VSMC).
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analysis, and identified the KEGG gene sets focal adhesion and ECM-receptor interaction as
enriched in both mural and fibroblast-like cell clusters, while oxidative phosphorylation and
vascular smooth muscle contraction were enriched only in the mural cell cluster (Figure 4.3E;
Supplementary Table S2). We also identified an endothelial cell cluster comprising 768 cells
(cluster 32; 0.5% of total cells) with enrichment for known endothelial and BBB genes including
CLDNS, SLC2A1, VWF, FLTI, MFSD2A4, ABCG2, and PODXL (Figure 4.5A-E; Supplementary
Table S2). Finally, we identified transcription factors enriched in these three vascular cell
clusters; we observed mural cell-specific enrichment of FOXSI, EBF1, ZEBI, TBX2, and HEYL,
several shared mural- and fibroblast-enriched transcription factors (including ZICI, HES4, and
FOXF2), and pan-vascular enrichment of intermediate early genes (including JUNB, NR4Al,
FOS, and JUN), potentially suggestive of dissociation-induced transcriptional changes (Figure
4.5F).

We next asked whether sub-clustering the mural cell cluster could resolve distinct
populations of pericytes and VSMCs. Initial sub-clustering yielded 12 clusters, some of which
were largely driven by source dataset (Figure 4.4D). We therefore collapsed the five 4CTA2Mieh
clusters into one putative VSMC-enriched sub-cluster (cluster 1°) and the remaining seven
ACTA2'"¥ clusters into a single putative pericyte-enriched subcluster (cluster 0°) (Figure 4.4E,F).
We also eliminated a small number of potential endothelial, neuronal, glial, microglial, and
blood cell contaminants or multiplets based on expression of canonical markers (Figure 4.4G),
for a filtered mural cell cluster containing 1,182 cells (Figure 4.3F). When visualized in the
original UMAP embedding, cells in the pericyte sub-cluster and cells in the VSMC sub-cluster
appeared spatially segregated (Figure 4.3F). We performed differential expression analysis to
identify genes that distinguish the two mural sub-clusters, and found that putative pericytes were

enriched for genes including PTN, ATP142, PDGFRB, PLXDCI, SLC6A12, SLC6A1, MALATI,
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and FNI, while putative VSMCs were enriched for genes including ACTA2, TAGLN, ADIRF,
S10046, and DSTN, many of which have been previously identified to discriminate between
mouse brain mural cell sub-types (Figure 4.3G,H; Figure 4.6; Supplementary Table S3). We also
evaluated a subset of these markers on the protein level using immunohistochemistry data from
the Human Protein Atlas (507), which confirmed robust expression of SLC6A12 and weak
expression of SLC6A1 in smaller vessels, and enrichment of S100A6 and ADIRF in larger
vessels across multiple brain regions (Figure 4.7). While all source datasets contained cells
classified as both pericytes and VSMCs, the vast majority of mural cells were classified as
pericytes in all datasets except that from Han et al. (503) (Figure 4.3F), potentially a result of the
brain regions sampled, technical differences in tissue isolation, or increased pial vessel
contamination. Taken as a whole, however, these combined human pericyte and VSMC datasets
are derived from multiple independent studies and exhibit good representation of known pericyte
and VSMC markers. We therefore propose that these datasets will be useful in identifying novel
mural cell genes and in validating appropriate expression of these genes in model systems of

these cell types.
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Figure 4.4. Sub-clustering of the integrated brain mural cell dataset. (A) Comparison of cells classified as mural cells in
analyses of individual datasets (Figure 4.1) and those classified as mural cells in the integrated analysis (Figure 4.3). The majority
of cells from the Han et al. (503) dataset that were classified as mural cells in the individual analysis only (246 + 89 cells) map to
integrated cluster 21, which contains RGS5"PDGFRB¥ cells, and not integrated cluster 30, which contains RGS5*PDGFRB*
putative mural cells (Figure 4.3C). (B) UMAP plot of mural cells (cluster 30 in Figure 4.3B) from Han et al. (503) colored by
brain region. (C) Comparison of mural cell markers identified in analyses of individual datasets (Fig. 1) and those identified in
the integrated analysis (Figure 4.3). (D) UMAP plot of all mural cells (cluster 30 in Figure 4.3B) after sub-clustering, but prior to
cluster collapsing and filtering. UMAP plots split by source dataset are shown at right. Plotted points (cells) are colored by cluster
identity. The number of cells in the integrated mural cell dataset derived from each source dataset is shown above each plot. (E)
Expression of ACTA2 and RGSS in the 12 clusters in the integrated mural cell dataset. (F) Cluster collapsing scheme. 4CTA2high
clusters (2, 3, 4, 6, and 10) were combined to form cluster 1’ while the remaining clusters were combined to form cluster 0°. (G)
Expression of canonical brain cell type marker genes in the integrated mural cell dataset grouped by source dataset. Cells with
nonzero counts for CLDNS5 (endothelial cells), TUBB3 (neurons), AQP4 (astrocytes), OLIGI/2 (oligodendrocytes and
oligodendrocyte precursor cells), AIF1 (microglia/macrophages), and GYPA (erythrocytes) were excluded from the integrated
brain mural cell dataset.
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Figure 4.5. Endothelial transcriptional profile and vascular-enriched transcription factors in the integrated dataset. (A)
UMAP plot of all single cells colored by cluster identity after re-clustering. The dashed circle marks the putative endothelial cell
cluster (32). (B) Expression of known markers of brain endothelial cells (CLDN5, PECAMI1, CDHS5, SLC2A1, ABCBI) in the 42
clusters identified in (A). The position of the putative endothelial cell cluster (32) is indicated by an arrow below the x axis. (C)
Genes identified as markers (P < 0.05, average log(fold change) > 0.25) of endothelial cells. The average log(fold change) of
gene expression in the endothelial cell cluster compared to all other cells is plotted for the 30 genes with largest average log(fold
change). Complete lists of marker genes are provided in Supplementary Table S2. (D) Gene sets enriched and depleted (P < 0.05)
in endothelial cell clusters compared to all other brain single cells as identified by GSEA. NES: normalized enrichment score.
The GSEA input was a list of genes ranked from the highest-confidence endothelial cell-enriched to the highest-confidence
endothelial cell-depleted gene, using the ranking metric —log;o(P)*log(fold change). Complete results of GSEA are provided in
Supplementary Table S3. (E) UMAP plot of all endothelial cells (cluster 32 in a). UMAP plots split by source dataset are shown
at right. The number of cells in the integrated mural cell dataset derived from each source dataset is shown above each plot. (F)
Dot plot of transcription factor gene expression in clusters containing mural cells (cluster 30), fibroblast-like cells (cluster 40),
and endothelial cells (cluster 32). Transcription factors identified as markers in at least one of the three clusters are shown. Color
indicates expression level and dot size indicates the fraction of cells that express a given gene. Bars above dot plot indicate
statistically significant enrichment (P < 0.05).
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Figure 4.6. Pericyte- and VSMC-enriched genes in a mouse brain vascular scRNA-seq dataset. Figures adapted from
http://betsholtzlab.org/VascularSingleCells/database.html (56, 542). Cell clusters are as defined by the authors: PC: pericytes;
vSMC: venous VSMCs; aSMC: arterial VSMCs; aaSMC: arteriolar VSMCs; MG: microglia; FB1, FB2: fibroblast-like cells; OL:
oligodendrocytes; EC1, EC2, EC3: endothelial cells; VEC: venous endothelial cells; capilEC: capillary endothelial cells; aEC:
arterial endothelial cells; AC: astrocytes.
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Figure 4.7. Mural cell-enriched protein expression in multiple brain regions. Human Protein Atlas (507)
(v19.proteinatlas.org) immunohistochemistry data for PDGFRB, ACTA2, S100A6, SLC6A1, SLC6A12, ADIRF, and GPER1
expression in human cortex, hippocampus, caudate nucleus, and cerebellum. Enlarged images of microvessels and large vessels
are shown for each cortex image and an enlarged image of a SLC6A 1" microvessel is shown for the cerebellum image. URLs for
each image are provided in Table 4.3.
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4.4.3 Mouse-human species differences in brain pericyte gene expression

We next applied our combined human brain pericyte single cell transcriptomic dataset to
evaluate potential mouse-human species differences in brain pericyte gene expression. We used a
mouse brain vascular scRNA-seq dataset (56, 542) for initial comparison (Figure 4.8A). We
chose to focus on pericytes given that all five human source datasets contributed substantially to
the pericyte sub-cluster, and the average sequencing depth of human and mouse pericytes was
more closely matched than that of human and mouse VSMCs (Figure 4.9A). We visualized the
mouse dataset by UMAP embedding and overlaid the authors’ cell type annotations (Figure
4.8B) and expression of the mural cell marker genes Pdgfrb, Rgs5, and Acta2? (Figure 4.8C).
Mural cells, including pericytes (PC) and arterial, arteriolar, and venous VSMCs (aSMC,
aaSMC, and vSMC, respectively), formed a cluster distinct from endothelial cells, fibroblast-like
cells, and small populations of other cell types (Figure 4.8B). The VSMC cluster was spatially
distinct from the pericyte cluster and was Acta2® (Figure 4.8B,C), consistent with the authors’
report (56).
We used differential expression analysis to compare homologous gene expression in human
brain pericytes (cluster 0’ in Figure 4.3F) versus mouse brain pericytes (cluster PC in Figure
4.8B). We identified 541 mouse-enriched genes, including Atp13a5, Slc6a20a, and Sod3, and
168 human-enriched genes including DCN, PPIA, FRZB, SLC6A1, FNI, and MGLL (P < 0.05,
log(fold change) > 0.25, expressed by at least 50% of cells in either the human or mouse pericyte
cluster), excluding mitochondrial and ribosomal genes (Figure 4.8D; Supplementary Table S4).
A majority of human and mouse pericytes expressed PDGFRB, RGS5, and PTN, a majority of
human and mouse VSMCs expressed ACTA2, and a similar proportion of human and mouse
VSMCs expressed CNNI (i.e., putative arterial VSMCs) (Figure 4.8E). RGS4, SNX33, VTN,

PLXDC2, and SLC22A8 were strongly enriched in mouse pericytes compared to human
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pericytes, and all except SLC2248 were also expressed by some mouse and nearly no human
VSMCs (Figure 4.8E). Vin is robustly and selectively expressed in mouse brain pericytes, and
absence of VTN transcript in human brain pericytes is consistent with our previous observations
(90). DCN (encoding decorin), FNI (fibronectin), PPIA (proinflammatory cytokine cyclophilin
A), FRZB (Wnt-binding frizzled-related protein), and SLC6A41 (GABA transporter) were strongly
enriched in human pericytes compared to mouse pericytes, and similar to the mouse-enriched
case, many were also enriched in human VSMCs compared to mouse VSMCs (Figure 4.8E). In
adult mouse brain, Dcn and Fnl are enriched in fibroblast-like cells and endothelial cells,
respectively (56). While DCN is also expressed by human fibroblast-like cells (Figure 4.3D) and
FNI by human brain endothelial cells (Figure 4.5C), human-enrichment of these genes in
pericytes suggests that the pericyte contribution to the vascular basement membrane may differ
between human and mouse.

We validated a subset of human- and mouse-enriched genes using an additional mouse
scRNA-seq dataset (372), identifying the authors’ cluster PER3 as containing a relatively pure
population of brain pericytes (Pdgfib"Rgs5"Cldn5 Acta2 Collal™) (Figure 4.9C). Consistent
with the mouse dataset used for differential expression analysis, cells in the PER3 cluster had
little to no expression of Sic6al, Slc6al2, Frzb, Dcn, and Fnl and did express Slc6a20a and Vin
(Figure 4.9C). Some pericytes in the PER3 cluster (~43%) expressed Ppia, however, suggesting
that populations of both human and mouse pericytes express this gene, consistent with previous
protein-level and functional observations (387). Together, these data validate several human
brain pericyte markers previously identified in mouse, but also highlight key transcriptional
differences between brain pericytes in these two species. These species-specific pericyte genes
motivate future examination of functional differences between human and mouse brain pericytes,

for example, in regulation of Wnt signaling (FRZB), GABA uptake/transport (SLC6A41), and
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vascular extracellular matrix composition. Finally, this human brain mural cell dataset can aid in

the design and interpretation of experiments in murine models.
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Figure 4.8. Human-mouse species differences in brain pericyte gene expression. (A) Overview of the mouse brain vascular
scRNA-seq dataset. The sampled brain region, developmental stage, total number of cells analyzed, scRNA-seq platform, and
sequencing depth (mean + SD of genes detected per cell), are indicated. OB: olfactory bulb. (B) UMAP plot of mouse brain
vascular single cells. Plotted points (cells) are colored by cluster identity. Cluster identities are as assigned by Vanlandewijck, He
et al. (56, 542). OL: oligodendrocytes; FB1, FB2: fibroblast-like cells; aEC: arterial ECs; vEC: venous ECs; capilEC: ECs; EC1,
EC2, EC3: other EC subtypes; MG: microglia; PC: pericytes; AC: astrocytes; aSMC: arterial VSMCs; aaSMC: arteriolar
VSMCs; vSMC: venous VSMCs. (C) UMAP plots of mouse brain vascular single cells. Plotted points (cells) are colored by
expression of Pdgfirb, Rgs5, or Acta?. (D) Volcano plot illustrating differential expression analysis of human brain pericytes
(Figure 4.3F, cluster 0’) and mouse brain pericytes. Mitochondrial genes, ribosomal genes, genes with log(fold change) < 0.25,
and genes expressed by fewer than 50% of human or mouse pericytes were excluded. Complete results of differential expression
analysis are provided in Supplementary Table S4. (E) Expression of selected genes in human and mouse brain pericytes and
VSMCs. Genes with expression consistent across species (top row), mouse-enriched expression (P < 0.05; middle row), and
human-enriched expression (P < 0.05; bottom row) are shown.
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Figure 4.9. Human-enriched brain pericyte gene expression. (A) Comparison of sequencing depth (number of distinct
features detected per cell) in the combined human brain pericyte and VSMC datasets (clusters 0’ and 1’ in Figure 4.3F) and
mouse brain pericyte and VSMC (vSMC, aSMC, and aaSMC) datasets as identified by Vanlandewijck, He et al. (56, 542). (B)
UMAP plot of mouse nervous system single cells. Plotted points (cells) are colored by cell class as annotated by Zeisel et al.
(372). (C) Expression of selected genes in mouse nervous system vascular single cell clusters. Markers shared between human
and mouse pericytes (Pdgfrb, Rgs5, Ptn; top row), endothelial cells (Cldn5, CdhS5; second row), VSMCs and fibroblast-like cells
(Acta2 and Collal, respectively; third row), are shown. Human-enriched pericyte genes (Slc6al, Slc6al2, Frzb; fourth row) and
mouse-enriched pericyte genes (Slc6a20a, Vin; fifth row) are also shown. Cluster identities are as assigned by Zeisel et al. (372).
ENMFB: enteric mesothelial fibroblasts ABC: arachnoid barrier cells; VLMC1, VLMC?2: vascular leptomeningeal cells; PER1,
PER2, PER3: pericytes; VSMCA: vascular smooth muscle cells, arterial; VECA: vascular endothelial cells, arterial; VECV:
vascular endothelial cells, venous; VECC: vascular endothelial cells, capillary.
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4.4.4 Transcriptional alterations in brain pericytes cultured in vitro

Primary cell culture is widely employed to study human brain pericytes, and we therefore
asked whether our integrated human brain pericyte scRNA-seq dataset could be used to reveal
potentially important molecular differences between in vivo and cultured pericytes. Cultured
primary human brain pericytes from commercial sources (see Methods) are widely used and
have been analyzed by bulk RNA-seq in several independent studies (327, 324, 447). To
compare these data to the gene expression profile of brain pericytes in vivo, we constructed mock
bulk RNA-seq datasets from the single cells identified as pericytes (cluster 0’ in Figure 4.3F)
from each source dataset (see Methods). The Pearson correlation between average log-
transformed transcript abundances from cultured and in vivo pericytes was moderately high (» =
0.81), although numerous dysregulated genes were apparent (Figure 4.10A; Supplementary
Table S5). For example, while PDGFRB was moderately downregulated in vitro, the well-
established pericyte marker KCNJS was highly and consistently downregulated in cultured
pericytes from all three studies (Figure 4.10A,B). P2RY14, COL9A1, SLC6A12, and HIGDIB
were similarly downregulated in cultured pericytes (Figure 4.10A,B). Among genes consistently
upregulated in cultured pericytes were COLIA1, which is a marker of fibroblasts in vivo (Figure
4.10C), several additional collagens (COL8A1, COL11A2), and the protease inhibitor SERPINE 1
(Figure 4.10A,B). GSEA revealed that the KEGG gene set ECM-receptor interaction contained
genes that were both highly upregulated and downregulated in cultured pericytes, effects driven
by collagens, integrins, perlecan, and laminins, among others (Figure 4.10C; Supplementary
Table S6). The KEGG gene set neuroactive ligand-receptor interaction was strongly enriched in
the in vivo pericyte dataset, an effect driven by metabotropic glutamate receptor genes (GRM3,
GRMS), the purinurgic receptor P2RY14 identified above, the endothelin receptor EDNRB, and

the sphingosine-1-phosphate receptor S/PR3, among others (Figure 4.10C). Collectively, these
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data suggest that while cultured human brain pericytes retain expression of some key markers
and have moderately well-correlated global gene expression profile, they downregulate receptors
for neuroactive ligands when compared to pericytes in vivo and have markedly dysregulated

