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1. Introduction

1.1 The neurovascular unit (NVU) and the blood-brain-barrier (BBB)

The human brain consumes approximately 20% of the body’s glucose and oxygen. This consumption
is on demand, as the central nervous system (CNS) lacks a storage mechanism and therefore needs
vascularization. Although the human brain represents only 2% of the body mass, it is a highly
vascularized organ, containing approximately 644km of blood vessels, which supply oxygen and
nutrients to brain cells and remove waste products from the brain parenchyma (M. D. Sweeney et al.

2019).

Endothelial cells forming blood vessels differ in their properties depending on the tissue in which they
are located. This allows vascular networks to adapt to specific oxygen and nutrient demands. Within
the CNS, brain endothelial cells (BEC) form the blood-brain-barrier (BBB), which allows a controlled
chemical and metabolic environment for the proper functioning of the brain. The BBB generates a
selective barrier between the CNS and the circulating blood. The BBB not only prevents blood cells and
neurotoxic plasma pathogens from entering the brain (Daneman 2012; M. D. Sweeney et al. 2019) but
also controls the delivery of oxygen, nutrients and removal of carbon dioxide and other toxic

metabolites from the brain (Zlokovic 2011).

Although some of the properties of the BBB are due to BEC specifications, BBB formation and
maintenance depends on critical interactions between all the components of the neurovascular unit
(NVU): vascular cells (endothelial cells, pericytes and vascular smooth muscle cells), glial cells
(astrocytes, microglia and oligodendrocytes), neurons and immune cells (Zlokovic 2011; Daneman and

Prat 2015).

1.1.1 Cellular composition

The cellular composition and function differs along the vascular tree (Figure 1). At the level of the
penetrating arteries, several endothelial cells (or endothelium) generate the inner layer of the vessel
wall, which is covered by a thin extracellular membrane. The endothelial cells are surrounded by one
to three smooth muscle cells and at the same time enclosed by the pia. The cerebrospinal fluid is
located between the pia and the astrocytic endfeet. At the arteriole level in contrast with the
penetrating artery, the endothelium is only surrounded by one smooth muscle cell, which is in direct

contact with the astrocytic endfeet.



At the capillary level, most of the endothelium is formed by only one endothelial cell surrounded by
one pericyte, both sharing a common basement membrane. Those pericytes extend their processes
along the capillaries, making several contacts with the endothelial cells, which receive the name of
“peg-socket”. Here, similarly to the arteriole level, the astrocytic endfeet make direct contact with the
endothelial cells and pericytes. In the NVU, the contractile cells are the mural cells (smooth muscle

cells or pericytes), which control the vessel diameter and therefore, blood flow (Kisler et al. 2017).
b Penetrating artery

a Vascular tree SR — Basement
2 ' . membrane

Penetrating artery Astrocytic
endfoot
VSMC

Endothelial
cell

Pia
Neuronal
projection

Virchow-
Robin
space

Endothelial
cell

VSMC

Pre-capillary

‘ Capillary

) Pericyte

— : v — Pericyte
Endothelial
cell

Arteriole Q’ arteriole
== )
\, ) =N /

Figure 1| Schematic representation of the neurovascular unit (NVU). A) The neurovascular unit is composed of endothelial
cells (red), smooth muscle cells (yellow), pericytes (blue), astrocytes (green) and neurons (pink). The cell distribution and
composition differ along the vascular tree. B) The penetrating arteriole is composed of several endothelial cells covered by
a thin extracellular basement membrane (light yellow) and surrounded by several smooth muscle cells. Everything is
surrounded by the pia (dark blue). The astrocytic endfeet are separated from the pia and the vascular cell types by the
Virchow-Robin space. C) At the arteriole level, the endothelial cells are only surrounded by one smooth muscle cell and the
astrocytic endfeet contact the vascular cells directly. D) At the capillary level, the main difference is the mural cell
composition, the endothelial cells are wrapped by one pericyte, which extend their processes along the endothelium. From
Kisler et al., 2017. Copyright permission given in chapter 7



1.1.1.1 Brain endothelial cells (BECs)

Endothelial cells (ECs) are derived from the mesoderm and form the walls of blood vessels. The CNS
vasculature is formed during embryonic development from endothelial sprouts, which invade the
neuroectoderm in response to a vascular endothelial growth factor (VEGF) gradient derived from
neuronal progenitors (McCarty 2009) (Figure 1). BECs have unique characteristics when compared to
peripheral ECs, which contribute to the formation of the BBB as a selective physical barrier. BECs
present with high abundance of mitochondria, low transcytosis rates and pronounced tight junctions
between adjacent cells, which results in a non-fenestrated cell layer (Abbott, RGnnback, and Hansson
2006). Moreover, they also present common EC features such as the expression of integrin receptors,

glycoprotein or adhesion molecules (Nag 2011).

One of the main functions of the BBB is

restricting the trafficking between the blood C‘:,“”

Capillary
endothelial cell

and the CNS through four different cellular i

properties of BECs (Figure 2): (1) Specialized

tight junctions limit the paracellular trafficking

between two adjacent endothelial cells, ﬁ
generating a physical barrier. (2) BEC also ﬂﬂgxéﬂﬁ

suppress transcytosis and (3) express
Figure 2| Endothelial cell properties at the BBB. Endothelial cells

specialized transporters for carrying important are represented in red. The main functions for the BBB formation
are (1) specialized tight junctions, (2) suppressed transcytosis, (3)
molecules to the brain by endocytosis- expression of specific transporters and (4) low expression of
luminal adhesion molecules. From Kaplan et al., 2020. Copyright

dependent and independent methods, which permission given in chapter 7.

allows selective transport. Furthermore, (4) BEC express only low levels of luminal adhesion molecules,
which reduce leukocyte adhesion and therefore immunosurveillance of the CNS (Kaplan, Chow, and

Gu 2020).

Adjacent BECs express tight (TJ) and adherens junctions (Al), which restrict transport between ECs
(Keaney and Campbell 2015). There have also been some observations of expression of gap junctions,
but their role in the BBB function remains unclear (Nagasawa et al. 2006). The main tight junctions in
BECs are claudins (CLDN-3,5 and 12), occludin, zona occludens (Z0-1,2 and 3), junctional adhesion
molecules (JAMS, JAM-A, B and C) and endothelial selective adhesion molecule (ESAM). The main Al
are vascular endothelial cadherin (VE-cadherin, CD144) and platelet-endothelial cell adhesion
molecule (PECAM, CD31). Those Al are responsible for stabilizing cell-cell interactions at the junctional

site (Abbott, R6nnbéack, and Hansson 2006) (Figure 2).



Different TJ are present at the cellular membrane and in the cytoplasm, allowing the connection of
two cell membranes and the linkage of those to their corresponding cytoskeleton. In freeze-fracture
imaging, TJ appear like intramembrane fibrils or networks that completely seal the cell-cell contact

(Tsukita, Furuse, and Itoh 2001).
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Figure 3| Molecular composition of endothelial tight and adherens junctions. Two
endothelial cells are represented in blue. The main transmembrane tight junctions
are claudins, occludin, JAMs and ESAM. Within the cytoplasm, the main tight
junctions are zona occludens 1,2 and 3, which allow the intramembrane proteins to
bind with the actin cytoskeleton. The main adheren junctions are PECAM and VE-
cadherin. From Abbott et.al, 2006. Copyright permission given in chapter 7.

Claudins, occludin, JAMs and ESAM are located at the cell membrane. Claudins are involved in
connecting two consecutive cells and in the formation of transendothelial electrical resistance (TEER),
which restrict even the movement of small ions such as sodium (Na+) and chloride (Cl-) (Abbott,
Ronnbéack, and Hansson 2006). Claudin-5-deficient mice show BBB leakage of tracers smaller than 800
Daltons despite presenting normal tight junctions visualized by electron microscopy (Nitta et al. 2003).
Occludin can bind zona occludens protein 1 (ZO-1), located in the cytoplasm, and its main function is
believed to be the regulation of tight junctions. The specific contribution of occludin and ZO to the BEC
barrier remains difficult to determine since knockout mice lack BBB dysfunction phenotypes (Saitou et
al. 2000; Umeda et al. 2006). Although peripheral endothelial cells also express tight junctions, it is
believed that the transcriptomic expression in BECs is higher, especially for occludin (Vanlandewijck et
al. 2018; Muniji et al. 2019). Lastly, JAMS are necessary for the formation and maintenance of the tight
junctions. These transmembrane proteins are connected to the cytoplasmic side via the cytoplasmic
plaques, composed by large protein complexes such as Z0-1,2 and 3. This specific protein location not
only restricts the paracellular trafficking but also generates a polarization of the cell by having an apical

and basal side (Abbott, Ronnbéack, and Hansson 2006).



1.1.1.2 Mural cells
The mural cells include vascular smooth muscle cells (vSMCs) and pericytes. Both cell types surround

ECs but at different parts of the vascular tree (Figure 1).

vSMCs surround most of the large vessels, such as arteries, arterioles, venules and veins. They express
contractile proteins such as aSMA, myosin, vimentin and desmin, which allow them to regulate the
blood flow (Smyth et al. 2018b). Pericytes have been difficult to study for a lack of specific markers
expressed uniquely in this cell type. The most accepted characterization of this cell type is the co-
expression of PDGFR-B and NG2. Other markers also expressed in other cell types such as ANPEP,
ABCC9, ZIC1, DLK, RGS5 and KCNJ8 have also been used for their study (Armulik, Genové, and Betsholtz
2011a).

Mid-capillary pericyte
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o
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Figure 4| Mural cell diversity organization in the vasculature. vSMCs are represented in yellow
and different types of pericytes in different blue tonalities. vSMC are located in the arterioles and
venules. Transitional pericytes are located in the pre-capillary arterioles. Mid-Capillary pericytes
are located in the capillaries and stellate pericytes are located in the post-capillary venules.
Adapted from Kisler et al., 2017. Copyright permission given in Chapter 7.

Studies using different Cre-driver lines for key pericyte markers such as PDGFR-B and NG2 reveal a
heterogeneous pericyte population that differs in cellular marker expression, morphology, function
and location along the vascular tree. There are three main pericyte subtypes: transitional pericytes,
mid-capillary pericytes and stellate pericytes (Figure 4). Transitional pericytes are located in the pre-
capillary arterioles and are very close to vSMCs, which are completely wrapping the arterioles in
concentering rings. These pericytes present with different primary and secondary processes with a
mesh-like structure that completely surrounds the entire vessel. Mid-capillary pericytes are located at
the capillary bed, which represents most of the microvasculature, and have thin helical processes that
cover the microvasculature in single strands. Stellate pericytes are on the post-capillary venules that
do not display a vSMC ring, and present also with a mesh-like structure (Hartmann et al. 2015; Kisler

et al. 2017).



Whether each pericyte subtype has different marker expression and functions still remains unclear.
One of the most debated functions is whether pericytes are contractile cells or not and if they can
regulate CBF. While the expression of aSMA still remains unclear, a recent study in mice using single-
cell RNA sequencing showed that pericyte express transcripts for vimentin, desmin, calponin, skeletal
muscle actin and aSMA (Zeisel et al. 2015). Moreover, studies in rats have also shown that mid-
capillary pericytes express vimentin and contractile myosins (Bandopadhyay et al. 2001). Despite the
expression of key contractile proteins, several studies have shown opposite results in pericyte

contractibility in vivo, leaving this question unanswered (Kisler et al. 2017; Hall et al. 2014).