extracellular matrix (ECM)-associated gene expression.
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Figure 4.10. Transcriptional alterations in brain pericytes cultured in vitro. (A) Comparison of gene expression in cultured
human pericytes as quantified by bulk RNA-seq and in vivo human pericytes as quantified by constructing a mock bulk RNA-seq
dataset from in vivo pericyte scRNA-seq data (Figure 4.3F, cluster 0°). The Pearson correlation coefficient (») is shown. Red lines
indicate logy(fold change) = +2. Complete expression data are provided in Supplementary Table S5. (B) Comparison of
expression of selected genes in mock bulk RNA-seq data from in vivo pericytes (Figure 4.3F, cluster 0°) and bulk RNA-seq data
from cultured pericytes. Average expression for each of the five in vivo pericyte datasets is indicated with a gray point.
Expression in five bulk RNA-seq datasets from cultured pericytes are indicated with green points. Bars indicate the mean. (C)
GSEA enrichment plots for the ECM-receptor interaction and neuroactive ligand-receptor interaction gene sets. The GSEA
input was a list of genes ranked from cultured pericyte-enriched to in vivo pericyte-enriched gene based on log(fold change). The
10 genes in each gene set with highest and/or lowest rank are indicated at right. Complete results of GSEA are provided in
Supplementary Table S6. (D) Overview of the cultured human brain pericyte scRNA-seq dataset. The sampled brain region,
developmental stage, total number of cells analyzed, scRNA-seq platform, and sequencing depth (mean + SD of genes detected
per cell) are indicated. (E) Expression of selected genes in in vivo pericytes (Figure 4.3F, cluster 0) and cultured pericytes as
described in (D) and Figure 4.11. Genes with culture-induced downregulation (left) and genes with culture-induced upregulation
(right) are shown.
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To address the possibility that upregulation of COLIAI and other ECM-related genes
actually reflects proliferation of contaminating fibroblast-like cells in pericyte cultures, rather
than culture-induced dedifferentiation of pericytes, we analyzed scRNA-seq data from cultured
human brain pericytes (597) (Figure 4.10D). We selected control (non-transfected) pericytes that
were acutely isolated and cultured for two days in vitro for further analysis (Figure 4.11A). The
control cells formed two spatially distinct clusters when visualized by UMAP embedding, but
both clusters expressed PDGFRB and RGS5 (Figure 4.11B,C). We compared expression of key
genes in human brain pericytes in vivo (cluster 0’ in Figure 4.3F) and these cultured human brain
pericytes. While PDGFRB and RGS5 were downregulated in cultured pericytes, nearly all cells
still expressed these genes; conversely, the pericyte marker KCNJ8 was downregulated in
cultured pericytes to the point where most cells did not have detectable expression of this gene
(Figure 4.10E). Similarly, most cultured pericytes did not express detectable levels of SLC6A41
and SLC6A412 (Figure 4.10E). Consistent with previous observations that pericytes rapidly
upregulate a-smooth muscle actin (a-SMA) in vitro (417), the cultured pericytes had elevated
levels of ACTA2 transcript (Figure 4.10E). Finally, all cultured pericytes expressed COL1A41 and
many expressed COL8AI and other collagens that were not expressed by pericytes in vivo
(Figure 4.10E). The presence of RGS5"COLIAI" cells suggests that the dysregulated ECM gene
signature identified in bulk RNA-seq of cultured brain pericytes is not the result of a population
of contaminating COLIAI" fibroblast-like cells. Together, these data support the notion that
culture induces dedifferentiation/activation of brain pericytes marked by downregulation of
neuroactive receptors and upregulation of fibroblast and VSMC gene signatures, among other
transcriptional changes. Thus, these datasets should be useful for detailed evaluation of in vitro

models based on presence or absence of relevant genes.
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Figure 4.11. scRNA-seq analysis of human brain pericytes cultured in vitro. (A) UMAP plot of cultured human brain
pericyte single cells. Plotted points (cells) are colored by experimental treatment as reported by Karow et al. (597). Dashed
circles mark the control (non-transfected) cell clusters selected for further analysis. (B) UMAP plots of cultured human brain
pericyte single cells. Plotted points (cells) are colored by expression of PDGFRB or RGSS. Dashed circles mark the clusters as
described in (A). (C) Expression of mural (PDGFRB, RGS5) and neuronal (TUBB3, EPHBI) marker genes in human brain
pericytes cultured in vitro. Cells are grouped and colored by experimental treatment as reported by Karow et al. (597) and
correspond to the UMAP plot in (A).
4.4.5 Human mural cell organotypicity

The specialized functions of brain mural cells in regulating the neurovascular unit are
likely established by brain-selective gene expression. We therefore attempted to use the
integrated human brain mural cell scRNA-seq dataset (Figure 4.3F) to identify shared and
distinct gene expression profiles by comparison to mural cells in human liver, lung, heart, and
skeletal muscle scRNA-seq datasets (598—601). Characteristics of these datasets are shown in
Figure 4.12A. As before, we performed dimensionality reduction and unbiased clustering of the
cells in each dataset, and identified putative mural cell clusters by visualizing expression of the

canonical markers PDGFRB, RGS5, and ACTA2 (Figure 4.12B). Because some datasets had too

few cells or inadequate sequencing depth to fully resolve distinct mural cell subtypes (i.e.,
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pericytes and VSMCs), we instead elected to make comparisons between the combined mural
cell clusters from different organs. We identified markers of the mural cell clusters from each
organ, defined as genes enriched in the putative mural cell cluster(s) relative to all other cells in
the same organ (P < 0.05, log(fold change) > 0.25, expressed by at least 25% of cells in the
putative mural cell cluster(s)) (Supplementary Table S7). 17 genes were identified as markers of
mural cells in all five organs (Figure 4.13A,B): in addition to PDGFRB and RGS35, additional
highly-enriched genes included /IGFBP7, TPM2, CALD1, BGN, and SPARC (Figure 4.13C). An
additional 37 genes were identified as markers of mural cells in four out of five organs, including
known markers such as ACTA2, COL4A41, MYL9, NOTCH3, and TAGLN (Figure 4.13D).
Further, KCNJS§ was identified as a mural cell marker in four out of five organs, extending the
potential utility of this gene that was previously identified as a pericyte marker in the brain (342)
(Figure 4.13D).

We next compared gene expression in the mural cell clusters between the five organs to
identify potential organ-specific differences. We focused on identifying genes with brain-
enriched expression, as the mural cell clusters from some peripheral organ scRNA-seq datasets
appeared to contain multiplets or non-resolvable populations of non-mural cells, exemplified by
expression of the hepatocyte marker ALB in the liver mural cell cluster (Figure 4.12C). We found
several genes with enriched expression in brain mural cells (P < 0.05, log(fold change) > 0.25,
excluding mitochondrial and ribosomal genes) including ATP1A42 (encoding a Na*/K* ATPase
subunit), SLC641 and SLC6A412 (GABA/betaine transporters), GPERI (G protein-coupled
estrogen receptor), ZICI (neural crest lineage transcription factor), and N7M (neurotrimin, a
GPI-anchored cell adhesion molecule) (Figure 4.13E; Supplementary Table S7). Importantly, the
brain-enriched mural cell genes ATP1A2, SLC6A1, SLC6A12, and GPERI were consistently

expressed in pericytes from all five human brain scRNA-seq source datasets (Figure 4.13F),
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suggesting that these genes are expressed across multiple brain regions and developmental
stages. Further, we observed vascular localization of SLC6AI1, SLC6AI12, and GPERI
immunoreactivity in Human Protein Atlas data from multiple brain regions (Figure 4.7). We also
found that a majority of brain-enriched mural cell genes were downregulated in cultured
pericytes (Figure 4.12D; Supplementary Table S7), supporting the possibility that environmental
cues are required to maintain organ-specific gene expression. Together, this analysis permits
identification of brain mural cell-enriched genes, which may yield hypotheses for mechanisms
underlying the unique functions of brain mural cells. Our combined brain scRNA-seq dataset
should facilitate further identification of mural cell gene expression organotypicity as additional

high-resolution scRNA-seq datasets from human peripheral organs become available.

4.4.6 Validation of human brain mural cell genes

We selected FRZB, ATP1A2, SLC6A1, and SLC6A12, genes identified in the
bioinformatic analyses described above, for further validation. We assessed FRZB expression
because it was identified as a brain mural cell marker, enriched in human mural cells versus
mouse, and also expressed by human mural cells of other organs (Supplementary Table S7). This
Wnt-binding protein might help modulate Wnt-mediated CNS angiogenesis and barriergenesis.
We assessed ATP1A2 expression because it was identified as a brain mural cell marker, enriched
in pericytes versus VSMCs, and was the gene with the highest enrichment in human brain mural
cells compared to mural cells of other organs. Furthermore, mutations in A7TP/A2 are associated
with familial hemiplegic migraine and potentially other neurological disorders (reviewed in
(607)). Thus, while ATP1A2 is also expressed by neurons and glia (607), confirming pericyte
expression of this gene may advance understanding of cell type-specific contributions to these
disorders. Finally, we assessed SLC6A412 and SLC6A1 expression given that both genes were

identified as brain mural cell markers, highly enriched in pericytes compared to VSMCs,
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enriched in human mural cells versus mouse, absent in cultured pericytes, and absent in mural
cells of other organs. These solute carriers might fulfill functional roles in GABA or betaine
uptake by human pericytes. Importantly, all four of these putative mural cell markers were not

identified as shared markers of endothelial cells (Supplementary Table S2).
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Figure 4.12. Mural cell populations in other organs. (A) Overview of the human heart, liver, lung, and skeletal muscle
scRNA-seq datasets. For each dataset, the developmental stage, total number of cells analyzed, scRNA-seq platform, and
sequencing depth (mean + SD of genes detected per cell), are indicated. GW: gestational week. (B) Expression of mural cell
markers (PDGFRB, RGS5, and ACTA?2) in clusters identified in each scRNA-seq dataset. The putative mural cell cluster(s) for
each organ is shown above each set of plots. (C) Dot plot of gene expression in the mural cell cluster(s) from multiple organs.
Genes with shared expression across mural cells of the five organs and genes with organ-specific expression are shown. Color
indicates expression level and dot size indicates the fraction of cells that express a given gene. (D) Comparison of gene
enrichment in cultured human pericytes versus in vivo human pericytes for those genes identified as enriched in brain mural cells
versus mural cells of organs (P < 0.05, log(fold change) > 0.25, expressed in at least 25% of brain mural cells). Red lines indicate
log>(fold change) = 2. Of the 115 protein-coding genes enriched in brain mural cells versus mural cells of organs, the number
upregulated (logx(fold change) > 2), downregulated (logx(fold change) < -2), or approximately unchanged in culture are shown.
Gene lists and numerical data are provided in Supplementary Table S7.
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Figure 4.13. Shared and distinct gene expression profiles of mural cells of multiple organs. (A) Venn diagram depicting the
number of genes identified as markers of mural cells (P < 0.05, average log(fold change) > 0.25, expressed by at least 25% of
cells in the putative mural cell cluster(s)) in the scRNA-seq datasets from five organs. The brain mural cells analyzed were from
the integrated dataset (Figure 4.3B, cluster 30). Overviews and cluster identification for the heart, liver, lung, and skeletal muscle
scRNA-seq datasets are shown in Figure 4.12. Complete lists of marker genes are provided in Supplementary Table S7. (B)
Number of genes identified as markers of mural cells in a single organ (1/5) or multiple organs. 17 genes were identified as
markers of mural cells in all organs (5/5). (C) Average log(fold change) of gene expression in mural cell clusters compared to all
other cells in the corresponding organ for the 17 genes identified as markers of mural cells in all five organs. Points represent
average log(fold change) from each organ and bars indicate the mean. (D) Genes identified as markers of mural cells in 4/5
organs. (E) Dot plot of gene expression in mural cells clusters from multiple organs. Genes with shared expression across mural
cells of the five organs and genes with brain-enriched expression are shown. Color indicates expression level and dot size
indicates the fraction of cells that express a given gene. (F) Expression of selected brain mural cell-enriched genes in pericytes
from the five human brain scRNA-seq datasets.
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We used RNA fluorescence in situ hybridization (RNAscope) to evaluate transcript
expression in flash-frozen human brain neurosurgical samples. To identify mural cells and
closely-associated endothelial cells, we employed the canonical markers PDGFRB and CLDN3,
respectively. In resulting images, we observed sparsely distributed PDGFRB* and CLDNS5*
nuclei, which in some cases were closely associated (Figure 4.14AE). We observed
colocalization of FRZB and ATP1A2 with PDGFRB™, but not CLDNS5*, nuclei (Figure 4.14A-C;
Figure 4.15), with significant enrichment of FRZB and ATPIA2 mean fluorescence intensity in
PDGFRB" nuclei compared to parenchymal (CLDN5"PDGFRB") nuclei (Figure 4.14D). While
robust ATP1A2 signals were associated with most PDGFRB" nuclei, we observed a comparative
lack of ATP1A2 signal in PDGFRB" nuclei in a large diameter vessel (Figure 4.15), consistent
with enriched expression in pericytes compared to VSMCs. We also observed colocalization of
SLC6A412 and SLC6A1 with PDGFRB" mural cell nuclei (Figure 4.14E-G; Figure 4.16), with
significant enrichment of SLC6A41 mean fluorescence intensity in PDGFRB" nuclei compared to
parenchymal (CLDN5 PDGFRB") nuclei (Figure 4.14H). These in situ data therefore support the
scRNA-seg-based identification of FRZB, ATP1A2, SLC6A1, and SLC6A12 as novel human
brain mural cell-expressed genes. Finally, to validate one such differentially expressed gene on
the protein level, we stained human and mouse brain tissue sections for FRZB. Consistent with
scRNA-seq data, we detected FRZB colocalization with PDGFRB" mural cells in human brain,
but did not detect vascular FRZB immunoreactivity in mouse brain, although mouse olfactory
ensheathing cells, which express Frzb transcript (608, 609), did have FRZB immunoreactivity

(Figure 4.17).
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Figure 4.14. RNA fluorescence in situ hybridization validates novel human mural cell genes. (A) Expression of CLDNJ5 and
PDGFRB mRNA in a human brain tissue section. CLDN5" endothelial cells are indicated with arrows; PDGFRB*™ mural cells are
indicated with arrowheads. DAPI nuclear counterstain is also shown. Scale bar: 100 um. (B) Same image field as in (A) with
expression of FRZB and ATPI1A2 overlaid. Dashed boxes indicate regions displayed in (C). Scale bar: 100 um. (C) Enlarged
regions 1 and 2 of image as indicated in (B). Merged image displays all five channels with colors as defined in (B). Data from an
additional human brain sample are shown in Figure 4.15. (D) Quantification of DAPI, CLDN5, PDGFRB, FRZB, and ATP1A2
mean fluorescence intensity in endothelial cell nuclei (CLDN5*, n = 5), mural cell nuclei (PDGFRB*, n = 12), and non-
endothelial/non-mural cell nuclei (CLDN5-PDGFRB-, n = 42). Mean + SD is shown. * P < 0.05, ** P < 0.01, *** P <0.001,
*Adx P < 0.0001 versus CLDN5-PDGFRB-, Kruskal-Wallis test followed by Steel-Dwass test. (E) Expression of CLDN5 and
PDGFRB mRNA in a human brain tissue section. CLDN5" endothelial cells are indicated with arrows; PDGFRB*™ mural cells are
indicated with arrowheads. DAPI nuclear counterstain is also shown. Scale bar: 100 pm. (F) Same image field as in (E) with
expression of SLC6A412 and SLC6A1 overlaid. Dashed box indicates region displayed in (G). Scale bar: 100 um. (G) Enlarged
region of image as indicated in (F). Merged image displays all five channels with colors as defined in (F). Data from an
additional human brain sample are shown in Figure 4.16. (h) Quantification of DAPI, CLDN5, PDGFRB, SLC6A412, and SLC6A41
mean fluorescence intensity in endothelial cell nuclei (CLDN5*, n = 6), mural cell nuclei (PDGFRB*, n = 15), and non-
endothelial/non-mural cell nuclei (CLDN5-PDGFRB-, n = 35). Mean £ SD is shown. * P < 0.05, ** P < 0.01, *** P <0.001,
*xA% P <0.0001 versus CLDN5-PDGFRB-, Kruskal-Wallis test followed by Steel-Dwass test.



191

A B
ATP1A2

Merge DAPI CLDN5 PDGFRB FRZB ATP1A2

2
e | A ‘

Figure 4.15. RNA in situ hybridization data from an additional human brain sample (FRZB/ATP1A2). (A) Expression of
CLDN5 and PDGFRB mRNA in a human brain tissue section. CLDN5* endothelial cells are indicated with arrows; PDGFRB*
mural cells are indicated with arrowheads. Dashed ellipse indicates a large diameter vessel. DAPI nuclear counterstain is also
shown. Scale bar: 100 pm. (B) Same image field as in (A) with expression of FRZB and ATP1A2 overlaid. Dashed box indicates
region displayed in (D). Scale bar: 100 um. (C) Same image field as in (A) with ATP142 and DAPI only shown. Scale bar: 100
um. (D) Enlarged region of image as indicated in (B). Merged image displays all five channels with colors as defined in (B).
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Figure 4.16. RNA in situ hybridization data from an additional human brain sample (SLC6A412/SLC6AI). (A) Expression
of CLDN5 and PDGFRB mRNA in a human brain tissue section. CLDN5" endothelial cells are indicated with arrows; PDGEFRB*
mural cells are indicated with arrowheads. DAPI nuclear counterstain is also shown. Scale bar: 100 pm. (B) Same image field as
in (A) with expression of SLC6A412 and SLC6A1 overlaid. Dashed boxes indicate regions displayed in (C). Scale bar: 100 um. (C)
Enlarged regions 1 and 2 of image as indicated in (B). Merged image displays all five channels with colors as defined in (B).
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Figure 4.17. Imnmunohistochemistry analysis of FRZB expression in human and mouse brain. (A) Immunohistochemistry
analysis of FRZB expression in human brain. Human brain sections were immunolabeled for FRZB and PDGFRJ (top), or
mouse IgG1 isotype control and PDGFRp (bottom). DAPI nuclear counterstain is also shown. Arrowhead indicates a pericyte
with FRZB immunoreactivity. The two images were subject to the same linear brightness and contrast adjustment. Scale bars: 25
pm. (B) Immunohistochemistry analysis of FRZB expression in mouse brain. Mouse vessels were labeled with perfused lectin
and sections were immunolabeled for FRZB using the same antibody as in (A). DAPI nuclear counterstain is also shown. The
two images were subject to the same linear brightness and contrast adjustment, but this adjustment differed from that in (A) due
to differences in tissue autofluorescence. OEC: olfactory ensheathing cells. Scale bars: 25 pm.
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4.5 Discussion

Brain mural cells play important roles in neurovascular function, but remain incompletely
characterized, especially in humans. scRNA-seq has the potential to reveal detailed, cell type-
specific gene expression profiles that will aid in classifying distinct cell populations and
identifying mechanisms of cellular function, but existing human brain scRNA-seq datasets
contain exceedingly few mural cells. Further, mural cell scRNA-seq profiles are frequently
underanalyzed in studies focusing on neuronal or glial diversity, yet recent studies have begun to
employ scRNA-seq to better understand roles of brain mural cells in off-target effects of CAR-T
therapy (6/0) and viral tropism (6/7). Here, we integrated multiple scRNA-seq datasets to
increase sample size and mitigate the potential impact of technical artifacts in single datasets,
exemplified by the exclusion of PDGFRB"¥ cells previously assigned to a mural cluster in the
individual analysis of a low sequencing depth dataset (Figure 4.4A). We analyzed the gene
expression profiles of human brain mural cells in five scRNA-seq datasets that differ in brain
region (neocortex, hippocampus, midbrain, cerebellum) and developmental stage (GW6 through
adult) (391, 392, 503, 504, 593). Our analysis suggests broad similarity in mural cell marker
gene expression across the analyzed developmental stages and brain regions. This observation is
consistent with previous scRNA-seq analysis demonstrating that mouse brain vascular and
oligodendrocyte gene expression profiles were largely brain region-independent, in contrast to
neurons and astrocytes (372), and that clustering of mural cells is driven predominantly by
zonation along the vascular tree (56). While there may be brain region-dependent differences in
mural cell gene expression not identified in our analysis, additional datasets, or scRNA-seq
studies that directly compare brain regions, will be required to identify such differences.