Pericyte cell bodies are separated from the endothelial cells by the basement membrane and they can
extend their processes over several EC bodies. When the pericyte processes are in touch directly with
the endothelium, they form the peg-and-socket junctions, mainly mediated by N-Cadherin (Gerhardt,
Wolburg, and Redies 2000). At the BBB, pericytes contribute to several functions such as vascular
stability, BBB formation and permeability, angiogenesis, CNS clearance, extracellular matrix deposition
and cerebral blood flow control (M. D. Sweeney, Ayyadurai, and Zlokovic 2016; Armulik, Genové, and

Betsholtz 2011a).

1.1.1.3 Astrocytes

Astrocytes are the main glial cell type expressed in the brain and their processes serve as a link between
the vasculature and the neurons. Astrocytes extend their processes, known as astrocytic endfeet, to
the endothelium and the neurons, thus being able to regulate the cerebral blood flow depending on
neuronal activity (Daneman and Prat 2015). The astrocytic endfeet present with specialized features
such as a high density of orthogonal array of particles (OAPs), allowing ion and volume regulation.
Those OAPs are mainly composed by the water channel aquaporin 4 (AQP4) and the Kir4.1 K+ channel
(Abbott, Rénnback, and Hansson 2006).

The full role of astrocytes in the formation and maintenance of the BBB remains unclear and has been
debated over time. Currently, it is believed that astrocytes are not necessary for the BBB formation
but rather for its maintenance and modulation (Daneman and Prat 2015). Despite that, regional
ablation of astrocytes has no impact in BBB permeability (Tsai et al. 2012) and some other studies have
shown that astrocyte progenitors modulate VEGF and Ang-1 expression, regulating angiogenesis and
tight junction formation (S. W. Lee et al. 2003). However, in vitro studies have demonstrated that
astrocytes upregulate key BBB features such as tighter tight junctions (Dehouck et al. 1990; Rubin et
al. 1991), expression of specific transporters such as Glutl or Pgp (Mcallister et al. 2001) and induction

of greater endothelial barrier (Lippmann et al. 2012).



1.1.2 Cellular interactions

The NVU is a heterogeneous cellular complex that for proper functioning needs direct and indirect cell-
cell communication, which leads to a bidirectional communication between vascular cell types (BEC,
vSMCs and pericytes) glial cells (astrocytes and microglia) and neurons. This communication and
signaling pathways are essential to maintaining homeostasis at the NVU (Figure 5) (Kugler,

Greenwood, and MacDonald 2021).
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composition of the NVU: in purple endothelial cells, blue
pericytes, yellow vSMCs, green astrocytes, orange neurons
and blue microglia. Cell-Cell communication at the NVU
during homeostasis. From Kugler et al., 2021.

(Sagare et al. 2013a). Glial cells, and especially
astrocytes, extend their endfeet towards the
endothelium, creating a glia limitans (Kutuzov,
Flyvbjerg, and Lauritzen 2018). Moreover, they connect the vasculature with the neurons, which allows
them to modulate neurotransmission (Falk and G6tz 2017). Furthermore, in vitro studies have shown
that both, astrocytes and endothelial cells express receptors for most neurotransmitters (Abbott
2002). This expression could help modulate the tightening or loosening of the BBB depending on the
circumstances, for example a release of histamine could modulate tight junctions allowing the passage
of growth factors and antibodies from the circulation (Abbott 2002). On the other hand, during hypoxia
or stress conditions, intracellular cyclic AMP (cAMP) increases, which could lead to a higher TEER and
Pgp activity (Ala Kis et al., n.d.). Microglia and macrophages take care of the CNS immunosurveillance
and phagocytosis as an immunoinflammatory response (Kugler, Greenwood, and MacDonald 2021).
Lastly, neurons also communicate with the NVU components to control cerebral blood flow via nitric
oxide (NO), arachnoid acid or potassium (Attwell et al. 2010). Furthermore, neuronal activity also

modulates vessel density and branching (Lacoste et al. 2014; Whiteus, Freitas, and Grutzendler 2013).
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1.1.3 Transport across the BBB

The BBB forms a selective physical barrier which separates the brain from the circulating blood. The
high abundance of TJs between adjacent cells limits most of the paracellular transport through
junctions and forces a transcellular pathway to cross the BBB. Gasses (like oxygen and carbon dioxide)
and small molecules (smaller than 400Da) are an exception since they can diffuse freely across the
brain endothelium. Therefore, endothelial expression of specific transporters in the abluminal side
regulates most of the molecular exchange and generates a selective transport barrier between the CNS

and the blood (M. D. Sweeney, Ayyadurai, and Zlokovic 2016; Abbott, Ronnbéack, and Hansson 2006).

There are several pathways involved in the transport of a molecule between the blood and the brain
parenchyma, which are necessary to keep brain homeostasis. The main pathways across the BBB are
the paracellular diffusion pathway, transcellular diffusion, transporter protein pathway, receptor-

mediated transcytosis, adsorptive transcytosis and cell-mediated pathway (Alahmari 2021) (Figure 6).

Small molecules that are water-soluble can cross freely through two adjacent cells or paracellular area
by using a negative concentration gradient. At the BBB this type of transport is limited by the presence
of TJs, which also limits the crossing of polar drugs. Lipid-soluble substances can dissolve in lipidic rafts
of cellular membranes and thus cross the BBB passively (Chen and Liu 2012). This transport, known as
transcellular diffusion, presents an opportunity for potentially harmful substances to cross to the CNS.
To avoid this, BECs also express efflux pumps, which limit the entrance of lipid-soluble particles by

pumping them towards the blood stream again (Alahmari 2021; Abbott, Ronnback, and Hansson 2006).

For proper brain function, nutrients, and larger molecules such as glucose or amino acids must cross
the BBB. BECs express specific transport proteins or solute carriers, allowing an active transport of
them into the brain, known as the transporter or carrier protein pathway. Some of these carriers act
as efflux transporters since they are energy-dependent, like the P-glycoprotein. Another important
transport route through the endothelium is receptor-mediated transcytosis (RMT), which allows the
entrance of substances like insulin or transferrin. In this case, BEC express specific receptors for
substances, and once they are bound, they get invaginated in vesicles and carried to different locations

(Alahmari 2021).
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Charged molecules and macromolecules take advantage of electrostatic differences between the
positively charged transporters and the negatively charged microdomains on the membrane. Cationic
molecules interact with the negatively charged glycocalyx, which triggers the formation of transcytotic
vesicles, that move to the abluminal membrane of the cells, fuse and get released into the brain
(Terstappen et al. 2021). This type of transport is called adsorptive-mediated endocytosis and
transcytosis. Albumin and other native plasma proteins are following this transport method and
cationization of those molecules can increase their uptake by endothelial cells (Alahmari 2021; Abbott,

Ronnbéack, and Hansson 2006).
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Figure 6| Pathways across the BBB mediated by endothelial cells processes. Endothelial cells are represented in orange
and astrocyte end feet are represented in purple. There are several pathways to cross the BBB: (A) Paracellular diffusion
pathway, (B) transcellular diffusion pathway, (C) transporter protein pathway, (D) receptor-mediated endocytosis or,
(E) Adsorptive-mediated endocytosis and transcytosis and (F) cell-mediated pathway. From Alahmari et al., 2021
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The last transport route across the BBB is the cell-mediated pathway or transcytosis. This is the main
pathway followed by mononuclear cells, which interact with the endothelium and cross using the
cytoplasm rather than disturbing the cell junctions. This receives the name of diapedesis and is the

main pathway that leukocytes follow in in both healthy and diseased conditions (Abbott et al. 2010).

This tightly controlled transport across the BBB protects the CNS from harmful substances but also
poses a challenge for CNS drug delivery. In the recent years, there has been an increasing interest in
developing new brain delivery technologies and several of the transport pathways across the BBB have
been tested. Most of the studies have been focusing on using carrier protein pathway, adsorptive-
mediated transcytosis, cell-mediated transcytosis, and receptor mediated transcytosis for delivering

drugs into the CNS (Terstappen et al. 2021).
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Therapeutics can use the carrier protein pathway to enter the brain if they are modified to be
recognized by the transporter protein expressed in the cell membrane, which might be difficult or
impossible depending on the case (Ding et al. 2020). Recently, some studies have used the delivery of
nanoparticles (NPs) into the brain by coating them with polysorbate 80 (P80), so they are recognized
by the cells and undergo transcytosis (Blasi et al. 2007). Adsorptive mediated transcytosis can also be
used for drugs to enter the CNS by adding charges to them. Despite these modifications being relatively
easy, the uptake pathway is not specific and can result in drug build up in different organs, which may
have undesired clinical consequences (Alahmari 2021). Another method tested for drug delivery has
been cell-mediated transcytosis. In this case, the drugs can be sheathed into liposomes that will be
later absorbed by leukocytes and transported into the CNS (Ding et al. 2020). Lastly, therapeutics can
also be delivered by using RMT, one of the most studied methods for drug delivery. The drug is coupled
to a ligand that can bind to a specific receptor expressed in the cell surface of brain endothelial cells.
Ligand and receptor are taken up by the cells through clathrin-dependent or clathrin-independent
vesicles, which fuse with the abluminal membrane and deliver them into the CNS (Terstappen et al.
2021). Transferrin receptor have been one of the most studied, tested and validated for drug delivery

in the last years (Johnsen et al. 2019).

1.1.4 Neurovascular coupling

Neuronal stimuli cause an increase in cerebral blood flow (CBF), which allows cerebral arteries,
arterioles and capillaries to supply the CNS with the necessary metabolites for proper functioning (M.
D. Sweeney et al. 2019). The brain controls the CBF in a regional matter, increasing the rate of CBF in
activated brain regions, mechanisms known as neurovascular coupling or functional hyperemia (Cox,
Woolsey, and Rovainen 2016; Chaigneau et al. 2003; Kisler et al. 2017). In the brain, there is a direct
link between neural activity and CBF, which leads to a regional modification of CBF depending on the
neuronal energy demands. Therefore, brain function can be measured by changes in the blood flow
using functional brain imaging (Raichle and Mintun 2006; ladecola 2017). Altered functional
connectivity and neurovascular uncoupling resulting from a mismatch between CBF, 02 supply and

neuronal activity are seen in different neurological disorders (Zlokovic 2011; Kisler et al. 2017).

Oxygen and glucose are needed upon neuronal activity increase. Although neurons can directly signal
to the vasculature, most often they use astrocytes as intermediaries to send signals to mural cells and
make changes in the vascular tone (Attwell et al. 2010). Neuronal activity releases glutamate, which
activates the neuronal N-methyl-D aspartate (NMDA) receptor resulting in an activation of neuronal
nitric oxide synthase (Nos1) and the release of nitric oxide, which dilates blood vessels (Busija et al.
2007). Glutamate can also bind to astrocytes leading to an intracellular calcium increase and the

release of vasoactive mediators such as nitric oxide (NO), prostaglandins (PG), arachidonic acid (AA),
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potassium or epoxyeicosatrienoic acids (EETs) that act on the mural cells to promote constriction or
dilation (Gordon et al. 2008; Zonta et al. 2002; Mcconnell et al. 2016). Furthermore, neuronal activity

can lead to astrocytic potassium (K+) causing vSMC relaxation (Filosa et al. 2006; Girouard et al. 2010).