Similarly, additional studies will be required to understand changes in mural cell gene expression
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during development, ageing, and disease, factors which have begun to be examined in brain
endothelium (728, 367) and are key to potential therapeutic targeting of mural cells.

In the combined mural cell dataset, we observed separation between ACTA2-enriched and
PTN-enriched cells, which we classified into VSMC and pericyte clusters, respectively, based on
previous classifications in mouse scRNA-seq studies (56, 372). In addition to capillary pericytes,
our pericyte cluster also contains a small number of PTN"ACTA2" cells, which are likely the
mural cells of postcapillary venules, which have been termed both pericytes (/60) and venular
VSMCs (56, 159). In mouse scRNA-seq data, these cells also express Ptn and are
transcriptionally more similar to the cells identified as pericytes than those identified as arterial
and arteriolar VSMCs (56). Though we observed clear pericyte-VSMC separation, we were not
able to further resolve distinct VSMC subtypes (e.g. venous, arterial, arteriolar) that have been
previously observed in mouse (56), likely because the combined dataset contains only a small
number of VSMCs, with most derived from a low sequencing depth dataset (503). Though the
expression of a-SMA (encoded by ACTA?2) in brain capillary pericytes is a subject of debate in
the field (/65), as is the definition of a brain pericyte (159, 160, 286), our data support the
presence of a relatively large population of ACTA2~ cells. Deeper sequencing better able to
detect transcripts with very low abundance and single cell proteomics approaches (6/2) may aid
in reconciling these observations. However, the ability of scRNA-seq to clarify questions
surrounding mural cell identities is inherently limited by its lack of spatial information. Improved
characterization of different mural cell populations demands additional spatial data to facilitate
linking of mural cell functional properties (e.g., contractility) and protein expression, which vary
along the vascular tree, to scRNA-seq-derived transcriptome profiles. Emerging spatial
transcriptomics approaches (6/3—615) may facilitate such mapping. Once additional spatial,

protein-level, and functional data exist for murine brain mural cells to facilitate correlations with
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existing mouse scRNA-seq data, our combined human scRNA-seq dataset will be useful in
comparing and interpreting such results. Finally, we also identified a distinct population of
COLIAI" cells, which likely represent perivascular fibroblast-like (vascular leptomeningeal)
cells or meningeal fibroblasts, which are extremely similar on the transcriptome level (56, 327).
Although perivascular fibroblast-like cells are not mural cells, these cells share a proposed neural
crest-meningeal developmental origin (285, 327, 377, 616) and further molecular
characterization of these cells is warranted given their role in scar formation after injury and
disease (369, 617) and poorly understood physiological function.

We applied the integrated dataset to assess differences between human brain mural cells
in vivo and (i) mouse brain mural cells, (ii) human brain mural cells cultured in vitro, and (iii)
human mural cells from other organs. We first identified species differences in gene expression,
including in solute carrier-encoding genes, of which SLC641 and SLC6A12 were human-
enriched and Slc6a20a was mouse-enriched, extracellular matrix-associated genes, of which
DCN and FNI were human-enriched and Vtn was mouse-enriched, and signaling-associated
genes, of which FRZB was human-enriched and Rgs4 and Plxdc2 were mouse-enriched. These
results corroborate and extend previous observations of species differences in brain microvessel
gene expression(90). We also compared in vivo human brain pericytes to cultured primary
human brain pericytes, which are widely employed as an in vitro model (321, 324, 447).
Notably, while cultured pericytes retained PDGFRB and RGS5 expression, they lacked
expression of the pericyte marker KCNJS, receptors for neuroactive ligands such as P2RY 14, and
the human-enriched genes SLC6A41 and SLC6A12. In addition to elevated expression of ACTA2,
which has been previously observed (477), cultured pericytes also had dysregulated expression
of extracellular matrix-associated genes, with aberrantly high expression of fibroblast-associated

genes such as COLIAI and COL8AI. These results were consistent in scRNA-seq data from
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primary human brain pericytes that were acutely isolated and briefly cultured (597), suggesting
that pericytes undergo fairly rapid dedifferentiation to a mixed mural/fibroblast-like phenotype.
These findings of brain mural cell dedifferentiation in culture complement existing knowledge of
brain endothelial cell dedifferentiation (226, 618). Last, we characterized human mural cell
organotypicity using our integrated brain scRNA-seq dataset and scRNA-seq datasets from
human heart, liver, lung, and skeletal muscle. Despite differences in developmental origin, this
analysis identified mural cell marker genes conserved across all five organs. We also identified
mural cell genes with brain-enriched expression, including ZI/CI, a neural crest lineage
transcription factor previously reported to be brain-enriched with expression in mural and
fibroblast-like cells (56, 619), and SLC6A41, SLC6A412, ATPI1A2, GPERI, and NTM.

Finally, we used RNA in sifu hybridization (RNAscope) to validate brain mural cell
expression of SLC6A41, SLC6A412, FRZB, and ATP1A2 in flash-frozen human brain neurosurgical
samples. We observed colocalization of all four of these transcripts with PDGFRB" mural cell
nuclei. Furthermore, we observed vascular localization of FRZB protein in human brain, but not
in mouse brain. Together, these data improve confidence in the many additional putative mural
cell genes identified by the same integrative analysis of scRNA-seq data, and highlight protein-
level validation as a necessary prerequisite to further studies. Additional work will be required to
investigate potential functional roles for mural cell genes, but our results highlight the power of
scRNA-seq to generate hypotheses of genes that may control cellular function. For example,
mural cell-derived FRZB may modulate parenchyma-derived Wnt signaling to endothelial cells,
and SLC6A1 or SLC6A12 may mediate GABA uptake by mural cells. Furthermore, given the
known influence of pericytes on blood-brain barrier development and brain endothelial function
in vivo (30, 256, 257, 620, 621) and in vitro (447, 622), scRNA-seq data may aid in identifying

other putative pericyte-derived factors that might mediate interactions with endothelial cells or
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other neurovascular cells such as astrocytes and microglia (585, 623, 624). Mural cells are also
required for maintenance of normal cerebral blood flow (CBF) and mediate neurovascular
coupling (27, 156, 159, 163, 164, 166—168, 625, 626). Notably, the potassium channel K;6.1,
encoded by the pericyte marker gene KCNJS, plays a role in resting CBF (/70). Thus, human
scRNA-seq data may help generate hypotheses of additional mural cell receptors and channels
with roles in these processes, and facilitate comparisons to recently published analysis of these
genes in mouse (/76).

In summary, we present a comprehensive analysis of the human brain mural cell
transcriptome based on scRNA-seq data from five independent scRNA-seq datasets. These data
should be useful to evaluate animal and in vitro models, and advance understanding of human

brain mural cell function.
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Chapter 5 Notch3 directs differentiation of brain mural cells from

human pluripotent stem cell-derived neural crest”

5.1 Summary

Brain pericytes and vascular smooth muscle cells, collectively termed mural cells, regulate
development and function of the blood-brain barrier (BBB) and control brain blood flow. Unlike
the mesoderm-derived mural cells of other organs, forebrain mural cells are derived from the
neural crest, but molecular signals controlling this differentiation process are poorly understood.
Furthermore, existing in vitro models of human brain mural cells derived both from primary
cultures and human pluripotent stem cells (hPSCs) have markedly reduced expression of key
mural cell genes, including NOTCH3, compared to in vivo samples. Thus, we asked whether
activation of Notch3 signaling in hPSC-derived neural crest could direct the differentiation of
brain mural cells with an improved transcriptional profile. Lentiviral overexpression of the
Notch3 intracellular domain (N3ICD-GFP) in neural crest cells led to rapid differentiation of
cells with molecular and functional properties of mural cells. Resulting cells exhibited
upregulated expression of mural markers including PDGFRP, TBX2, endogenous Notch3,
FOXSI, and the pericyte-enriched genes KCNJS8 and SLC6A412. These cells produced
extracellular matrix that supported endothelial cord formation, self-assembled with endothelial
cells, and contracted in response to potassium. Together, our work demonstrates that activation
of Notch3 signaling is sufficient to direct the differentiation of neural crest to mural cells and
establishes a developmentally relevant protocol for generation of hPSC-derived brain mural

cells.

*A version of this chapter will be submitted for publication as Gastfriend BD, Snyder ME, Daneman R, Palecek SP,
Shusta EV. Notch3 directs differentiation of brain mural cells from human pluripotent stem cell-derived neural crest.
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5.2 Introduction

Vascular mural cells, which encompass microvessel-associated pericytes and large
vessel-associated vascular smooth muscle cells (VSMCs), regulate blood vessel development,
stability, and vascular tone (reviewed in (286, 627)). In the brain, mural cells regulate resting
cerebral blood flow, neurovascular coupling, blood-brain barrier development and maintenance,
and neuron survival (27, 30, 257, 625, 626, 156, 159, 163, 164, 166, 167, 170, 256). Brain mural
cells are also implicated in the pathogenesis of neurological disorders including Alzheimer’s
disease (/7, 381, 587) and cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL) (339, 340).

In contrast to the mesodermal origin of most mural cells, those in the face and forebrain
are derived from the neural crest (284, 377, 616, 628). During embryogenesis, cranial neural
crest-derived mesenchyme surrounds the anterior neural tube, and mural cells are specified and
invade the developing prosencephalon alongside mesoderm-derived endothelial cells from the
perineural vascular plexus (30, 629). This neural crest-derived mesenchyme also forms portions
of the meninges, facial cartilage and connective tissue, and skull (284, 285). Molecular signals
controlling specification of neural crest-derived mesenchyme to these diverse fates are poorly
understood; however, endothelium-derived signals likely direct mural cell differentiation. In vivo
loss of function experiments have suggested roles for TGF-f, PDGF, and Notch signaling in this
process (253, 254, 326, 341, 630). Notably, NOTCH3 mutations form the genetic basis of
CADASIL (339, 340), and studies in Zebrafish have implicated Notch signaling in brain pericyte
proliferation (34/) and specification of pericytes from naive mesenchyme (326). It is difficult,
however, to discriminate between deficits in specification/differentiation and recruitment of

mural cells to nascent vessels in most in vivo studies. Thus, in vitro studies may provide
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complementary mechanistic insight into the effects of molecular factors on neural crest
differentiation (631).

Human pluripotent stem cells (hPSCs) are an in vitro model system well suited for such
developmental studies, as they can generate multipotent neural crest cells (632, 633) and
potentially account for species differences in mural cell phenotype (90, 336). The resulting cells
could be further used in diverse in vitro modeling applications (634). We recently demonstrated
that brain pericyte-like cells could be differentiated from hPSC-derived neural crest via treatment
with serum-supplemented E6 medium (447, 479). Other protocols for generating hPSC-derived
brain pericyte-like cells via a neural crest intermediate use PDGF-BB and/or FGF2, but add these
factors to serum-containing media (28, 324). The sufficiency of serum to cause differentiation of
neural crest cells makes interrogation of specific molecular factors difficult, motivating
development of a serum-free differentiation scheme. Furthermore, while existing hPSC-derived
pericyte-like cells have many molecular and functional attributes of pericytes in vivo, they lack
expression of several key brain mural cell genes and have aberrant expression of some fibroblast-
associated genes, features also observed in cultured primary brain pericytes (336). This further
motivates development of a new method for differentiation of hPSCs to brain mural cells with an
improved molecular phenotype.

In this work, we found that expression levels of NOTCH3 and canonical transcriptional
targets of Notch signaling were very low in existing hPSC-derived brain pericyte-like cells
compared to human brain pericytes in vivo. We therefore tested the hypothesis that activation of
Notch3 signaling would direct the differentiation of hPSC-derived neural crest to brain mural
cells. Because ligand-induced activation of Notch signaling requires complex cell-cell
interactions and ligand endocytosis (33/), we instead activated Notch signaling by lentiviral

overexpression of the human Notch3 intracellular domain in neural crest cells maintained in
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serum-free medium. The resulting cells were PDGFRB" and displayed robust upregulation of
mural cell markers, including Tbx2, HEYL, RGS5, TBX2, FOXSI, and endogenous Notch3.
Genes enriched in pericytes compared to VSMCs, including KCNJS, ABCC9, and HIGDIB,
were also upregulated, while VSMC-enriched genes (ACTA2, CNN1, TAGLN) were unchanged,
supporting the notion that pericytes represent the “default” mural cell fate. The resulting cells
produced extracellular matrix (ECM) that supported endothelial cord formation, self-assembled
into compact aggregates with endothelial cells, and contracted in response to KCl-induced
depolarization. Thus, our work suggests that Notch3 signaling is sufficient to direct
differentiation of neural crest to brain mural cells, and establishes a new, serum-free protocol for

generation of brain mural cells from hPSCs.
5.3 Methods

5.3.1 hPSC maintenance

Matrigel-coated plates were prepared by resuspending a frozen 2.5 mg aliquot of
Matrigel, Growth Factor Reduced (Corning, Glendale, AZ) in 1 mL of DMEM/F12 (Life
Technologies, Carlsbad, CA) and diluting the resulting solution in 29 mL of DMEM/F12. 1 mL
of this solution was used to coat each well of five 6-well plates. Plates were stored at 37°C for at
least 1 h prior to use, and up to 1 week. The following hPSC lines were used: H9 hESCs (422)
(WiCell, Madison, WI); IMR90-4 iPSCs (425) (WiCell); DF19-9-11T iPSCs (635) (WiCell);
WTCI11 iPSCs (547) (Gladstone Institutes, San Francisco, CA). hPSCs were maintained at 37°C,
5% CO: on Matrigel-coated plates in E8 medium (STEMCELL Technologies, Vancouver,
Canada) with daily medium changes. When hPSCs colonies began to touch, cells were
dissociated as colonies using ~7 min of Versene (Life Technologies) treatment and transferred to

a new Matrigel-coated plate at a split ratio of 1:12.
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5.3.2  Neural crest differentiation

Neural crest was differentiated according to a previously established protocol (447, 479).
When hPSC colonies began to touch, 3—4 wells of cells were dissociated using ~7 min of
Accutase (Innovative Cell Technologies, San Diego, CA) treatment, 1 mL per well. The
Accutase/single cell suspension was transferred to 4x volume of DMEM/F12 medium and cells
were counted using a hemocytometer. Cells were centrifuged for 5 min at 200xg. The cell pellet
was resuspended in 1 mL of E8 medium and a volume of the resulting suspension containing
2.84 x 106 cells transferred to a tube containing 6.5 mL E8 medium supplemented with 10 uM
ROCK inhibitor Y-27632 (Tocris, Bristol, United Kingdom). The resulting cell suspension was
distributed to 3 wells of a Matrigel-coated 6-well plate, 2 mL per well. Cells were incubated at
37°C, 5% CO.. The following day, differentiation was initiated by changing medium to E6-
CSFD medium. E6-CSFD medium is E6 medium prepared according to ref. (636) supplemented
with 1 uM CHIR 99021 (Tocris), 10 uM SB431542 (Tocris), 10 ng/mL FGF2 (Waisman
Biomanufacturing, Madison, WI), 1 uM dorsomorphin dihydrochloride (Tocris), and 22.5
pg/mL heparin sodium salt from porcine intestinal mucosa (Sigma-Aldrich, St. Louis, MO). E6-
CSFD medium was replaced daily for 15 days. Cells were passaged when confluent: one well of
cells was dissociated with 1 mL of Accutase for ~5 min. The Accutase/single cell suspension
was transferred to 4x volume of DMEM/F12 medium and centrifuged for 5 min at 200xg. The
cell pellet was resuspended in 600 pL of E6-CSFD medium and 100 pL of the resulting
suspension transferred to each of 3—6 wells of a 6-well plate each containing 2 mL E6-CSFD
medium (for a split ratio of 1:6).
5.3.3 Magnetic-activated cell sorting of neural crest

On day 15, 3—6 wells of neural crest cells were dissociated using ~5 min of Accutase

treatment, 1 mL per well. The Accutase/single cell suspension was transferred to 4% volume of
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DMEM/F12 medium and cells were counted using a hemocytometer. Cells were centrifuged for
5 min at 180xg, 4°C. MACS buffer was prepared by supplementing Dulbecco’s phosphate-
buffered saline, no calcium, no magnesium (Life Technologies) with 0.5% bovine serum
albumin (Sigma-Aldrich) and 2 mM ethylenediaminetetraacetic acid (Sigma-Aldrich). The cell
pellet was resuspended in 60 uL. MACS buffer per 107 cells. FcR Blocking Reagent, human
(Miltenyi Biotec, Auburn, CA) and Neural Crest Stem Cell Microbeads, human (Miltenyi
Biotec) were added to the cell suspension at 20 uL each per 107 cells. Cells were incubated for
15 min at 4°C. Cells were sorted through an LS Column in a MidiMACS Separator (Miltenyi
Biotec) according to manufacturer protocols. Briefly, the column was primed with 3 mL MACS
buffer, cells were loaded onto the column, the column was washed 3 times with 3 mL MACS
buffer, the column was removed from the MidiMACS Separator, and the cells were eluted with 5
mL MACS buffer. The eluate was centrifuged for 5 min at 180xg, 4°C and sorted through
another LS Column. Cells in the eluate were counted using a hemocytometer. The eluate was
centrifuged for 5 min at 180xg, 4°C. The resulting cell pellet was resuspended in a volume of
E6-CSFD medium required to achieve a concentration of 103 cells/mL. The resulting cell
suspension was distributed to Matrigel-coated 6-well plates, 2 mL per well. For some
experiments, Matrigel-coated 12-well plates (1 mL cell suspension per well), 24-well plates (500
pL cell suspension per well), or 48-well plates (250 puL cell suspension per well) were used.
Cells were incubated at 37°C, 5% COsx.
5.3.4  Flow cytometry