In a vascular network, coordinated dilation of downstream and upstream vessels must occur to
increase regionally CBF while avoiding changes in interconnected vasculature. Moreover, neuronal
activity signals must be conveyed from deep vasculature areas to upstream arterioles in order to
increase the CBF efficiently (Ngai et al. 1988; Segal 2015). In peripheral blood vessels, conducted
vasomotor responses have two components: a fast component by propagation of electrical signals
between cells mediated by calcium (Ca%") and potassium (Kca) channels, and a slow component
mediated by the release of NO and prostanoids created by calcium waves (Tallini et al. 2007; Segal
2015). At the capillary level, endothelial cells express specific potassium channels (Kir), which are highly
sensitive to potassium release during neuronal activity. Moreover, KIR channel inhibition leads to
reduced vasodilatation propagation, demonstrating that they are key mediators of the
hyperpolarization conduction (Longden et al. 2017). lonic currents traveling through endothelial cell
gap junctions or through myoendothelial junctions (between endothelial cells and mural cells) might

be the mechanism for a rapid propagation of the signal (Tallini et al. 2007; Segal 2015; ladecola 2017).

Signals generated by neurons, astrocytes or endothelial cells end up in the mural cells regulating
vasomotor responses and CBF. While the implication of vSMCs in flow regulation is clear (Cipolla 2009),
the involvement of pericytes is still under debate (Mishra et al. 2016; Hall et al. 2014; Cudmore,
Dougherty, and Linden 2017; Wei et al. 2016). Changes between the membrane potential and
intracellular calcium control the assembly of the contractile proteins, allowing vSMCs to contract or

relax, changing the CBF (Cipolla 2009; Longden, Hill-Eubanks, and Nelson 2016).

1.1.4 NVU pathology

Proper neuronal activity, such as neuronal synapses and connectivity, depends on maintaining the
integrity of the BBB. Several diseases and pathologies can lead to an abnormal pericyte-endothelial
and or astrocyte-endothelial communication, which results in BBB breakdown and is associated with
reduced CBF and increased vascular permeability (Z. Zhao et al. 2015). BBB breakdown enables the
entry of toxic molecules, immune cells and plasma components into the brain, which is associated with
inflammatory and immune responses. Blood-derived proteins like fibrinogen or plasmin not only lead
to microglia activation, but also degrade neuronal extracellular matrix (ECM), leading to a neuronal
detachment and cell death (Bell et al. 2010; Davalos et al. 2012; Z. Zhao et al. 2015). Moreover,
fibrinogen also alters neuronal myelination state, promoting at the same time demyelination and
preventing myelination by oligodendrocytes progenitor cells (J. K. Ryu et al. 2015). Furthermore,

albumin contributes to vascular edema, reduces CBF and increases hypoxia. Lastly, extravasated red
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blood cell (RBC)-derived hemoglobin and iron cause an increase in the production of reactive oxygen
species (ROS) that generates and oxidative stress in neurons and microglia, leading to cell death and
activation respectively (Z. Zhao et al. 2015). Collectively, loss of BBB integrity can initiate multiple

neurodegeneration pathways, compromising proper brain functioning (M. Sweeney and Foldes 2018).

Analysis of postmortem brain samples and functional imaging of human patients has identified BBB
dysfunction and breakdown in different neurological disorders such as stroke, Alzheimer’s disease
(AD), Parkinson’s disease (PD), multiple sclerosis (MS), epilepsy and brain trauma (Daneman and Prat
2015). Recent evidence has clearly suggested that vascular dysfunction is linked to neurodegeneration
and neuronal dysfunction. One clear example is cerebral autosomal dominant arteriopathy with
subcortical infarcts (CADASIL), a small vessel disease that causes ischemic lesions, neurodegeneration
and, later, dementia. Moreover, some evidence also points to a BBB dysfunction and CBF reduction

before amyloid- deposition in sporadic cases of AD (Zlokovic 2011).

1.2 Pericyte — Endothelial cell signaling at the NVU

At the NVU, pericytes are embedded in the same basement membrane as endothelial cells and have a
central position between the endothelium, astrocytes and neurons. Pericytes extend their processes
along the endothelium, generating specialized cell-cell connections called peg-socket contacts,
containing N-cadherin and connexin 43 (Armulik, Genové, and Betsholtz 2011a). During BBB
homoeostasis pericyte-endothelial crosstalk via several signaling transduction pathways regulates BBB
integrity, angiogenesis, phagocytosis, CBF and capillary diameter, neuroinflammation response,
multipotent stem cell activity and extracellular matrix protein secretion (Figure 7) (M. D. Sweeney,

Ayyadurai, and Zlokovic 2016; Winkler, Bell, and Zlokovic 2011).

2. Angiogenesis 4. CBF and cerebral 5. Neuro- 6. Multipotent
autoregulation inflammation stem cell activity
response

Function 1. BBB integrity

1. BBB breakdown, 2. Aberrant 3. Disrupted 4. CBF dysfunction 5. Increased 6. Compromised

Dysfunction accumulation of angiogenesis phagocytosis, and reductions leukocyte stem cell activity
blood-derived accumulation trafficking
neurotoxic molecules of neurotoxins and loss of

immune privilege
Figure 7|BBB functions controlled by pericyte-endothelial crosstalk. Endothelial cells are represented in
orange and pericyte in green. The functions are (1) Regulation of vascular stability, architecture and BBB
integrity, (2) angiogenesis, (3) phagocytosis, (4) CBF and capillary diameter, (5) neuroinflammation
response, (6) multipotent stem cell activity and (7) extracellular matrix protein secretion. From Sweeney et
al., 2016. Copyright permission given in Chapter 7.
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1.2.1 Signaling pathways involved in BBB integrity

Recent studies have demonstrated that pericytes play an important role in the formation and
maintenance of the BBB. During development, deficient platelet-derived growth factor receptor beta
(PdgfrR) signaling leads to poor pericyte recruitment and coverage, which alters the formation of tight
junctions and reduction of transcytosis in the endothelial cells, leading to BBB disruption. Moreover,
pericyte-deficient mice don’t downregulate Angiopoietin-2 (Angpt2) or plasmalemma vesicle
associated protein (Plvap) proteins, associated with increased vascular permeability (Daneman et al.
2010). Similarly, during adulthood, disrupted Pdgfr signaling leads to a reduction of tight junction
protein expression and an increase in transendothelial transport. Furthermore, adult pericyte loss has
been linked to the leakage of neurotoxic and vasculotoxic molecules which increase ROS, cause

neuronal injury and lead to neurodegeneration (Bell et al. 2010).

Several studies have shown that pericyte transduction signaling is involved in stabilizing BBB
permeability. Pericytes release vesicles containing angiopoietin-1 (Angptl), which bind to
Angiopoietin-1 receptor (also known as Tek or Tie2), activating downstream signaling mediated by
phosphatidylinositol 3-kinase (Pi3k)/Akt, leading to an increase of junction proteins like occludin and
VE-cadherin and therefore stabilizing endothelial cells (Sharma et al. 2022). Moreover, some studies
have shown that during hypoxic conditions, pericyte-derived vesicles increase the expression of tight
junctions like ZO1 and claudin-5 in endothelial cells (Yuan et al. 2019). Furthermore, the pericyte
release of miR-27b targets semaphoring 6A/D in ECs, leading to an increased endothelial barrier

(Demolli et al. 2017).

1.2.2 Signaling pathways involved in Angiogenesis and vascular stability

Pericyte-endothelial crosstalk is involved in angiogenesis and it is believed that pericytes might have
opposing roles in angiogenesis depending on the state and point in development. Therefore, during
early development, pericytes might be implicated in promoting endothelial cell survival and migration

and, later, inducing quiescence and reducing proliferation (Winkler, Bell, and Zlokovic 2011).

During early stages of development, pericytes release connective tissue growth factor (ctgf), which
activates the extracellular signal-regulated kinase 1 and 2 (Erk1/2)- signal transducer and activator of
transcription 3 (Stat3) axis in the endothelial cells, promoting angiogenesis (Sharma et al. 2022; Zhou
et al. 2021). In adulthood and healthy aging, deficiency in Pdgfb or Pdgfrb leads to capillary density
reduction and vascular regression (Armulik et al. 2010; Bell et al. 2010). Moreover, pericytes express
several matrix metalloproteinases like MMP2, MMP3 and MMP9, which degrade the extracellular
matrix, removing mechanical obstacles and therefore promoting endothelial cell migration and

proliferation during early development (Winkler, Bell, and Zlokovic 2011).
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1.2.3 Signaling pathways involved in phagocytosis and neuroinflammation

Recent in vitro studies suggested that pericytes might play a role in an immunological response since
they react to different inflammatory cytokines. Upon stimulation, pericytes upregulate MHC Il and
increase phagocytosis (Pieper et al. 2014). Moreover, pericytes have also been linked with AR-

clearance in AD disease models in vivo (Sagare et al. 2013b).

Pericytes might also contribute to and influence neuroinflammation. Studies in pericyte-deficient mice
have demonstrated their regulatory effect on leukocyte adhesion in endothelial cells. Moreover,
capillaries without pericyte coverage show higher leukocyte trafficking thorough the endothelium (M.

D. Sweeney, Ayyadurai, and Zlokovic 2016).

1.2.4 Signaling pathways involved in CBF and vessel diameter

Whether pericytes are contractile cells or not and if they regulate capillary diameter and blood flow in
response to neuronal activity has been highly debated in the recent years. However, some studies have
shown that pericytes express contractile proteins and receptors for vasoactive molecules (Winkler,
Bell, and Zlokovic 2011). Moreover, pericyte dilation and constriction after neurotransmitter
stimulation has been shown in organotypic slices (Peppiatt et al. 2006). Furthermore, pericyte-
deficient mice show a reduction of CBF, suggesting a role of the pericytes in the regulation of functional

hyperemia (Bell et al. 2010).

1.3 Cerebral small vessel disease (cSVD)

Cerebral small vessel disease (cSVD) affects the integrity of small vessels of the brain, including small
perforating arterioles, arteries and capillaries. This results in brain damage of the white and deep grey
matter, which can be observed by brain imaging using magnetic resonance imaging (MRI) or computed
tomography scan (CT) (Wardlaw, Smith, and Dichgans 2019). Imaging analysis revealed that cSVD
causes white and grey matter changes like white matter hyperintensities (WMHs), cerebral
microbleeds (CMBs), subcortical infarcts, lacunes and atrophy (Wardlaw et al. 2013). These lesions are
often associated with dementia, cognitive impairment, depression, increased risk for and a worse
outcome from stroke (Debette et al. 2019; Georgakis et al. 2019). cSVD is 6 to 10 times more common
than stroke, contributing to approximately 20% of them and to 45% of the dementia cases, resulting
in a large healthcare cost. Silent cerebral infarcts are the most frequently identified incidental finding

on brain scans, especially in the elderly population (Chojdak-tukasiewicz et al. 2021).

cSVD is highly diverse and includes rare familial and common sporadic forms, all with different
subtypes. However, most of the cSVD cases are sporadic and the most common risk factors are
hypertension and diabetes mellitus (van Norden et al. 2011). In the young population, cSVD is mainly

caused by genetic factors, where several single genes present different mutations. The most common
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genetic form of cSVD is cerebral autosomal dominant arteriopathy with stroke and ischemic
leukoencephalopathy (CADASIL) generated by an autosomal dominant mutation in the NOTCH gene.
Similarly, HTRA1 mutations generate the recessive form or autosomal recessive arteriopathy with
subcortical infarcts and leukoencephalopaty (CARASIL). Mutations in the genes responsible for the
synthesis of collagen type IV (COL4A1 and COL4A2), key component of the extracellular matrix, also

generate cSVD associated with microangiopathies (Chojdak-tukasiewicz et al. 2021).

1.4 Forkhead Box F2 (FOXF2)

The FOX genes encode for the forkhead box (FOX) transcription factor family, composed of 19 different
transcription factor subfamilies. All transcription factors are characterized by a conserved wingled helix
DNA-binding domain, and they all act as key transcription factors in different organs at different points
in development (Wu, Li, and You 2021). The FOXF subfamily is composed of two different genes, FOXF1

and FOXF2, which are both key transcription factors for embryonic development (Aitola et al. 2000).