On D15 of the neural crest differentiation, two aliquots of 10° cells were transferred to
conical tubes prior to MACS and kept on ice until MACS was complete. 10° cells from the final
MACS eluate were also transferred to a conical tube. These three cell suspensions were

centrifuged for 5 min at 180xg, 4°C. One pre-MACS cell pellet and the post-MACS cell pellet
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were each resuspended in 100 pL DPBS containing 0.2 pL p75 antibody and 0.2 pL. HNK-1
antibody (Table 5.1). The other pre-MACS cell pellet was resuspended in 100 pL. DPBS
containing the mouse IgG1 isotype control antibody and the mouse IgM isotype control antibody
(Table 5.1) at concentrations matched to the corresponding p75 and HNK-1 antibodies. Samples
were incubated for 30 min on ice, washed by adding 2 mL DPBS, and centrifuged for 5 min at
180%g, 4°C. Each cell pellet was resuspended in 100 pL DPBS containing 1:500 goat anti-mouse
IgGl Alexa Fluor 647 antibody and 1:500 goat anti-mouse IgM Alexa Fluor 488 antibody.
Samples were incubated for 30 min on ice protected from light, washed by adding 2 mL DPBS,
and centrifuged for 5 min at 180%g, 4°C. Cell pellets were fixed in 500 pL 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 15 min at room temperature protected from
light. Samples were centrifuged for 5 min at 180xg, resuspended in 300 uL. DPBS, transferred to
5 mL flow cytometry tubes, and analyzed on a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA) with excitation at 488 nm and 635 nm, Alexa Fluor 488 emission detected with a
530/30 filter and Alexa Fluor 647 emission detected with a 661/16 filter. FlowJo software (BD

Biosciences) was used for analysis.
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Species/

Manufacturer, clone (product

Target isotype number), RRID Fluorophore App. Dilution
Advanced Targeting Systems, 02 ul/
p75-NGFR Mouse IgG1 ME20.4 (AB-NO07) Unconjugated FC 166 5 ells
RRID:AB 171797
Sigma-Aldrich, VCI.1 02 uL/
HNK-1 Mouse IgM (C6680) Unconjugated ~ FC Lo l:ells
RRID:AB 1078474
Cell Signaling Technology, ICC 1:100
PDGFRp Rabbit IgG 28E1 (3169) Unconjugated
RRID:AB 2162497 WB  1:500
Cell Signaling Technology, IcC 1:100
Notch3 Rabbit IgG D11B8 (5276) Unconjugated WB 1:1000
RRID:AB_ 10560515 P 1:200
Cell Signaling Technology,
Isotype control ~ Rabbit IgG DAI1E (3900) Unconjugated 1P 1:688
RRID:AB 1550038
Cell Signaling Technology,
Notchl Rabbit IgG DIEI11 (3608) Unconjugated WB 1:1000
RRID:AB 2153354
. Santa Cruz, BV9 (sc-52751) . )
VE-cadherin Mouse IgG2a RRID:AB_628919 Unconjugated ICC 1:100
Rabbit Prestige Antibodies, ICC 1:100
Tbx2 Ivelonal (HPA008586) Unconjugated
polyciona RRID:AB_1080222 WB  1:500
. . Santa Cruz, EPS (sc-8422) . ICC 1:50
Fibronectin Mouse IgG1 RRID:AB_627598 Unconjugated WB 1230
. Sigma-Aldrich, hCP (C2687) . )
Calponin Mouse IgG1 RRID:AB_476840 Unconjugated ICC 1:15,000
Rabbit Abcam, (ab14106) . )
SM22a polyclonal RRID:AB 443021 Unconjugated ICC 1:1000
Lab Vision, 1A4 (MS-113-P) . )
a-SMA Mouse 1gG2a RRID:AB_64000 Unconjugated ICC 1:100
Santa Cruz, B-2 (sc-9996) . ICC 1:50
GFP Mouse IgG2a RRID:AB_627695 Unconjugated WB 1230
Cell Signaling Technology,
RBPJ Rabbit IgG D10A4 (5313) Unconjugated WB 1:1000
RRID:AB 2665555
Cell Signaling Technology,
B-actin Rabbit IgG 13E5 (4970) Unconjugated WB 1:1000
RRID:AB 2223172
Rabbit IgG Cell Signaling Technology,
(conformation-  Mouse IgG L27A9 (3678) Unconjugated WB 1:2000
specific) RRID: RRID:AB 1549606
Rabbit IgG Goat polyclonal ~ L1-COR, (925-68071) IRDye 680RD ~WB  1:5000

RRID:AB 10956166
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LI-COR, (926-68070)

Mouse IgG Goat polyclonal RRID:AB_10956588 IRDye 680RD  WB 1:5000
Rabbit G Goat polyclonal ﬁ;giﬁ?gigﬁl D IRDye 800CW WB  1:5000
Mouse IgG Goat polyclonal ﬁ;giﬁfﬁ%ﬁlo) IRDye 800CW WB  1:5000
Mouse IgG1 Goat polyclonal g}%oiﬁié?ggéégo) Alexa Fluor 647 FC 1:500
Mouse IgM Goat polyclonal g}%oiﬁgié?;g;ﬁz) Alexa Fluor 488 FC 1:500
Rabbit IgG Goat polyclonal gg;%oiglié?;ggs) Alexa Fluor 647 1CC 1:200
Mouse IgG Goat polyclonal gi%oiﬁié?ggééis) Alexa Fluor 647 1CC 1:200
Mouse IgG Goat polyclonal gi%oiﬁié?giéggl) Alexa Fluor 488 ICC 1:200
Mouse IgG Goat polyclonal Invitrogen, (A-21424) Alexa Fluor 555 ICC 1:200

RRID:AB 141780

aApplication: FC, Flow cytometry; ICC, immunocytochemistry; WB, Western blotting; IP, immunoprecipitation
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5.3.5 Lentivirus production

The lentiviral plasmids pWPI (Addgene plasmid #12254), psPAX2 (Addgene plasmid
#12260), and pMD2.G (Addgene plasmid #12259) were obtained from Addgene (Watertown,
MA) as gifts from Didier Trono. To generate pWPI-N3ICD, we amplified a cDNA fragment
encoding the intracellular domain of Notch3 from a cDNA library generated from hPSC-derived
neural crest. This fragment spans nucleotides 5,074-7056 of NCBI Reference Sequence
NM 000435.3, corresponding to amino acids 1,662-2,321 of NP_00426.2. To generate pWPI-
NI1ICD, we amplified a cDNA fragment encoding the intracellular domain of Notchl from the
neural crest cDNA library. This fragment spans nucleotides 5,522-7,930 of NM _017617.5,
corresponding to amino acids 1,754-2,556 of NP060087.3. For N3ICD and N1ICD, the forward
primers (Table 5.2) contained a Kozak consensus sequence and start codon; forward and reverse
primers (Table 5.2) included Pacl restriction enzyme sites. To generate pWPI-TBX2, we
amplified the TBX2 coding sequence from pcDNA3.1-TBX2 (NCBI Reference Sequence
NM_005994.4) (GenScript, Piscataway, NJ). The forward primer (Table 5.2) contained a Kozak
consensus sequence; forward and reverse primers (Table 5.2) included Pacl restriction enzyme
sites. pWPI and the resulting PCR fragments were digested with Pacl. Ligation was performed
with Instant Sticky-end Ligase Master Mix (New England Biolabs, Ipswich, MA), and resulting
products transformed into NEB Stable Competent E. coli (New England Biolabs). Single
ampicillin-resistant colonies were picked and PCR screened for presence of insert using primers
annealing to the EF-1a promoter and IRES (Table 5.2). Sanger sequencing was used to identify
clones with forward-oriented inserts. pWPI, pWPI-N3ICD, pWPI-N1ICD, and pWPI-TBX2
plasmids were expanded and purified using the EndoFree Plasmid Maxi Kit (Qiagen,

Germantown, MD).
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Table 5.2. Primer sequences.

Gene Forward primer sequence

Primers for cloning

NOTCH3 forward TAA GCA TTA ATT AAG CCA CCA TGG TCA TGG TGG CCC GG
NOTCHS3 reverse TGC TTA TTA ATT AAT CAG GCC AAC ACT TGC C
NOTCH]1 forward TAA GCA TTA ATT AAG CCA CCA TGG TGC TGC TGT CCC GCA AGC G
NOTCHI]1 reverse TGC TTA TTA ATT AAT TAC TTG AAG GCC TCC GGA A
TBX?2 forward TAA GCA TTA ATT AAG CCA CCA TGA GAG AGC CGG CGC
TBX?2 reverse TGC TTA TTA ATT AAT CAC TTG GGC GAC TCC C
EF-la promoter forward TCA AGC CTC AGA CAG TGG TTC

IRES reverse CCT CAC ATT GCC AAA AGA CG

Primers for RT-qPCR

eGFP forward GAA CCG CAT CGA GCT GAA

eGFP reverse TGC TTG TCG GCC ATG ATA TAG

NGFR forward GTG GGA CAG AGT CTG GGT GT

NGFR reverse AAG GAG GGG AGG TGA TAG GA

PDGFRB forward GCT CAC CAT CAT CTC CCT TAT C

PDGFRB reverse CTC ACA GAC TCA ATC ACC TTC C

RGSS5 forward GGA GGC TCC TAA AGA GGT GAA TA

RGS)5 reverse CCA TCA GGG CAT GGA TTC TTT

KCNJS8 forward AAC CTG GCG CAT AAG AAC ATC

KCNJS reverse CCA CAT GAT AGC GAA GAG CAG

NOTCH3 forward? GAG ACG CTC GTC AGT TCT TAG

NOTCH3 reverse? GGT GGA AAG AGA AGA GGA TGA A

TBX?2 forward ACA TCC TGA AGC TGC CTT AC

TBX?2 reverse AGC TGT GTG ATC TTG TCA TTC T

HEYL forward CAG ATG CAA GCC AGG AAG AA

HEYL reverse GGA AGA GCC CTG TTT CTC AAA

FOXS|1 forward CCA AGG ACA ACC ACA CAG AA

FOXS| reverse GCC ACA GAG TAA ATC CCA AGA G

TBX18 forward CCC AGG ACT CCC TCC TAT GT

TBX18 reverse TAG GAA CCC TGA TGG GTC TG

FOXF?2 forward® ACC AGA GCG TCT GTC AGG ATA TT

FOXF?2 reverse® GTG ACT TGA ATC CGT CCC AGT TTC

MYL9 forward GTC CCA GAT CCA GGA GTT TAA G

MYL9 reverse CAT CAT GCC CTC CAG GTA TT

NDUFA4L?2 forward AGA GGA CCA GAC TGG GAA A

NDUFA4L?2 reverse CAG GCA GAT TAA GCC GAT CA

HIGD1B forward CGA AGA CTG TGT GTC TGA GAA G

HIGDIB reverse CTC AGC CGG TAA ATC CTG TAT G

ACTA?2 forward TGT TCC AGC CAT CCT TCA TC

ACTA?2 reverse GCA ATG CCA GGG TAC ATA GT

aPrimers target 3’UTR and thus do not amplify transgene-derived transcripts
YFrom ref. (637)
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293TN cells (System Biosciences, Palo Alto, CA) were maintained on uncoated 6-well
plates in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (Peak Serum,
Wellington, CO), 1 mM sodium pyruvate (Life Technologies), and 0.5% GlutaMAX Supplement
(Life Technologies). When 293TN cells reached 90% confluence, psPAX2 (1 pg/well), pMD2.G
(0.5 pg/well), and pWPI or pWPI-N3ICD or pWPI-N1ICD or pWPI-TBX2 (1.5 pg/well) were
cotransfected using FuGENE HD Transfection Reagent (9 uL/well) (Promega, Madison, WI).
Medium was replaced 16 hours after transfection, and virus-containing supernatants collected 24,
48, and 72 hours later. Supernatants were filtered through a 0.45 pm filter and concentrated 100%
using Lenti-X Concentrator (Takara Bio, Mountain View, CA).
5.3.6  Lentiviral transduction

When neural crest cells reached ~40-50 % confluence (~2—3 days post-MACS), lentiviral
transduction was performed by replacing medium in each well with E6-CSFD medium
containing 30-50 pL N3ICD-GFP, N1ICD-GFP, or TBX2-GFP lentivirus per mL, or 5-8 pL
GFP (control) lentivirus per mL, which achieved transduction efficiencies of 50-80%. E6-CSFD
medium was replaced every other day for 6 days. In some experiments, culture medium was
supplemented with 10 pM CB-103 (MedChemExpress, Monmouth Junction, NJ). The resulting
cultures were either used directly for analysis or sorted to isolate GFP* and GFP~ cells as

described below.

5.3.7 Reverse-transcription-quantitative polymerase chain reaction (RT-qPCR)

RNA extraction was performed using the RNeasy Plus Micro Kit (Qiagen). Cells were
lysed with 350 pL Buffer RLT supplemented with 1% p-mercaptoethanol (Sigma) and
transferred to gDNA Eliminator spin columns. 350 pL 70% ethanol was added to each lysate,
and lysates were loaded onto RNeasy MinElute spin columns. Columns were washed with Buffer

RW1, Buffer RPE, and 80% ethanol according to manufacturer protocols. RNA was eluted with
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RNase-free water and concentration quantified using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA). 250-1000 ng of RNA was reverse-transcribed for 1 h at
37°C using the OmniScript RT Kit (Qiagen) and 1 pM Oligo(dT)i2-18 primers (Life
Technologies). 1 U/uL RNaseOUT (Life Technologies) was included in the reverse-transcription
reactions. Reaction products were diluted to 10 ng/uL. 20 pLL qPCR reactions were carried out
with 10 ng cDNA and 500 nM each forward and reverse primers (Table 5.2) using PowerUp
SYBR Green Master Mix (Life Technologies) and an AriaMx Real-Time PCR System (Agilent

Technologies, Santa Clara, CA). An annealing temperature of 60°C was used for all reactions.

5.3.8 Immunoprecipitation

Cells were washed once with DPBS and lysed with Cell Lysis Buffer (Cell Signaling
Technology, Danvers, MA) supplemented with 1x Halt Protease Inhibitor Cocktail (Thermo
Scientific). Lysates were sonicated with three 5 s pulses at 40% power with a 1/8-inch probe and
centrifuged at 4°C for 5 min, 14,000xg. Supernatants were transferred to new tubes and protein
concentrations quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific). Lysates
were diluted with lysis buffer to 1 mg/mL. 420 pul of each lysate was precleared by adding 40 pl
of prewashed Protein A Magnetic Beads (Cell Signaling Technology) and incubating with
rotation for 20 min at room temperature. Beads were removed using a magnetic separation rack.
To reduce nonspecific adsorption of DNA to magnetic beads, DNA was fragmented by adding 2
ul (2000 U) micrococcal nuclease to each lysate, and incubating for 30 min at 37°C. Digestion
was stopped by adding 10 pl of 0.5 M EDTA to each lysate. A 20 pl aliquot of each lysate was
removed and stored at —80°C to serve as a 10% input control. The remaining 400 pl of each
lysate was split between two new tubes, and Notch3 or isotype control antibody (at matched
concentration, Table 5.1) added. Lysates were incubated with rotation overnight at 4°C. 20 ul of

prewashed Protein A Magnetic Beads were added to each lysate and incubated with rotation for
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20 min at room temperature. Beads were pelleted using a magnetic separation rack, supernatant
removed, and beads washed with 500 pl of lysis buffer. This step was repeated for a total of 5
washes. After the final wash, beads were pelleted, supernatant removed, and beads resuspended
in 20 pl of Western blot sample buffer. 20 pul Western blot sample buffer was also added to each
10% input sample. All samples were heated at 95°C for 5 min. Beads were pelleted via
centrifugation and resulting supernatants and 10% input samples processed for anti-RBPJ
Western blotting as described below, except a mouse anti-rabbit IgG conformation-specific

secondary antibody (Table 5.1) was used for detection.

5.3.9 Western blotting

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Rockland
Immunochemicals, Pottstown, PA) supplemented with 1x Halt Protease Inhibitor Cocktail and
centrifuged at 4°C for 5 min, 14,000xg. Supernatants were collected, transferred to new tubes,
and protein concentrations quantified using the Pierce BCA Protein Assay Kit. For each sample,
~20 pg of protein was diluted to equal volume with water, mixed with sample buffer, and heated
at 95°C for 5 min. Samples were resolved on 4-12% Tris-Glycine gels and transferred to
nitrocellulose membranes. Membranes were blocked for 1 h in tris-buffered saline plus 0.1%
Tween-20 (TBST) supplemented with 5% non-fat dry milk. Primary antibodies (Table 5.1) were
diluted in TBST supplemented with 5% non-fat dry milk and were added to membranes and
incubated overnight at 4°C on a rocking platform. Membranes were washed five times with
TBST. Secondary antibodies (Table 5.1) were diluted in TBST supplemented with 5% non-fat
dry milk and were added to membranes and incubated for 1 h at room temperature on a rocking
platform, protected from light. Membranes were washed five times with TBST and imaged using
an Odyssey 9120 (LI-COR, Lincoln, NE). Band intensities were quantified using Image Studio

software (LI-COR).
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5.3.10 Fluorescence-activated cell sorting (FACS) and post-FACS culture

6 days after lentiviral transduction, cells were dissociated using ~30 min of Accutase
treatment, 1 mL per well. The Accutase/single cell suspension was transferred to 4% volume of
DMEM/F12 medium and centrifuged for 5 min at 200xg. The cell pellet was resuspended in
MACS buffer supplemented with 2 pg/mL 4’°,6-diamidino-2-phenylindole (DAPI; Life
Technologies). A FACSAria IIT Cell Sorter (BD Biosciences) was used to isolate DAPI"GFP*
cells (live, N3ICD-overexpressing cells) and DAPI"GFP~ cells (live, non-overexpressing cells).
Excitation was at 405 nm and 488 nm, with DAPI emission detected with a 450/50 filter and
GFP emission detected with a 502LP dichroic and 530/30 filter. Cells from a non-transduced
well were used as a gating control. The resulting cell suspensions were centrifuged for 5 min at
200xg, 4°C. Cell pellets were resuspended in E6 medium and seeded on Matrigel-coated plates
at 2x10* cells/cm?. Medium was replaced daily.
5.3.11 Immunocytochemistry

Cells were washed once with DPBS and fixed with 4% paraformaldehyde for 15 min.
Cells were washed three times with DPBS and blocked/permeabilized with DPBS supplemented
with 10% goat serum (Life Technologies) and 0.1% Triton-X100 (Sigma-Aldrich) for 1 h at
room temperature. Primary antibodies (Table 5.1) diluted in DPBS supplemented with 10% goat
serum were added to cells and incubated overnight at 4°C on a rocking platform. Cells were
washed three times with DPBS. Secondary antibodies (Table 5.1) diluted in DPBS supplemented
with 10% goat serum were added to cells and incubated for 1 h at room temperature on a rocking
platform, protected from light. Cells were washed three times with DPBS. Cells were incubated
for 5 min in DPBS supplemented with 4 uM Hoechst 33342 (Life Technologies). Images were
acquired using an Eclipse Ti2-E epifluorescence microscope (Nikon, Tokyo, Japan) with a 20x

objective.
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5.3.12 RNA-seq

RNA-seq was performed on cells from the H9, IMR90-4, DF19-9-11T, and WTCI1
hPSC lines. For each line, differentiation-matched samples of neural crest cells, and GFP~ and
GFP" cells isolated via FACS 6 days after transduction of neural crest with N3ICD-GFP
lentivirus, were analyzed. Neural crest cells were dissociated with Accutase for ~5 min. The
Accutase/single cell suspension was transferred to 4x volume of DMEM/F12 medium and
centrifuged for 5 min at 200xg, 4°C. FACS was performed as described above; resulting GFP~
and GFP" populations were centrifuged for 5 min at 200xg, 4°C. Supernatants were aspirated
and the resulting cell pellets immediately lysed with Buffer RLT Plus (Qiagen) supplemented
with 1% p-mercaptoethanol and frozen at —80°C. RNA extraction was performed using the
RNeasy Plus Micro Kit (Qiagen). Lysates were thawed on ice, processed through gDNA
Eliminator spin columns, processed through RNeasy MinElute spin columns per manufacturer
instructions, and eluted into RNase-free water.

RNA quality control, library preparation, and sequencing were performed by Novogene
(Sacramento, CA). RNA quantity was assessed using a NanoDrop spectrophotometer; RNA
quality was assessed using an Agilent 2100 Bioanalyzer. Poly(A) mRNA enrichment was
performed using poly(T) oligo-conjugated magnetic beads, first-strand cDNA synthesis
performed using random hexamer primers, second-strand cDNA synthesis performed, and
libraries prepared using the NEBNext Ultra II RNA Library Prep Kit for [llumina (New England
Biolabs). Libraries were sequenced on a NovaSeq 6000 (Illumina, San Diego, CA) with
approximately 20 million 150 bp paired-end reads obtained for each sample.

5.3.13 RNA-seq data analysis
A DNA sequence from lentiviral transfer plasmid pWPI extending from the Pacl site to

the 3’ end of the WPRE (containing the IRES and eGFP CDS) was added to the reference
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genome (hg38) to permit quantification of transgene-derived transcripts. RNA-seq FASTQ files
from the experiment described above and from the literature (obtained from the Gene Expression
Omnibus, Table 5.3) were aligned to the resulting reference genome using STAR (version
2.5.3a) (638). Gene-level counts were generated using the featureCounts function from Subread
(version 2.0.3) (639). Transcripts per million (TPM) were calculated using gene lengths derived
from featureCounts as previously described (90).

Transcriptome comparison between hPSC-derived brain pericyte-like cells, GFP™ cells
from this work, and in vivo human brain pericytes was performed for protein-coding genes
(based on the list at genenames.org/download/statistics-and-files). Data for in vivo brain
pericytes were obtained from a previous meta-analysis of single cell RNA-seq studies (336). In
this meta-analysis, a mock bulk RNA-seq dataset was constructed from each source dataset (397,
392, 502-504) by (i) averaging gene counts across the pericyte cluster, (ii) obtaining the subset
of protein-coding genes, and (iii) generating mock TPM values by normalizing total counts to
10%. Bulk RNA-seq TPM values from hPSC-derived brain pericyte-like cells (from the literature)
and GFP* cells (this work) were similarly re-normalized to 10° after obtaining the subset of
protein-coding genes. To generate the scatterplots in Figure 5.1A and Figure 5.10G, resulting
TPM values for each gene across the 11 hPSC-derived brain pericyte-like cell datasets or 4 GFP*
cell datasets were averaged, and TPM values for each gene across the 5 in vivo human brain
pericyte datasets were averaged, followed by log-transformation as logo(TPM+1). The Pearson
correlation coefficients were calculated based on the log-transformed average TPM values.

Raw counts from featureCounts were input to DESeq2 (version 1.32.0) (552) for
differential expression and principal component analyses. The DESeq2 variance stabilizing
transformation was used to generate counts data for input to principal component analysis and

hierarchical clustering. Hierarchical clustering on genes and samples (one minus Pearson
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correlation with average linkage) was performed using Morpheus
(software.broadinstitute.org/morpheus/). Differential expression analysis was performed using
the DESeq2 Wald test with Benjamini-Hochberg correction. The DESeq2 design included
differentiation (hPSC line) matching as described above. Genes with adjusted P-values < 0.05
were considered differentially-expressed. Gene Set Enrichment Analysis (version 4.2.3) (603)
was performed using DESeq2-normalized counts for neural crest and GFP" cell samples. GSEA
was performed with gene set permutation and otherwise default settings. Genes enriched in GFP*
cells compared to neural crest were tested against the KEGG (640) and gene ontology-biological
processes (GO-BP, (641)) databases (version 7.5.1). Gene sets with false discovery rates (FDR)
< 0.05 were considered enriched. Visualization of reads aligned to the human genome was
performed using Integrative Genomics Viewer (version 2.5.0).

Analysis of single cell RNA-seq data from developing mouse brain (325) was performed
in Scanpy (642) (version 1.9.1). The loom file containing expression data and metadata was
obtained from the authors’ website (Table 5.3). Clusters annotated as neural crest and
mesenchymal cell types by the authors were selected for analysis. A complete list of the authors’
ClusterName identifiers is shown in Figure 5.2A, along with the authors’ Subclass, Age, and
PseudoAge annotations. For visualization, we selected of highly variable genes, regressed out
total counts and percent of counts derived from mitochondrial genes, and performed principal
component analysis, neighbor finding, and UMAP embedding (40 principal components) using
Scanpy default parameters. A dot plot was used to visualize expression of neural crest, pan-

mesenchymal, fibroblast, pan-mural, pericyte, and VSMC markers.
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Table 5.3. Published RNA-seq datasets used.

Reference  Description Source Accession Numbers/Identifiers

GSM3537065 (SRR8385490, SRR8385491)

hPSC-derived brain https://www.ncbinlm.nih. GSM3537067 (SRR8385494, SRR8385495)

Ref. (447) ericvte-like cells gov/geo/query/acc.cgi?acc GSM3537068 (SRR8385496, SRR8385497)
percy =GSE124579 GSM3537069 (SRR8385498, SRR8385499)
GSM3537070 (SRR8385500, SRR8385501)

hPSC-derived brain https://www.ncbi.nlm.nih.  GSM2790557 (SRR6059668)

Ref. (324) ericvte-like cells gov/geo/query/acc.cgi?acc  GSM2790558 (SRR6059669)

periey =GSE104141 GSM2790559 (SRR6059670)

httos:// nebinlm.nih GSM3895132 (SRR9312712)

hPSC-derived brain ps. o (GSM3895133 (SRR9312713)

Ref. (268) gov/geo/query/acc.cgi?acc

pericyte-like cells GSM3895134 (SRR9312714)

=GSE132857 GSM3895135 (SRR9312715)

Ref. (325) Mouse developing http://mousebrain.org/deve

brain scRNA-seq lopment/downloads.html dev_all.loom

Meta-analysis of
Ref. (336)  human brain scRNA-
(Chapter 4) seq datasets

(enumerated below)

https://portal.brain-
map.org/atlases-and-

Ref. (502) fe(i)lz:léitlg;ns:RN A-se data/rnaseq/human-
4 multiple-cortical-areas-
smart-seq
Ref. (392) GW17-18 human http://solo.bmap.ucla.edu/

neocortex SCRNA-seq shiny/webapp/

Adult human temporal https://www.ncbi.nlm.nih.

Ref. (503)  lobe and cerebellum  gov/geo/query/acc.cgi?acc GSM3980129, GSM4008656,

GSM4008657, GSM4008658

scRNA-seq =GSE134355

GW6-11 human https://www.ncbi.nlm.nih.
Ref. (397)  ventral midbrain gov/geo/query/acc.cgi?acc

scRNA-seq =GSE76381

GW16-27 human https://www.ncbi.nlm.nih.
Ref. (504)  hippocampus scRNA- gov/geo/query/acc.cgi?acc

seq =GSE119212

5.3.14 Decellularization and quantification of extracellular matrix

Decellularization was performed 6 days after transduction of neural crest cultures in 12-
well plates with GFP or N3ICD-GFP lentiviruses as described above. The decellularization
protocol was adapted from ref. (643). The following buffers were pre-warmed to 37°C: DPBS,

Wash Buffer 1 (100 mM disodium phosphate, 2 mM magnesium chloride, 2 mM EDTA, pH
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9.6), Lysis Buffer (§ mM disodium phosphate, 1% Triton X-100, pH 9.6), Wash Buffer 2 (10
mM disodium phosphate, 300 mM potassium iodide, pH 7.5). Cells were washed twice with 1
mL DPBS and three times with 1 mL Wash Buffer 1. Cells were incubated with 1 mL Lysis
Buffer for 15 min at 37°C. Lysis Buffer was replaced with 1 mL fresh Lysis Buffer; cells were
incubated for 1 h at 37°C. Lysis Buffer was replaced with 1 mL fresh Lysis Buffer; cells were
incubated for an additional 1 h at 37°C. Lysis Buffer was removed and the resulting extracellular
matrix washed 3 times with 1 mL Wash Buffer 2 and 4 times with 1 mL water. Water was
removed and 250 pLL RIPA buffer added. Extracellular matrix was scraped from the bottom of
the well. The resulting solution was transferred to a microcentrifuge tube and sonicated with two
10 s pulses at 40% power with a 1/8-inch probe. Protein concentration in the resulting solution
was quantified using the BCA assay. For normalization of total protein to cell number, cells from
a parallel well of the 12-well plate were dissociated using Accutase and counted using a

hemocytometer.

5.3.15 Cord formation assays

The coculture cord formation assay was performed 5 days after isolation of GFP" and
GFP~ cells via FACS from a N3ICD-GFP-transduced culture as described above. §-well chamber
slides were coated with Matrigel, growth factor reduced, at 250 puL per well. Matrigel was
allowed to gel at 37°C for 1 h. HUVECs (American Type Culture Collection, Manassas, VA)
maintained in EGM-2 medium (Lonza, Walkersville, MD), were dissociated using a ~15 min
treatment with 0.25% trypsin-EDTA (Gibco). The resulting cell suspension was transferred to a
4x volume of DMEM supplemented with 10% FBS. Neural crest cells, GFP" cells, and GFP~
cells were dissociated using 5-15 min of Accutase treatment and the resulting cell suspensions
were transferred to 4% volumes of DMEM/F12 medium. Cells were counted using a

hemocytometer and centrifuged for 5 min at 200xg. Supernatants were removed and cell pellets



218

resuspended in 1 mL EGM-2 medium. For the HUVEC-only control, HUVEC cell suspension
and EGM-2 medium were combined to yield a suspension containing 2.2x10* HUVECs per 500
uL. For the coculture conditions, HUVEC cell suspension, coculture cell suspension (neural
crest, GFP*, or GFP~ cell suspension), and EGM-2 medium were combined to yield suspensions
containing 2.2x10* HUVECs and 6.6x10* coculture cells per 500 uL. 500 pL of the resulting cell
suspensions were added to the prepared wells of the 8-well chamber slides. Phase contrast and
GFP images were acquired after 24 h and 72 h using an Eclipse Ti2-E microscope with a 4%
objective.

To assess the ability of extracellular matrix from GFP- and N3ICD-GFP-transduced cells
to support endothelial cord formation, neural crest cultures in 48-well plates 6 days post-
transduction with GFP or N3ICD-GFP lentiviruses were decellularized. The decellularization
protocol was as described above, except all wash and incubation steps performed using 200 pL
of solution, and the protocol terminated after the final wash with water. This procedure was also
performed on parallel cell-free wells to serve as a no-extracellular matrix control. Additional
parallel wells were coated with 200 uL Matrigel, Growth Factor Reduced, which was allowed to
gel at 37°C for 1 h. 2.75x10* HUVECsS in 250 uL. EGM-2 medium were added to each well.
Phase contrast images were acquired 16 h after addition of HUVECs using an Eclipse Ti2-E
microscope with a 4% objective. Cells were subsequently fixed and processed for VE-cadherin
immunocytochemistry as described above. To quantify the extent of cord formation, blinded
phase contrast images were scored on the following 4-point scale. 0: No cords apparent. 1: Few
cords apparent, most cells not associated with cords. 2: Many cords apparent, most cells

associated with cords. 3: Virtually all cells associated with cords.
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5.3.16 Calcium imaging and contraction assay

Calcium imaging was performed 6 days after transduction of a neural crest cultures with
N3ICD-GFP lentivirus as described above. FLIPR Calcium 6 dye (Molecular Devices, San Jose,
CA) was prepared according to manufacturer instructions. 500 puL of prepared dye was added to
the existing 500 pL of culture medium and cells incubated at 37°C, 5% CO- for 2 h. The plate
was transferred to a microscope environmental chamber at 37°C, 5% CO; and equilibrated for 30
min. Images were acquired every 5 s for 300 s using an Eclipse Ti2-E microscope with a 4x
objective. At ¢t = 50 s, a 1:114 dilution of saturated potassium chloride solution (4.56 M, for a
final concentration of 40 mM) was added to the well. ImageJ was used to quantify mean
fluorescence intensity F; at each time point and data are displayed as AF/F = (F; — Fo)/Fo.

The contraction assay was performed 2 days after isolation of GFP* cells via FACS from
a N3ICD-GFP-transduced culture as described above. The plate was transferred to a microscope
environmental chamber at 37°C, 5% CO: and equilibrated for 30 min. At # = 0 min, a 1:114
dilution of saturated potassium chloride solution, or an equivalent volume of water, was added to
the culture medium and the plate briefly rocked to mix. Phase contrast images were acquired
immediately upon addition of potassium chloride or water and 15 min thereafter using an Eclipse
Ti2-E microscope with a 20x objective. The Freehand Selection Tool in Image] was used to
trace the outlines of 16 cells per 20x field at times 0 and 15 min, and the Measure function used
to obtain Ao and Ajs, the cell areas at times 0 and 15 min, respectively. For each cell, the percent
change in area was computed as (A1s — Ao)/Ao x 100%. These values were averaged across the
16 cells in each field to generate the values shown in Fig. 4.
5.3.17 Statistics

Individual wells of cultured cells that underwent identical experimental treatments are

defined as replicates. Details of replication strategy are provided in figure legends. Student’s
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unpaired or paired ¢ tests were used for comparison of means from two experimental groups.
One-way analysis of variance (ANOVA) was used for comparison of means from three or more
experimental groups. Two-way ANOVA was used for comparison of means and blocking of
differentiation-based variability if data from multiple differentiations were combined (one factor
being the experimental treatment and one factor being the differentiation). Following ANOVA,
Dunnett’s post-hoc test was used for comparison of multiple treatments to a single control, or
Tukey’s honest significant difference (HSD) test was used for multiple pairwise comparisons.
For cord formation score data, the nonparametric Kruskal-Wallis test was used followed by the

Steel-Dwass test for multiple pairwise comparisons.
5.4 Results

5.4.1 Transcriptome analysis of hPSC-derived brain pericyte-like cells

We analyzed RNA-sequencing (RNA-seq) gene expression profiles of brain pericyte-like
cells differentiated from hPSCs from three independent studies (28, 324, 447). While
methodologies differ slightly, all three protocols proceed through a neural crest intermediate and
yield cells with molecular and functional characteristics similar to mural cells. We compared
these cells to human brain pericytes in vivo, using single cell RNA-seq data from a previous
meta-analysis (336). There was moderate correlation between the transcriptome of hPSC-derived
pericyte-like cells and in vivo pericytes, and similar expression of some canonical markers such
as PDGFRB, ANPEP, CSPG4, COL4Al, IGFBP7, and MYL9 (Figure 5.1A; Supplementary
File). Compared to in vivo pericytes, however, hPSC-derived pericyte-like cells had markedly
lower expression of several key mural cell signaling mediators and transcription factors,
including RGS5, NOTCH3, HEYL, HEY2, HES4, TBX2, FOXSI1, and FOXF2 (Figure 5.1A-B;
Supplementary File). We previously demonstrated downregulation of many of these same genes

in cultured primary human brain pericytes (336), and a murine developmental single cell RNA-
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seq study (325) supports selective expression of many of these genes in mural cells compared to
both neural crest and other mesenchymal derivatives (Figure 5.2). These results therefore suggest
that key molecular factors for induction and maintenance of the brain mural cell phenotype are
absent under traditional culture conditions, and that augmentation of these factors during hPSC

differentiation might yield mural cells with improved phenotype.
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Figure 5.1. Comparison of human brain pericytes in vivo and hPSC-derived brain pericyte-like cells. (A) Comparison of
protein-coding transcript abundances in hPSC-derived brain pericyte-like cells versus in vivo human brain pericytes. Data for
hPSC-derived brain pericyte like cells were generated by averaging transcripts per million (TPM) across 11 bulk RNA-seq
datasets: 5 datasets from (447), 3 datasets from (324), and 4 datasets from (28) (Table 5.3). Data for in vivo human brain
pericytes were obtained from a previous meta-analysis of 5 single cell RNA-seq datasets (336). The Pearson correlation
coefficient  is shown. Genes of interest are annotated in red (transcription factors) or blue (others). (B) Transcript abundance of
selected genes. Abundances for each of the five in vivo human brain pericyte datasets are indicated with black circles.
Abundances for each of the hPSC-derived brain pericyte-like cell datasets are indicated with blue squares (447), green triangles
(324), and red diamonds (28). Bars indicate mean values. TPM: transcripts per million.
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Figure 5.2. Markers of murine neural crest, mural cells, and other mesenchymal derivatives. (A) UMAP plots of all single
cells colored by authors’ ClusterName, Subclass, Age, and PseudoAge annotations. (B) Dot plot of gene expression in cell
Subclasses. Neural crest, pan-mesenchymal, fibroblast, pan-mural, pericyte, and VSMC marker genes are shown. Color indicates
expression level and dot size indicates the percent of cells in the indicated Subclass that express a given gene. Data from ref.
(325).
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5.4.2  Overexpression of N3ICD as a strategy to derive mural cells

Given low expression of NOTCH3 and Notch target genes (e.g., HEYL, HEY2, HES4) in
existing hPSC-derived pericyte-like cells and the known roles of Notch signaling in mural cell
development (326), we asked whether overexpression of the human Notch3 intracellular domain
(N3ICD) in neural crest cells could direct mural cell differentiation. We also evaluated
overexpression of Tbx2, a mural cell-enriched transcription factor with similarly low expression
in existing hPSC models. We cloned the portion of the NOTCH3 coding sequence (CDS)
corresponding to the intracellular domain, and the 7BX2 CDS, into bicistronic lentiviral vectors
for GFP coexpression (see Section 5.3.5) (Figure 5.3A-B). As a starting cell type, we used neural
crest cells differentiated from hPSCs according to a previously-established protocol (447). After
15 days of differentiation in E6-CSFD medium, we selected p75* cells via magnetic-activated
cell sorting (MACS), resulting in a homogenous population of p75" HNK-1* neural crest cells
that were briefly expanded prior to transduction (Figure 5.3A,C). We transduced neural crest
cells with GFP-only, N3ICD-GFP, or TBX2-GFP lentiviruses, and after 6 days, either analyzed
the resulting populations or performed fluorescence-activated cell sorting (FACS) to isolate
GFP" cells.