FOXF2, located on chromosome 6 in humans and on chromosome 13 in mice, is a 444 amino acid
protein implicated in cell growth, differentiation and metastasis regulation by DNA-binding through its
forkhead domain, which is 100 amino acids long (Myatt and Lam 2007). Aberrant FOXF2 expression
dysregulates cell proliferation, differentiation and metastasis, since downstream genes are associated

with Wnt/R-catenin and TGFR/SMAD signaling pathways (Higashimori et al. 2018).

Pathological or physiological process
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Figure 8|Foxf2 is highly enriched in the brain and FOXF2 is associated with physiological and pathological
processes related with cSVD and stroke. Left panel shows Foxf2 enrichment in brain endothelial cells
compared to other organs (from Kalucka et al., 2020). Right panel shows FOXF2 relation with key processes
such as cell signaling, pericyte (PC) and endothelial (EC) function or morphology and BBB function (adapted
from Dichgans, 2019). Copyright permission given in chapter 7.

In the CNS, single-cell sequencing studies have shown that FOXF2 is mainly expressed in endothelial
cells and mural cells in both, human and mouse (Vanlandewijck et al. 2018; Kalucka et al. 2020; A. C.
Yang et al. 2022). Moreover, FOXF2 has been recently identified as a brain-endothelial specific
transcription factor associated with BBB maturation (Hupe et al. 2017) (Figure 8). Furthermore, FOXF2

induces the expression of BBB markers such as ABCB1 and SCLOB1 in human brain microvascular
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endothelial cells, promoting blood vessel development (Hupe et al. 2017; He et al. 2020). Other studies
have shown that FOXF2 is responsible for endothelial cell — pericyte regulation as well as the
production of extracellular matrix in the basement membrane of blood vessels (Wu, Li, and You 2021).
Along the same lines, Foxf2 inactivation during development has shown that the Pdgfb/PdgfrR-TgfR
pathway, critical for endothelial — pericyte communication, is affected (Reyahi et al. 2015). In vitro
studies have also identified FOXF2 as a key transcription upregulating some EC tight junctions and

increasing endothelial cell barrier resistance (Roudnicky et al. 2020).
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Figure 9|Regional association of variant rs12204590. Plot showing all genes
population (Chauhan et al. 2016b) around variant rs1220450. Color code stands for linkage disequilibrium
. between SNPs (r2). Blue lines represent estimated recombination rates. From

whereas rs1711972 variant  rrom chauhan et al., 2016. Copyright permission given in chapter 7.

increases large-artery atherosclerotic ischemic stroke in the Han Chinese population (Shi et al. 2017).
The genetic region containing the variant rs12204590 includes two protein-coding genes FOXF2 and
FOXFQ1, and the microRNA MIR6720. 1Mb expansion around the variant also includes two other
protein-coding genes FOXC1 and GMS and a non-coding RNA (LINC01622) (Figure 9). Expression
guantitative trait loci (eQTL) for the protein-coding genes were not available. However, different
histone modifications were associated with FOXF2 and FOXQ1, suggesting that cSVD phenotypes are

likely due to one or both of those genes (Chauhan et al. 2016b).

Despite FOXQ1 being expressed in the vasculature (Vanlandewijck et al. 2018; A. C. Yang et al. 2022),
mutant mice present with hair differentiation and gastric mucin secretion alterations but no
cerebrovascular phenotypes (Hong et al. 2001; Verzi et al. 2008). On the other hand, it is known that
FOXC1, located 225kb downstream of FOXF2, is implicated in vessel morphogenesis, proteoglycan
expression (Siegenthaler et al. 2013) and arteriovenous specification (Fish and Wythe 2015).
Moreover, patients with FOXC1 mutations present with Axenfelder-Rieger syndrome, which generates
poor development of the ocular anterior segment and increases MRI affections related with cSVD
(French et al. 2014). Despite FOXC1 being implicated in vascular affections, patients with segmental
deletions encompassing FOXF2 and FOXC1 presented with ten-times higher white matter

hyperintensities typical MRI alteration of cSVD (Chauhan et al. 2016b). Furthermore, recent studies
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have shown that these genetic variants decrease the activity of a FOXF2 enhancer, thus decreasing the
levels of FOXF2 in the vascular wall over the lifespan of patients, contributing to a higher risk of stroke

(J. R. Ryu et al. 2022).

Recent studies in mice have shown that global Foxf2 inactivation during development recapitulates
some of the cSVD phenotypes such as intracerebral hemorrhage and perivascular edema (Chauhan et
al. 2016b; Reyahi et al. 2015). Moreover, inactivation leads to increased proliferative pericytes,
reduction of Smad2/3 and increase of phosphorylated Smad1/5, pathways involved in the
differentiation and proliferation of endothelial cells and pericytes. Furthermore, Pdgfb/PdgfrR and
TgfB pathways involved in pericyte-endothelial communication and related with BBB maintenance are
altered, suggesting that Foxf2 mutants’ BBB breakdown (Figure 10) might be due to a reduction in
PdgfrR signaling, whereas hemorrhage and vascular instability is due to a decrease in the Tgfl} pathway.

Lastly, global Foxf2 inactivation also leads to endothelial thickening and increased vesicular transport,

demonstrating the importance of Foxf2 for the vasculature maintenance (Reyahi et al. 2015).
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A

Figure 10| Foxf2 deletion leads to leaky BBB. A-B show ICH from E13.4 embryos and C-D
Evans blue leakage in E18.5 embryos. From Reyahi et al., 2015. Copyright permission given
in Chapter 7.