6 days after lentiviral transduction, N3ICD-GFP-transduced cells had significantly
elevated expression of HEYL and endogenous NOTCH3 (using primers targeting the 3’
untranslated region, which is not present in transgene-derived transcripts) compared to GFP
controls (Figure 5.3D). Notably, these cells also had increased expression of other mural cell
transcription factors (7BX2, FOXSI) and canonical markers (PDGFRB, RGS5, KCNJS),
suggesting that Notch3 signaling may be sufficient activate a genetic program for mural cell
differentiation (Figure 5.3D). In contrast, while TBX2-GFP-transduced cells had elevated

expression of TBX2, suggesting successful overexpression, and a slight increase in PDGFRB
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expression, all other mural cell genes evaluated were unchanged versus GFP controls (Figure
5.3D). We confirmed that N3ICD-GFP-mediated transcriptional changes occurred via a
canonical Notch transactivation mechanism using Notch3-RBPJ coimmunoprecipitation and a
loss-of-function experiment with CB-103, a small molecule inhibitor of Notch intracellular
domain-RBPJ assembly (644) (Figure 5.4). We also asked whether overexpression of an
alternative Notch would achieve a similar effect; indeed, N1ICD-GFP-transduced neural crest
cells underwent similar transcriptional changes to N3ICD-GFP-transduced cells (Figure 5.5). We
elected, however, to conduct further experiments using cells derived via N3ICD overexpression,
given enrichment of Notch3 compared to other Notch receptors in brain mural cells, and existing
loss-of-function studies establishing the necessity of Notch3 for mural cell development (326,

341).
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Figure 5.3. Overview of differentiation strategy. (A) Timeline of the differentiation protocol. (B) Schematic of lentiviral
overexpression constructs. A fragment of the human NOTCH3 coding sequence (CDS) encoding the intracellular domain of
Notch3, and the human 7BX2 CDS, were cloned into the bicistronic lentiviral vector pWPI. The parental pWPI vector was used
as a GFP-only control. IRES: internal ribosome entry site; AA: amino acids. (C) Flow cytometry analysis of p75 and HNK-1
expression in D15 neural crest cells before and after p75 MACS. (D) RT-qPCR analysis of mural cell gene expression 6 days
after transduction with GFP, N3ICD-GFP, or TBX2-GFP lentiviruses. Expression of each gene is shown relative to ACTB
expression and normalized to expression in GFP-transduced cells. Points represent replicate wells from a differentiation of the H9
hPSC line and bars indicate mean values. P-values: ANOVA followed by Dunnett’s test versus GFP-transduced cells.
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Figure 5.4. Notch-dependence of observed transcriptional changes. (A) Western blots of isotype control IgG and Notch3
immunoprecipitates (top) and input controls (bottom) from cells 6 days after transduction with GFP or N3ICD-GFP lentiviruses.
Membranes were probed with the RBPJ antibody. (B) Quantification of RBPJ Western blot. Band intensities from
immunoprecipitates were normalized to respective input control band intensities. Points represent replicate wells from a
differentiation of the H9 hPSC line. Bars indicate mean values + SD. P-values: ANOVA followed by Tukey’s HSD test. (C)
Schematic of the mechanism of action of CB-103, a small molecule inhibitor of the Notch transcriptional activation complex.
NICD: Notch intracellular domain. (B) RT-qPCR analysis of mural cell gene expression 6 days after transduction of neural crest
cells with GFP or N3ICD-GFP lentiviruses. Expression of each gene is shown relative to ACTB expression and normalized to
expression in GFP-transduced cells. Points represent replicate wells from a differentiation of the H9 hPSC line and bars indicate
mean = SD. P-values: ANOVA followed by Tukey’s HSD test.
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Figure 5.5. Transcriptional effects of N1ICD overexpression. RT-qPCR analysis of mural cell gene expression 6 days after
transduction of neural crest cells with GFP or N1ICD-GFP lentiviruses. Expression of each gene is shown relative to ACTB
expression. Points represent replicate wells from three independent differentiations, two in the H9 hPSC line (blue circles, green
triangles) and one in the IMR90-4 hPSC line (red squares). Bars indicate mean values + SD, with values normalized within each
differentiation such that the mean of the GFP condition equals 1. P-values: two-way ANOVA on unnormalized data.
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We validated protein-level overexpression of N3ICD via Western blotting with a Notch3
antibody detecting a C-terminal (intracellular domain) epitope. As expected, we observed a
significant increase in the intensity of a low molecular weight band corresponding to the Notch
transmembrane fragment and intracellular domain in N3ICD-GFP-transduced cultures compared
to GFP-transduced cultures (Figure 5.6A-B). A high molecular weight band corresponding to
full-length Notch3 also had increased abundance in N3ICD-GFP-transduced cultures, suggestive
of positive feedback and consistent with enrichment of Notch3 in brain mural cells compared to
neural crest in vivo (56, 325, 645) (Figure 5.2). The canonical mural cell marker PDGFRJ and
transcription factor Tbx2 were also upregulated in N3ICD-GFP-transduced cultures, despite
lower GFP abundance, reflective of slightly lower transduction efficiency by N3ICD-GFP
lentivirus compared to GFP lentivirus (Figure 5.6A-B). We also observed a marked increase in
fibronectin abundance in N3ICD-GFP-transduced cultures (Figure 5.6A-B), consistent with
human brain mural cell expression of FNI in vivo (336). Immunocytochemistry corroborated
these findings and revealed clear nuclear localization of Notch3 and Tbx2 in N3ICD-GFP-
transduced cells (Figure 5.6C). Consistent with transcript-level observations, N1ICD
overexpression also achieved similar effects to N3ICD on the protein level (Figure 5.7).
Together, these results suggest that activation of Notch signaling in neural crest cells is sufficient

to drive mural cell differentiation.
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Figure 5.6. Results of Notch3 intracellular domain overexpression in neural crest cells. (A) Western blots of cells 6 days
after transduction with GFP or N3ICD-GFP lentiviruses. Membranes were probed with Notch3, PDGFRp, Tbx2, fibronectin,
GFP, and p-actin antibodies. On the Notch3 Western blot, arrows indicate the full-length (FL) and Notch
transmembrane/intracellular domain (NTM/ICD) bands. (B) Quantification of Western blots. Band intensities were normalized to
B-actin band intensities. Points represent replicate wells from two independent differentiations, one in the H9 hPSC line (blue
squares) and one in the WTC11 hPSC line (red circles). Bars indicate mean values + SD, with values normalized within each
differentiation such that the mean of the GFP condition equals 1. P-values: two-way ANOVA on unnormalized data. (C)
Immunocytochemistry analysis of Notch3, PDGFRp, Tbx2, and fibronectin expression in cells 6 days after transduction with
GFP or N3ICD-GFP lentiviruses. Hoechst nuclear counterstain overlaid in all images. Scale bars: 50 um. (D) Flow cytometry
analysis of GFP expression 6 days after transduction of neural crest cells with N3ICD-GFP lentivirus. GFP* and GFP- gates are
representative of those used to isolate populations via FACS. (E) Immunocytochemistry analysis of GFP and Tbx2 expression in
cells expanded in E6 medium for 4 days after FACS. Hoechst nuclear counterstain is overlaid in the GFP images. Scale bars: 100
pm.
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Figure 5.7. Comparison of N1ICD and N3ICD overexpression. (A) Schematic of lentiviral overexpression constructs. The
parental pWPI vector and N3ICD-GFP are as described in Figure 1. To generate N1ICD-GFP, a fragment of the human NOTCH/
coding sequence (CDS) encoding the intracellular domain of Notchl was cloned into pWPIL. IRES: internal ribosome entry site;
AA: amino acids. (B) Western blots of cells 6 days after transduction with GFP, N3ICD-GFP, or N1ICD-GFP lentiviruses.
Membranes were probed with Notch3, Notchl, PDGFRp, Tbx2, fibronectin, GFP, and B-actin antibodies. On the Notch3 and
Notchl Western blots, arrows indicate the full-length (FL) and Notch transmembrane/intracellular domain (NTM/ICD) bands.
(C) Quantification of Western blots. Band intensities were normalized to -actin band intensities. Points represent replicate wells
from a differentiation of the H9 hPSC line. Bars indicate mean values = SD, with values normalized such that the mean of the
DMSO condition equals 1. P-values: ANOVA followed by Tukey’s HSD test.
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5.4.3 Molecular properties of cells derived via N3ICD overexpression

We used FACS to isolate GFP* and GFP~ cells from cultures 6 days after N3ICD-GFP
lentiviral transduction (Figure 5.6D). We compared acutely isolated GFP" and GFP~ cells by RT-
qPCR; GFP" cells had significantly reduced expression of NGFR, consistent with loss of neural
crest identity, and significantly higher expression of markers of mesenchyme (e.g., 7TBXIS),
mural cells (e.g., NOTCH3, TBX2, HEYL, FOXSI), and pericytes (e.g., KCNJS), while the
VSMC-enriched gene ACTA2 was not differentially expressed (Figure 5.8A). Immunostaining
conducted 4 days after FACS confirmed that Tbx2 was selectively expressed in GFP* cells
(Figure 5.6D). Importantly, these results suggest that N3ICD-GFP functions cell-autonomously
to direct neural crest-to-mural cell differentiation, and that the resulting cells have molecular
hallmarks of pericytes. After briefly expanding the resulting cells in minimal E6 medium,
however, we observed marked downregulation of KCNJS and upregulation of ACTA2 despite
maintained expression of the N3ICD-GFP transgene; at 4 days post-FACS, cells expressed the
VSMC-enriched proteins a-SMA, calponin, and SM22a (Figure 5.8B-C). Loss of KCNJ§ and
induction of these contractile proteins is a phenomenon also observed upon in vitro culture of
primary brain pericytes (336, 417), and suggests that while Notch3 is sufficient to direct initial
specification and differentiation of mural cells with pericyte-like marker expression, additional
yet-unidentified factors are required for maintenance of pericyte phenotype. Therefore, to further
characterize the initial Notch-mediated specification and differentiation process, we focused on

acutely isolated GFP* cells.
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Figure 5.8. Cell-autonomous and time-dependent effects of N3ICD overexpression. (A) RT-qPCR analysis of GFP- and
GFP cells isolated via FACS 6 days after transduction of neural crest cultures with N3ICD-GFP lentivirus. Expression of each
gene is shown relative to ACTB expression and normalized to expression in GFP- cells. NOTCH3 primers target the 3’UTR and
thus amplify only endogenous NOTCH3 transcripts. Points represent replicate wells from two independent differentiations, one in
the H9 hPSC line (blue circles) and one in the WTC11 hPSC line (red squares). Bars indicate mean values + SD. P-values: Two-
way ANOVA. (B) RT-qPCR analysis of GFP* and GFP- cells 2, 5, and 10 days after isolation via FACS as described above.
Points represent replicate wells from a differentiation of the H9 hPSC line. (C) Immunocytochemistry analysis of GFP, Notch3,
Tbx2, PDGFRS, calponin, SM22a, and a-SMA expression in GFP- and GFP* cells 4 days after isolation via FACS as described
above. Hoechst nuclear counterstain overlaid in all images. Scale bars: 50 um.
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We used RNA-seq to obtain transcriptomic profiles of neural crest cells and FACS-
isolated GFP~ and GFP" cells from N3ICD-GFP-transduced cultures from four hPSC lines
(Figure 5.9; Supplementary File). In principal component analysis, the three cell types
segregated along principal component 1, which explained 66% of the variance (Figure 5.10A).
Visualization of RNA-seq reads confirmed that in addition to transgene-derived NOTCH3
transcripts, endogenous NOTCH3 was also upregulated in GFP* cells (Figure 5.10B). We
identified differentially-expressed genes in GFP* cells compared to neural crest (Figure 5.10C;
Figure 5.11A; Supplementary File) and in GFP" cells compared to GFP~ cells (Figure 5.10D;
Figure 5.11B; Supplementary File). In both comparisons, GFP* cells were enriched for mural
cell and pericyte marker genes, including the key transcription factors HEYL, HES4, TBX2,
FOXS1, FOXF2, and FOXCI, some of which have established functional roles in brain pericyte
development and function (343, 344) (Figure 5.10C-E; Figure 5.11). PDGFRB, RGS3J,
NDUFA4L2, KCNJS, ABCCY, HIGDIB, IGFBP7, PLXDCI, CSPG4, and ADAMTSI were
similarly enriched in GFP* cells (Figure 5.10C-E; Figure 5.11). Consistent with results of RT-
qPCR, ACTA2 was expressed at moderate levels (~40—60 TPM) in all cell types and was not

differentially expressed (Figure 5.10C-E).
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Figure 5.9. FACS gating strategy for RNA-seq samples. Examples of initial gating strategies for single cells based on forward
and side scatter, followed by gating strategy for live (DAPI") cells, are shown at top. Gates for GFP* and GFP- cells are shown
below for each of the four hPSC lines evaluated (IMR90-4, H9, WTCI11, and DF19-9-11T). An example of a non-transduced
culture from the IMR90-4 hPSC line is also shown.

The canonical neural crest marker NGFR was downregulated in GFP" cells compared to
both neural crest and GFP~ cells, as was LIN284, which plays a role in neural crest multipotency
(646). PDGFRA, which is enriched in fibroblasts compared to mural cells in vivo (56, 187), was
nearly absent in GFP" cells, but expressed by GFP~ cells (Figure 5.10E). Although GFP~ cells
also expressed PDGFRB, they lacked several other mural cell markers and retained some
expression of neural crest genes (Figure 5.10E), suggesting that interactions with N3ICD-

overexpressing GFP' cells cause partial differentiation of these cells to a non-mural fate.
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Hierarchical clustering revealed a gene module with highly enriched expression in GFP* cells
compared to both GFP~ cells and neural crest; this module contained known mural/pericyte
transcripts, including FOXD1, GJA4, PTGIR, and MCAM (CD146) in addition to many of those
mentioned above (Figure 5.11C-D), further supporting the mural/pericyte identity of cells
derived via Notch3 activation. Genes with known enrichment in brain mural cells compared to
those of other organs, including PTN, GPERI, and SLC6A17 (56, 336), were also enriched in
GFP" cells (Figure 5.11C-D; Supplementary File), supporting the notion that brain-enriched
expression is at least partially attributable to the neural crest origin Furthermore, the GABA
transporter gene SLC6A12, which we and others recently identified as enriched in human
compared to mouse brain pericytes (90, 187, 336), was robustly upregulated in GFP" cells
compared to neural crest and GFP~ cells (Figure 5.10C-E). SLC6A41, another human-enriched
pericyte gene (/87, 336), however, was not expressed (Figure 5.11D), highlighting that while
Notch signaling activates a mural cell transcriptional program, other factors are likely required
for complete acquisition of mural cell phenotype. We also observed minimal expression of VTN
in all cells (approximately 1 TPM), consistent with observations that human brain pericytes lack
VTN despite robust expression in mouse brain pericytes (90, 336, 505), while other ECM-related
genes (FN1, COL4A1, COL4A2, COL1Al, and LAMA4) were indeed upregulated in GFP* cells
(Figure 5.10C-E). Together, these results suggest that cells derived from hPSCs via this strategy
(1) are mural cells, (ii) have molecular hallmarks that distinguish brain and non-brain mural cells,
and (iii) can at least partially capture species-specific differences in mural cell gene expression

observed in vivo.
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Figure 5.10. RNA-seq of neural crest, GFP-, and GFP* cells. (A) Principal component analysis of whole-transcriptome data
after the DESeq?2 variance stabilizing transformation. Points are colored by cell type: neural crest (magenta), GFP- cells (gray),
GFP* cells (green). Data are from four independent differentiations, one each from the DF19-9-11T (squares), H9 (circles),
IMRO90-4 (triangles), and WTC11 (diamonds) hPSC lines. (B) Representative genome browser plots (from DF19-9-11T-derived
neural crest, GFP-, and GFP* cells) of RNA-seq read alignment to the NOTCH3 gene. The orange line at bottom indicates the
region of NOTCH3 encoding the intracellular domain. (C, D) Differential expression analysis of GFP* cells compared to neural
crest (C) and GFP* cells compared to GFP- cells (D). Data are displayed in volcano plots; MA plots are shown in Figure 5.11A-
B. Differentially expressed genes (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg correction) are
highlighted, and the numbers of upregulated and downregulated genes are shown in the legends. Complete results of differential
expression analysis are provided in Supplementary File. (E) Transcript abundance (TPM) of selected transcripts. The top row
displays expression of transgene (eGFP), total NOTCH3 (encompassing endogenous and transgene-derived transcripts), neural
crest markers, the non-mural transcript PDGFRA, and the VSMC-enriched transcript ACTA2). The second row displays
mesenchymal and mural cell transcription factors; the third row displays mural and pericyte markers; the fourth row displays
genes encoding components of extracellular matrix. Additional genes are shown in Figure 5.11D, and abundance data for all
genes are provided in Supplementary File. (F) Results of Gene Set Enrichment Analysis (GSEA). Gene sets from the KEGG and
GO-BP databases enriched in GFP* cells compared to neural crest (FDR < 0.05) are shown. NES: normalized enrichment score.
Additional results of GSEA are shown in Figure 5.12 and complete results are provided in Supplementary File. (G) Comparison
of protein-coding transcript abundances in GFP" cells versus in vivo human brain pericytes. Data for hPSC-derived brain pericyte
like cells were generated by averaging transcripts per million (TPM) across 11 bulk RNA-seq datasets: 5 datasets from (447), 3
datasets from (324), and 4 datasets from (28) (Table 5.3). Data for in vivo human brain pericytes were obtained from a previous
meta-analysis of 5 single cell RNA-seq datasets (336). The Pearson correlation coefficient r is shown. Genes of interest are
annotated in red (transcription factors) or blue (others).
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Figure 5.11. RNA-seq differential expression analysis and clustering. (A,B) Differential expression analysis of GFP* cells
compared to neural crest (A) and GFP" cells compared to GFP- cells (B). Data are displayed in MA plots; volcano plots are
shown in Figure 5.10C-D. Differentially expressed genes (adjusted P-values < 0.05, DESeq2 Wald test with Benjamini-Hochberg
correction) are highlighted, and the numbers of upregulated and downregulated genes are shown in the legends. Complete results
of differential expression analysis are provided in Supplementary File. (C) Hierarchical clustering of samples and genes. The red-
colored portion of the dendrogram at left indicates a 1110-gene module exhibiting selective expression in GFP* cells compared to
both GFP- cells and neural crest. Selected genes from this module are displayed at right and the complete list is provided in
Supplementary File. (D) Transcript abundance (TPM) of selected mural cell-enriched transcripts. Abundance data for all genes
are provided in Supplementary File.
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We next identified gene sets enriched in GFP" cells compared to neural crest, using the
KEGG and gene ontology-biological process (GO-BP) databases (Figure 5.10F; Figure 5.12;
Supplementary File). As expected, the Notch Signaling Pathway gene sets from both KEGG and
GO-BP databases were enriched (Figure 5.12; Supplementary File). Additional enriched gene
sets included GO-BP Vasculogenesis, GO-BP Nitric Oxide-Mediated Signal Transduction, and
KEGG Vascular Smooth Muscle Contraction, which was driven by enrichment of genes
encoding guanylate and adenylate cyclases (e.g., GUCYIBI, GUCYI1A42, ADCY5) and regulators
of actomyosin contraction and cytoskeleton (e.g., PPPIR14A4, MYLK, ROCKI), consistent with
vascular mural cell identity (Figure 5.10F; Figure 5.12). Other vasculature-related GO-BP gene
sets were similarly enriched (Supplementary File). Consistent with previously noted upregulation
of ECM-related genes, the KEGG gene set ECM-Receptor Interaction was enriched (Figure
5.10F; Figure 5.12). Notably, we observed enrichment of the KEGG gene set Neuroactive
Ligand-Receptor Interaction, which we previously reported as depleted in cultured primary brain
pericytes compared to in vivo pericytes (336) (Figure 5.10F). Highly enriched genes in this set
included PTGIR, PTHIR, EDNRA, and GIPR (Figure 5.12), but some genes encoding key mural
cell receptors such as P2RYI4, were not expressed (Figure 5.11D; Supplementary File),
suggesting that other factors would be required to obtain cells with the complete mural cell
receptor repertoire. Finally, we directly compared the average transcriptome profile of GFP*
cells to that of in vivo human brain pericytes (Figure 5.10G). While the overall correlation was
similar to that of existing hPSC-derived brain pericyte-like cells (Figure 5.1A), GFP* cells
exhibited a notable improvement in the expression of key mural cell transcription factors and

other markers (Figure 5.10G).
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Figure 5.12. Gene sets enriched in GFP* cells compared to neural crest. GSEA enrichment plots for 6 gene sets of interest are
shown. For each gene set, plots at left display normalized expression of up to 20 genes listed as core enrichments for each gene
set, in order of GSEA rank. NES: normalized enrichment score. Complete GSEA results are provided in Supplementary File.
5.4.4 Functional attributes of resulting mural cells

Production of vascular basement membrane is a key function of mural cells. We visually
observed an apparent enrichment in the amount of ECM produced by cultures transduced with

N3ICD-GFP compared to GFP, which we confirmed by decellularization followed by

quantification of remaining total protein (see Section 5.3.14). Compared to GFP-transduced
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cultures, N3ICD-overexpressing cultures generated approximately 20 times more extracellular
matrix per cell despite a slight reduction in total cell number (Figure 5.13A-B), consistent with
the marked upregulation of ECM-encoding genes in RNA-seq data and protein-level enrichment
of fibronectin. We next evaluated the ability of these decellularized matrices to support
formation of endothelial cords, a widely used in vitro proxy for angiogenic potential (28, 321,
447, 647). While human umbilical vein endothelial cells (HUVECs) cultured on ECM from
GFP-transduced cultures adopted the same cobblestone morphology as HUVECs cultured on no
ECM, HUVECs cultured on ECM from N3ICD-GFP-transduced cultures formed cords, albeit
more variably than on the positive control Matrigel substrate (Figure 5.13C-D). We also directly
cocultured neural crest cells, and GFP* and GFP~ cells 5 days after FACS with HUVECs on the
Matrigel substrate. 24 h after cell seeding, cords formed from HUVECs alone and those formed
in neural crest cocultures were similar, while cords in GFP~ cell cocultures were longer,
consistent with the ability of many mesenchymal cell types to associate with endothelial cords
and modulate cord formation (321, 648). In GFP" cell cocultures, however, we observed highly
reproducible formation of mural-endothelial aggregates, a phenomenon previously observed in
primary pericyte cocultures at later timepoints (28) and in cocultures with immature smooth
muscle cells derived from hPSCs (321) (Figure 5.13E). Thus, while GFP" cells undergo
molecular changes after FACS and replating (Figure 5.8), these results support a persistent,

striking difference in functional phenotype between GFP* and GFP~ cells.
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Figure 5.13. Functional properties of mural cells. (A) Number of resulting cells 6 days after transduction of neural crest with
GFP or N3ICD-GFP lentiviruses. Points represent replicate wells from three differentiations of the H9 hPSC line, each
differentiation indicated with a different color. Bars indicate mean values £ SD. P-value: two-way ANOVA. (B) Total
extracellular matrix production 6 days after transduction of neural crest with GFP or N3ICD-GFP lentiviruses. Each point
represents the average ECM quantity from three wells of a differentiation of the H9 hPSC line, normalized to average cell
number from three parallel wells within the differentiation. P-value: paired Student’s # test. (C) HUVEC cord formation assay on
decellularized ECM from GFP- or N3ICD-GFP-transduced cultures, and from no ECM and Matrigel controls. Phase contrast and
VE-cadherin immunocytochemistry images are shown. Hoechst nuclear counterstain overlaid in immunocytochemistry images.
Scale bars: 200 um. (D) Quantification of HUVEC cord formation for the conditions described in (C). Blinded images were
scored from 0 (no cords) to 3 (virtually all cells associated with cords); see section 5.3.15. Data from the GFP ECM and N3ICD-
GFP ECM conditions are derived from three independent differentiations, two in the H9 hPSC line and one in the IMR90-4 hPSC
line; data from no ECM and Matrigel controls are derived from two independent experiments. P-values: Kruskal-Wallis test
followed by Steel-Dwass test. (E) Coculture cord formation assay with HUVECs, HUVECs and neural crest cells (+NC),
HUVECs and GFP- cells from a N3ICD-GFP-transduced culture (5 days post-FACS; +GFP-), and HUVECs and GFP* cells from
a N3ICD-GFP-transduced culture (+GFP"). Images (overlays of phase contrast and GFP fluorescence) are shown from 24 h and
72 h after initiating assay. Scale bars: 200 um. (F) Calcium response of cells in a N3ICD-GFP-transduced culture to KCl
application. 40 mM KCI was added at ¢ = 50 s. (G) Phase contrast images of GFP* cells from a N3ICD-GFP-transduced culture
(2 days post-FACS) at # = 0 min and 7 = 15 min after treatment with water (vehicle) or 40 mM KCI. Scale bars: 50 um. (H)
Change in area of GFP* cells (2 days post-FACS) 15 min after treatment with water (vehicle) or 40 mM KCI. Points represent
replicate wells from three differentiations of the H9 hPSC line, each differentiation indicated with a different color. Bars indicate
mean values = SD. P-value: two-way ANOVA.
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Mural cells regulate vascular tone, and while the relative contributions of different mural
cell subtypes to neurovascular coupling remain the subject of debate, virtually all mural cells
appear capable of contraction, at least under artificial stimuli (/62). Potassium (at concentrations
causing depolarization) is widely used to assess contractility of pericytes and smooth muscle
cells in vitro and in vivo (324, 649). We first used calcium imaging of a N3ICD-GFP-transduced
culture to confirm that application of 40 mM KCI led to depolarization and calcium influx
(Figure 5.13F). Because the cell density at this time point precludes assessment of cell size, we
asked whether KCI application would cause contraction of GFP* cells isolated via FACS and
replated at low cell density (Figure 5.13G). Two days after FACS, cells underwent an average
reduction in area of approximately 7% 15 min after KCI addition, compared to an average 0%
change after addition of water, with cells in both conditions extending and withdrawing cellular
processes (Figure 5.13G,H). Together, these results support the contractile ability of mural cells

derived from neural crest via N3ICD overexpression.

5.5 Discussion

In vivo loss of function experiments have demonstrated that Notch signaling is required for
mural cell development from both mesoderm- and neural crest-derived progenitors (326, 341).
Here, using hPSC-derived neural crest, we show that Notch signaling is sufficient to direct
specification and differentiation of mural cells in vitro. Overexpression of the Notch3
intracellular domain in neural crest cells caused cell-autonomous differentiation to cells with
molecular and functional properties of mural cells. Compared to controls, N3ICD-overexpressing
cells exhibited increased expression of PDGFR, increased expression of full-length Notch3, and
induction of mural cell transcription factors such as HEYL, HES4, TBX2, FOXSI, FOXF2, and
FOXC1, some of which have previously reported roles in mural cell development (343, 344).

Cells derived via N3ICD overexpression produced abundant extracellular matrix, which
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supported endothelial cell cord formation; these cells also self-assembled with endothelial cells
and contracted in response to KCl-induced depolarization. Overexpression of the Notchl
intracellular domain had similar effects, consistent with promiscuous binding of intracellular
domains from all Notch family members to RBPJ and MAML (333, 644). Other signaling
pathways implicated in mural cell development such as PDGF-B and TGF-B (253, 322, 650),
were not required for mural cell differentiation in our model system, suggesting that these
pathways may regulate other aspects of mural cell development such as recruitment to vessels
and/or maturation. PDGF-BB and TGF-f, however, merit future examination for their potential
ability to (i) achieve aspects of mural cell phenotype not observed using Notch3, (ii) mature the
resulting cells, or (iii) maintain cell phenotype during extended culture.

Using RNA-seq, we observed Notch-induced upregulation of genes previously identified
as enriched in brain mural cells compared to mural cells of other organs, such as PTN, GPERI,
SLC6A412, SLC6A17, SLC38411, and ZIC1 (56, 336). Observation of this brain-enriched mural
cell gene signature in our in vitro culture system, which lacks CNS tissue-derived factors,
strongly suggests that the neural crest origin at least partially defines the brain-specific molecular
profile. Future work evaluating the results of N3ICD overexpression in mesodermal progenitors
derived from hPSCs could further inform these findings and permit functional comparisons of
mural cells derived from these two distinct lineages. Similarly, we observed upregulation of
genes previously identified as enriched in human compared to mouse mural cells, including FN1,
SLC6A12 (90, 187, 336, 505). Additionally, VTN, which is highly expressed by mouse brain
mural cells, but not expressed by human brain mural cells in vivo (56, 83, 90, 187, 336, 505),
was negligibly expressed in our hPSC-derived cells. These results suggest that species
differences in brain mural cell gene expression are at least partially attributable to cell-intrinsic

genetic programs.
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A common approach for differentiating mural cells from hPSCs, via both mesodermal
and neural crest intermediates, has been to employ media supplemented with fetal bovine serum
(FBS) and growth factors such as PDGF-BB, TGF-f1, Activin A, and/or FGF2 (28, 321, 323,
324, 475, 476, 480), but the necessity and/or sufficiency of each factor to drive mural cell
differentiation has not been rigorously established. Several studies have used commercially
available “pericyte medium,” which includes FBS and a proprietary cocktail of growth factors
(28, 324, 480), precluding systematic examination of molecular mechanisms. Our work
establishes a serum-free method for mural cell differentiation that relies on a single, defined
molecular factor, which should enable future mechanistic studies. Furthermore, while the
molecular profile of existing hPSC-derived brain pericyte-like cells is remarkably similar across
studies and to cultured primary brain pericytes (28, 324, 447), this molecular profile has notable
departures from the in vivo phenotype. For example, cultured cells coexpress mural and
fibroblast-associated markers and lack robust expression of canonical mural and pericyte genes
such as HEYL, FOXSI, and KCNJS. Our approach achieves rapid and robust induction of these
mural cell transcripts without concomitant upregulation of fibroblast-associated PDGFRA.

Among the genes upregulated by N3ICD overexpression were markers that distinguish
pericytes from VSMCs in vivo (e.g., KCNJS, ABCCY9, and HIGDIB (56, 336)). These results are
consistent with rapid expression of abcc9 upon zebrafish mural cell emergence (326), and
suggest that pericytes may be the “default” mural cell fate and that additional molecular signals
may be required for VSMC specification. Our GFP* cells did, however, express low to moderate
levels of VSMC-enriched genes (e.g., ACTA2, TAGLN, and CNNI), although these transcripts
were also present in neural crest cells and were not upregulated upon N3ICD overexpression.
Nonetheless, an alternative hypothesis is that emerging mural cells adopt an intermediate

pericyte-VSMC phenotype, and that additional factors would be required to fully achieve either
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fate. Our hPSC-based mural cell model is well suited to identify molecular drivers of such a
pericyte/ VSMC switch using either candidate factor or genetic/pharmacologic screening
approaches.

Finally, we found that mural cells derived via N3ICD overexpression produce
extracellular matrix capable of supporting endothelial cord formation, consistent with expression
data suggesting that brain mural cells produce components of the vascular basement membrane
(56, 336), and with a previous study employing placental pericyte-derived ECM (6517). We also
observed that the resulting GFP* cells self-assemble with endothelial cells into compact
aggregates, a phenomenon distinct from that observed in this work with neural crest and GFP~
cells from a N3ICD-transduced culture, and from that previously observed with hPSC-derived
pericyte-like cells and primary brain pericytes (447). These aggregates permit direct cell-cell
contact and 3-dimensional cytoarchitecture, features that are not readily achievable in monolayer
cultures, and therefore represent a potential system for interrogating mural-endothelial
interactions. Such interactions are important in physiological processes such as BBB
development and maintenance, and in disease (/7, 30, 167, 256, 257, 381, 589). hPSC-based
models have been used to advance understanding of neurovascular unit physiology and
pathology (469, 474, 634, 652), motivating similar use of mural cells derived from hPSCs via
N3ICD overexpression and their incorporation into multicellular models. In summary, we show
that activation of Notch signaling in hPSC-derived neural crest is sufficient to direct the
differentiation of brain mural cells, and establish an improved in vitro model that should

facilitate improved understanding of brain mural cell development and function.
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Chapter 6 Conclusions and future directions

6.1 Summary

In this work, we developed and applied improved models of the human NVU, using hPSCs
to model cellular development in vitro and human tissue data to characterize the molecular
properties of cells in vivo. Specifically, we demonstrated that activation of Wnt/B-catenin
signaling in hPSC-derived endothelial progenitors is sufficient to induce several canonical BBB
phenotypes in the resulting endothelial cells, and that the endothelial response to Wnt/B-catenin
signaling is context-dependent (Chapter 3). We established an improved transcriptional profile of
human brain mural cells in vivo, which enabled us to identify potentially important organ-
specific and species-specific features, and broadly characterize the culture-induced
dedifferentiation of brain pericytes (Chapter 4). Finally, we used these molecular data to identify
a strategy to generate an improved hPSC-based model of brain mural cells: activation of Notch
signaling was sufficient to direct specification and differentiation of mural cells from hPSC-
derived neural crest. Broadly, this work demonstrates the utility of hPSCs and human tissue data
in complementing animal studies to advance our understanding of NVU development and

function.
6.2 Future directions

6.2.1 Wnt/p-catenin signaling in hPSC-based models of CNS endothelium

Wnt signaling plays a central role in CNS angiogenesis and barriergenesis. In Chapter 3,
we demonstrated that activation of Wnt/B-catenin signaling in hPSC-derived naive endothelial
progenitors was sufficient to yield ECs with BBB characteristics, including robust GLUT-1
expression, partial loss of PLVAP, and increased expression of the tight junction proteins

claudin-5 and LSR. To achieve Wnt activation, we employed the small molecule GSK-3
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inhibitor CHIR 99021. We optimized CHIR concentration to achieve a balance between the
desirable induction of GLUT-1 and the undesirable upregulation of caveolin-1; additional
optimization of concentration and treatment duration, for example, to mimic the gradual
attenuation of Wnt signaling observed as development progresses (582) (also see Section 3.5),
may have beneficial effects on EC phenotype. Additionally, while CHIR is widely used to
activate Wnt/B-catenin signaling, and in our system achieves a transcriptional response
characteristic of Wnt/B-catenin activation (e.g., LEF[ and AXIN2 upregulation) and its effect was
partially inhibitable by CTNNB1 knockdown, this strategy has notable drawbacks: First, GSK-3
is involved in several signaling pathways in addition to Wnt, and CHIR-mediated GSK-3
inhibition modulates these diverse pathways; such “off-target” (B-catenin-independent) effects
are likely different than those resulting from Wnt-Frizzled-Lrp5/6-mediated GSK-3 inhibition.
Second, CHIR bypasses the cell surface receptors and much of the intracellular signal
transduction cascade that normally transduce the signal from Wnt ligand binding, and which are
under tight feedback control. Notably, the commonly used in vivo approach for Wnt activation,
dominant active B-catenin produced by the CtnnbI"*3 allele, does not suffer from the first
drawback, but also bypasses receptor and intracellular transduction machinery. Thus, it would be
informative to investigate how Wnt activation in hPSC-derived endothelial progenitors achieved
via (i) overexpression of dominant active -catenin, and (ii) natural ligands (e.g., Wnt7a, Wnt7b,
and/or norrin), might result in ECs with phenotypes different from those achieved via CHIR
treatment.

Preliminary data, however, suggest that recombinant Wnt7 ligands are not effective:
Using the same experimental paradigm as in Chapter 3, we tested the effects of recombinant
Wnt7a and Wnt7b proteins alone and in combination with R-spondin 1 (Rspol), a potentiator of

Wnt signaling that inhibits the RNF43/ZNRF3-mediated negative feedback mechanism by which
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Frizzled receptors are endocytosed (221, 562, 563, 653). Wnt7a and the combination of Wnt7a
and Wnt7b, but not Wnt7b alone, slightly increased the fraction of GLUT-1" ECs, while Rspol
did not affect EC purity or expression of GLUT-1, claudin-5 or caveolin-1. Wnt7a also increased
the proportion of ECs compared to SMLCs. GLUT-1 expression, however, was markedly weaker
than that achieved using 4 uM CHIR (Figure 6.1). Further supporting the ineffectiveness of
recombinant Wnt7 ligands in this system is the lack of LEF/ and AXIN2 upregulation in RNA-
seq data (Figure 6.2).

Wnt ligands are poorly soluble in aqueous solutions, exist naturally as lipidated species,
and are often released from cells bound to cofactors or exosomes (654). Thus, conditioned
medium produced by Wnt ligand-secreting mammalian cells may outperform purified
recombinant ligands. Using the same paradigm as in Chapter 3, we performed preliminary
evaluation of hPSC-derived neural rosette- and astrocyte-conditioned media, which are putative
sources of Wnt7 ligands. Both conditioned media decreased the number of contaminating non-
ECs and neural rosette-conditioned medium led to a slight increase in endothelial GLUT-1
expression, but did not approach the level of induction observed with CHIR (Figure 6.3). As an
alternative, primary neural progenitors, astrocytes, or Wnt ligand-overexpressing cells could be
used to produce conditioned media potentially containing higher Wnt ligand concentrations.
Furthermore, Wnt ligands in vivo often diffuse along extracellular heparin sulfate proteoglycans
or are transported along thin cellular processes (cytonemes), both mechanisms that may serve to
increase the local concentration of ligand in proximity to target cells (654). These observations
motivate the use of contact cocultures of naive ECs and Wnt ligand-producing cells, for
example, HEK or COS cells engineered to overexpress Wnt7a, Wnt7b, and/or norrin, as a
potential strategy to increase the intensity of ligand-induced Wnt signaling in ECs. Alternatively,

“next-generation surrogate” Wnts, which are water-soluble, engineered bispecific proteins
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containing a Frizzled-binding domain and a Lrp5/6-binding domain (655), could be employed.
Such engineered ligands outperform Wnt3a-conditioned medium in several in vitro contexts and
can be designed to achieve Frizzled subtype-specificity (655). Finally, similar ligand-based
strategies or CHIR treatment could be evaluated for their ability to prevent or slow the in vitro
dedifferentiation of acutely-isolated primary brain ECs, given the ineffectiveness of B-catenin

stabilization in this context (226).
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Figure 6.1. Effect of Wnt ligands and pathway modulators on endothelial properties. (A) Immunocytochemistry analysis of
claudin-5, caveolin-1, and GLUT-1 expression in Passage 1 ECs treated with Wnt3a (20 ng/mL), Wnt3a + R-spondin 1 (Rspol,
50 ng/mL), Wnt7a (50 ng/mL), Wnt7b (50 ng/ml), Wnt7a + Wnt7b, Wnt7a + Wnt7b + Rspol, CHIR (4 uM), or control. All
conditions include DMSO (vehicle for CHIR). Hoechst nuclear counterstain is overlaid in the merged images. Dashed boxes
indicate fields displayed in (B). Scale bars: 200 um. (B) Immunocytochemistry analysis of GLUT-1 expression in the fields
indicated with dashed boxes in (A) from the control and Wnt7a + Wnt7b conditions. To visualize weak GLUT-1
immunoreactivity in Wnt7a + Wnt7b-treated ECs, a linear brightness/contrast adjustment was applied identically to the three
fields but differs from that of the images shown in (A). Arrowheads indicate GLUT-1* ECs. (C) Quantification of images from
the conditions described in (A) for percentage of ECs (claudin-5" cells relative to total nuclei), GLUT-1* ECs (relative to total
claudin-5* ECs), and mean fluorescence intensity of claudin-5, caveolin-1, and GLUT-1 normalized to Hoechst mean
fluorescence intensity within the area of claudin-5* ECs only. Points represent replicate wells from one differentiation of the
IMR90-4 line and bars indicate mean values. For the fluorescence intensity plots, values were normalized such that the mean of
the control condition equals 1. P-values: ANOVA followed by Dunnett’s test versus control. Data from control (DMSO) and
CHIR conditions are also shown in Figure 3.3.
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Figure 6.2. RNA-seq of Wnt7a/b-treated endothelial cells. Differential expression analysis of Passage 1 ECs treated with
Wnt7a (50 ng/mL) + Wnt7b (50 ng/mL) + DMSO compared to Passage 1 DMSO-treated ECs. After 6 days of treatment, CD31+
ECs were isolated using FACS as described in Section 3.3.4. Differentially expressed genes (adjusted P-values < 0.05, DESeq2
Wald test with Benjamini-Hochberg correction) are highlighted in green (upregulated) and red (downregulated). The number of
upregulated, downregulated, and non-significant (ns) genes are shown in the legends.
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Figure 6.3. Effect of neural rosette- and astrocyte-conditioned media on endothelial properties. (A) Immunocytochemistry
analysis of claudin-5, caveolin-1, and GLUT-1 expression in Passage 1 ECs treated with DMSO, CHIR, neural rosette-
conditioned medium (NR-CM), or astrocyte-conditioned medium (Astro-CM). Hoechst nuclear counterstain is overlaid in the
merged images. Dashed boxes indicate fields displayed in (B). Scale bars: 200 pm. (B) Immunocytochemistry analysis of GLUT-
1 expression in the fields indicated with dashed boxes in (A). A linear brightness/contrast adjustment was applied identically to
the four fields but differs from that of the images shown in (A).
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6.2.2  Other desired properties in hPSC-derived ECs

Activation of Wnt/B-catenin signaling in hPSC-derived endothelial progenitors only
partially achieves the CNS EC phenotype. Three notable attributes of CNS ECs lacking in the
cells described in Chapter 3 are: (i) complete suppression of PLVAP, expression of MFSD2A4,
and functional reduction in nonspecific caveolin-mediated endocytosis, (ii) expression and

function of efflux transporters such as P-gp and BCRP, and (iii) extremely low paracellular
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permeability and high TEER. Identifying strategies to achieve these additional phenotypes would
both generate an improved in vitro model of CNS endothelium for downstream applications and
yield important knowledge about the cellular and molecular signals underlying acquisition of
these phenotypes. Three broad classes of strategies could be employed toward this end: First,
candidate molecular factors could be directly added to culture medium or produced via
overexpression in cocultured cells. Candidate factors include those with known or putative roles
in CNS EC development, such as retinoic acid, hedgehog, and reelin (see Section 1.4), or those
identified from molecular databases as expressed by relevant CNS cell types. Second, cocultures
with other NVU cells such as neural progenitors, astrocytes, and/or pericytes could be
performed, with an emphasis on contact cocultures for the reasons discussed above. Acutely
isolated primary cells would be ideal for such an application given that they most closely
resemble cells in vivo. Cell lines and hPSC-derived cells, which are commonly used in such
coculture models, suffer from phenotype drift and/or immaturity, and thus make negative results
poorly interpretable. Third, pharmacological or genetic screens could be carried out to identify
pathways or genes that control the phenotypes of interest. For example, CRISPRi/a screening
could be used to identify genes that modulate endocytosis or induce efflux transporter activity.
Both phenotypes are assayable on the single-cell level, and fluorescence-activated cell sorting
can be used to isolate populations of ECs exhibiting reduced endocytic uptake of nonspecific
fluorescent tracers, increased efflux transporter surface expression, or decreased uptake of
fluorescent efflux transporter substrates. This strategy benefits from built-in positive controls
(e.g., gRNAs targeting the P-gp gene itself should appear in a CRISPRa screen for P-gp
inducers). Such an approach, however, is EC-autonomous, and thus may only partially reveal
mechanisms by which BBB phenotypes are acquired: for example, a transcription factor may be

identified as positively-regulating P-gp, but the upstream signaling pathway controlling the
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transcription factor, and cell-extrinsic signals controlling the signaling pathway, may remain
unclear.

Finally, in addition to Wnt activation and other molecular factors, additional time in
culture may be required to achieve some BBB phenotypes. Such a strategy may be especially
important to achieve phenotypes appearing in late stages of in vivo development, such as P-gp,
which appears postnatally in rodents (30). Although in vitro “maturation” of hPSC-derived ECs
has not been rigorously studied, we observed improved tight junctions and reduced proliferation
rate after several passages (468, 656) (see Section 1.5.2). Furthermore, other hPSC-derived cell
types are immature upon initial differentiation and undergo maturation upon extended culture:
for example, hPSC-derived cardiac myocytes (CMs) can be derived within 715 days (577, 657),
but have fetal-like structural, metabolic, and electrophysiological properties. Substantial
additional time in culture (e.g., 100 days) can partially achieve CM maturation, among other
strategies (658, 659). Similarly, some hPSC-derived neuron subtypes differentiate only after
prolonged in vitro culture (e.g., 20-30 weeks for somatostatin interneurons); such neurons
emerge on a similar timeline even when progenitors are transplanted into the permissive
environment of mouse brain (660). These analogies underscore the likelihood that intrinsic
temporal programs regulate maturation of hPSC-derived cells, motivating additional
investigation of hPSC-derived CNS-like ECs maturation over time.

6.2.3 Advancing hPSC-derived models of brain mural cells.

In Chapter 5, we demonstrated that activation of Notch3 signaling is sufficient to direct
initial specification and differentiation of hPSC-derived neural crest cells to mural cells. 6 days
after activation of Notch signaling, the resulting cells exhibited upregulated and high absolute
expression of characteristic pericyte genes (e.g., KCNJS, ABCCY, PTN, and SLC6A12), while

VSMC genes (e.g., ACTA2, CNNI, TAGLN) had low to moderate absolute abundance and were
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not differentially expressed. Some pericyte-characteristic genes such as SLC6A41 and P2RY14,
however, were not expressed, suggesting that additional factors are required for complete
acquisition of brain pericyte phenotype. Furthermore, after isolation of GFP* (N3ICD-
overexpressing) cells via FACS, cells replated in minimal E6 medium rapidly lost pericyte
phenotype: KCNJS was downregulated and ACTA2 upregulated. One possibility is that the E6-
CSFD medium (containing FGF2 and small molecule inhibitors of Wnt, BMP, and TGF-j3
signaling), which is used for the first 6 days after N3ICD transduction, contains factors that
cooperate with Notch3 to induce and maintain pericyte phenotype. We therefore directly
compared gene expression in N3ICD-overexpressing cells cultured in E6 medium versus E6-
CSFD medium for 10 days after FACS and replating, and found that E6-CSFD did not rescue
KCNJS expression, and led to undesirable maintenance of neural crest identity (evidenced by
increased NGFR expression), and undesirable downregulation of mural cell genes (NOTCH3,
TBX2, and FOXS! (Figure 6.4A). An alternative hypothesis is that additional molecular factors
are required for maintenance of pericyte phenotype. We evaluated effects of PDGF-BB
supplementation given the important roles of PDGF signaling in mural cell development (253)
(see Section 1.4.2). Five days after FACS and replating, N3ICD-overexpressing cells cultured in
E6 medium supplemented with PDGF-BB exhibited a moderate increase in KCNJ§ expression
and a moderate reduction in ACTA2 expression, although an undesirable reduction in RGS5 was
also observed (Figure 6.4B). Nonetheless, this result motivates further optimization of PDGF-BB
concentration and timing. Similarly, other factors should be evaluated for their ability to enhance
induction and maintenance of brain pericyte phenotype. As described above, genetic or
pharmacological screening approaches could be employed, or candidate molecules identified
from expression databases. For example, a recent scRNA-seq study of murine CNS development

includes time-resolved samples of neural crest (enriched between embryonic days 8 and 10),
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neural crest-derived mesenchymal cells, including fibroblasts and mural cells (first emerging at
embryonic day 11), and endothelial cells across these time points (325); pathway and
receptor/ligand interaction inference approaches (603, 661—-664) could be used to identify
endothelium-derived signals that might regulate mural cell development.

A plausible interpretation of increased pericyte marker gene expression in N3ICD-
overexpressing cells is that pericytes are the “default” mural cell fate, a hypothesis supported by
early induction of the pericyte marker abcc9 during zebrafish mural cell emergence (326). Thus,
a key question is: what are the molecular mechanisms underlying VSMC specification and
differentiation? Although FACS-isolated and replated N3ICD-overexpressing cells acquired
expression of VSMC contractile proteins (a-SMA, calponin, SM22a), it remains unclear whether
the mechanisms underlying this transition are developmentally relevant or artifactual. A similar
gain of VSMC contractile proteins is observed during in vitro culture of primary brain pericytes,
but in this context, cells also gain expression of fibroblast-related genes, indicative of a culture-
induced dedifferentiation process likely not representative of VSMC development (see Section
4.4.4). Additional molecular characterization of the isolated and replated N3ICD-overexpressing
cells is warranted to identify whether these cells lack this fibroblast-like phenotype and resemble
true VSMCs. If so, experiments described above for identifying pericyte “maintenance” factors

may provide insight into the pathways controlling this pericyte-VSMC transition.
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Figure 6.4. Effect of medium composition on mural cell gene expression after replating. (A) RT-qPCR analysis of mural cell
and neural crest cell markers 10 days after replating FACS-isolated GFP* (N3ICD-overexpressing) cells in E6 medium or E6-
CSFD medium. Points represent replicate wells from a differentiation of the H9 hPSC line. Bars represent mean + SD. P-values:
Student’s ¢ test. (B) RT-qPCR analysis of mural cell markers 5 days after replating cells as described in (A) in E6 medium
(control) or E6 medium supplemented with 20 ng/mL PDGF-BB. Points represent replicate wells from a differentiation of the H9
hPSC line. Bars represent mean + SD. P-values: Student’s ¢ test.

Finally, the lentiviral construct we employed for N3ICD overexpression does not
transduce 100% of cells, necessitating either FACS or analysis of mixed cultures of transduced
and non-transduced cells. Alternative overexpression strategies could be pursued to simplify the
differentiation protocol. Such strategies include addition of a drug resistance gene to the
lentiviral vector or generation of a hPSC line with an inducible N3ICD transgene. The latter
approach would additionally permit control of N3ICD dose and timing, optimization of which

might yield mural cells with improved phenotype.
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6.2.4  Future applications of hPSC-derived NVU models

Much of the effort described in this work involved (i) defining expected molecular
features of human NVU cells in vivo and (ii) developing hPSC-derived in vitro models that
optimally mimic these characteristics. While additional work is required to further improve these
models (as described above), we must not focus only on “model development” and also direct
some attention toward using these models to address important scientific questions for which the
models are appropriately suited. As described in Section 1.5.2, hPSCs are well suited for studies
of molecular mechanisms of human cellular development. For example, one application of our
Notch-mediated mural cell differentiation scheme could be to further define the transcription
factor-gene regulatory network underlying this differentiation process. In the canonical model of
Notch signaling, Notch intracellular domains regulate transcription of a small number of
transcription factors (i.e., HES and HEY family members); however, there are tens of thousands
of putative RBPJ binding sites, and Notch intracellular domains regulate a more diverse array of
genes in a cell type/tissue-specific context (333). Thus, as a first step towards defining the gene
regulatory network (GRN) underlying neural crest-to-mural cell differentiation, Notch3
chromatin immunoprecipitation and sequencing (ChIP-seq) could be used to identify genomic
loci directly bound by N3ICD in a N3ICD-GFP-transduced culture. These data would illuminate
Notch3 target genes, which could be evaluated for functional importance in mural cell
differentiation (e.g., by knockout/knockdown). Notch3-regulated transcription factors could be
similarly analyzed by ChIP-seq to further define the GRN, an approach that has been extensively
applied to other neural crest derivatives (293). Notch3 ChIP-seq may also identify putative
enhancers, which could be evaluated for functional importance (e.g., by CRISPRi-mediated
disruption (665)); such enhancer profiling is motivated by findings that genetic variants within

enhancers underlie some diseases (666).
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Furthermore, hPSC-derived organoids are a promising model for studying human brain
development and function in vitro, given their advantages in cell diversity, tissue architecture,
and cell-cell interactions (see section 1.5.2). As models of the NVU, organoids would enable the
close interactions between ECs, mural cells, and parenchymal cells that are likely required for
many aspects of NVU development and function. Organoids remain underutilized for such
studies, however, partially because ECs and mural cells have not been widely incorporated.
Further, in several models of “vascularized” organoids, ECs are typically poorly integrated with
neural tissue (Section 1.5.2). Consistent with these observations, we found that a small
population of ECs spontaneously developed within cerebral organoids differentiated according to
a widely-used protocol (489) without exogenous VEGF supplementation or other interventions,
but that these ECs were located in regions without the characteristic architecture of neural tissue
(Figure 6.5). Thus, additional technical advances are needed to achieve better endothelial
integration, and to incorporate mural cells, such as those generated in this work via N3ICD
overexpression. Such advances would enable organoids to be used to (i) define the extent to
which ECs in brain organoids acquire BBB properties, potentially including those not currently
achievable in hPSC-derived ECs, (ii) temporally profile this process, and (iii) identify novel cell-
cell interactions important for EC and/or mural cell phenotype, using cell type-specific loss-of-

function screening (e.g., CRISPRI) or split proximity labeling (667, 668).
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VE-cadherin DAPI

Figure 6.5. Spontaneous development of endothelial cells in cerebral organoids. Immunohistochemistry analysis of a day 60
cerebral organoid differentiated from the IMR90-4 hPSC line according to the protocol of Lancaster et al. (489). Two fields from
the same organoid are shown. At left, a region containing VE-cadherin® endothelial cells but lacking the layered cytoarchitecture

characteristic of neural tissue is shown; at right, a region of such neural tissue. Images from 40 pm cryosections. Scale bars: 200
pum.
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