1.5 Human induced pluripotent stem cells (iPSCs)

Recent advances in the discovery and generation of induced pluripotent stem cells (iPSCs) from mouse
(Takahashi and Yamanaka 2006) and human (Takahashi et al. 2007) have provided new tools for the
generation of in vitro models. iPSCs can be generated from any somatic cell like skin fibroblast or blood
cells by the overexpression of four defined transcription factors: Oct-4, Sox2, c-Myc and KIf4 (Takahashi
and Yamanaka 2006). Due to their high proliferation capacity, iPSCs provide an alternative for large-
scale cell production for in vitro studies without invasive patient sampling or animals usage (Delsing et
al. 2020). iPSCs can be generated from several patients carrying different mutations to generate
patient-specific cell lines, which allows better disease modelling as well as study human-specific
disease mechanisms (C. Liu et al. 2018). Despite the advances they provided in the in vitro field,
epigenetic memory is lost during reprogramming, complicating studies on diseases influenced by

environmental factors (Tapia and Schoéler 2016).
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Most of the developed iPSC differentiation protocols have been based on mimicking signaling
processes that occur during embryogenesis. iPSC-somatic differentiation has allowed the in vitro study
of many cell types that are very hard to isolate and culture, like endothelial or neural cells (Delsing et

al. 2020).

1.5.1iPSC-derived endothelial cells

There are different methods for the generation of endothelial cells from iPSCs: co-culture with neural
or stroma cells, embryoid body formation, 2D monoculture or transdifferentiation (Williams and Wu
2019). Despite the initial belief that feeder cells were needed for endothelial cell differentiation,

mesoderm induction via BMP4 is sufficient (S. W. Park et al. 2010).

Since BEC have different characteristics from peripheral endothelial cells, specific differentiation
protocols are needed for proper in vitro BBB study. One of the most used protocols in recent years for
BEC differentiation is based on the spontaneous co-differentiation of endothelial and neural cells
followed by an endothelial purification by seeding onto specific matrix coating (Lippmann et al. 2012).
Several changes in the protocol have improved the yield of the differentiation, such as the addition of
retinoic acid (Lippmann et al. 2014), seeding density optimization (Wilson et al. 2015) or differentiation
during hypoxia (T.-E. Park et al. 2019). Endothelial cells generated by the described protocol not only
express typical markers like Glutl, Claudin-5, Occludin or Pecam-1 but also display high
transendothelial electrical resistance (TEER) and low permeability values (Lippmann et al. 2014;
Canfield et al. 2017). Despite being used in a lot of in vitro BBB modelling, recent studies have shown
that the generated cells resemble epithelial cells more than brain endothelial cells (Lu et al. 2021),

illustrating the difficulty of BEC differentiation.

Other protocols with more defined media have been developed in recent years, such as the
combination of BMP4 and CHIR99021 (inhibitor of GSK-3 enzyme) for mesoderm induction followed
by Forksholin and VEGF-A for endothelial cell specification (Patsch et al. 2015). Moreover, those
methods have been combined with endothelial cell selection via MACS sorting to improve purity and
differentiation yield (Orlova, Drabsch, et al. 2014; Praca et al. 2019; Gastfriend et al. 2021). Lastly,
some other studies have used the overexpression of key endothelial transcription factors like ETV2 for

the generation of endothelial cells (K. Wang et al. 2020; H. Zhang et al. 2022).
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1.5.2 iPSC-derived mural cells

Pericyte differentiation protocols have been difficult to establish due to the lack of a well-defined cell
type, as pericyte origin, marker proteins and functional characteristics have been highly debated in the
past years (Delsing et al. 2020). The most commonly used protocols have been based on mesoderm
induction combined with endothelial cell differentiation (Orlova, Van Den Hil, et al. 2014; Kumar et al.
2017). Despite the fact that the main brain-pericyte differentiation protocol is neural crest based
(Stebbins et al. 2019), mesoderm- and neural crest-derived pericytes have shown similar results (Faal
et al. 2019). Recent single cell-RNA studies have shown the expression of specific markers and special
functions for pericytes (Vanlandewijck et al. 2018; A. C. Yang et al. 2022), opening new opportunities

for the development of optimized protocols.

During development, vSMCs are derived from different lineages: neuroectoderm, lateral-plate
mesoderm and paraxial mesoderm. Once they are established in the vasculature, they switch between
two different phenotypes, contractile and synthetic (Trillhaase et al. 2015). Some differentiation
protocols focus on generating lineage specification (Cheung et al. 2014) while others have facilitated
phenotype-specification (L. Yang et al. 2016). Moreover, some other protocols have focused on the
generation of vSMCs in combination with endothelial cells (Kumar et al. 2017). Most of the protocols
have the mesoderm induction followed by SMC fate through culturing with TGFR and PDGF-BB in

common (Trillhaase et al. 2015).

1.5.3 iPSC-derived astrocytes

In vivo astrocyte differentiation spans from embryonic development until after birth, therefore,
mimicking embryogenesis signaling processes is time consuming and most of the available protocols
take several months until astrocytes are fully mature (Delsing et al. 2020). Despite some protocols
attempting to shorten the differentiation process by remodeling the chromatin structure (Majumder
et al. 2013) or by the overexpression of different transcription factors (Li et al. 2018) most of the
alternatives are still quite laborious and take more than a month. Astrocytes can also be differentiated
through the generation of neural precursor cells (NPCs) by inhibition of TGFR/BMP signaling (Chambers
et al. 2009). Culturing with epidermal growth factor (EGF) and leukemia inhibitory factor (LIF) promotes
a glia lineage, that can be pushed into astrocytes through culturing with ciliary neurotropic factor
(CNTF) (Bonni et al., n.d.; TCW et al. 2017). While most of the protocols use serum for the final
maturation steps, a recent protocol has shown that avoiding serum exposure not only allows astrocyte

differentiation but also generates non-reactive cells (Perriot et al. 2018).

iPSC-derived astrocytes express typical markers such as GFAP, S100B, CD44 and EAAT1 and are

functional as seen by glutamate uptake and inflammatory response (Delsing et al. 2020).

22



1.6 In vitro models of the BBB and NVU

1.6.1 Cell precedence for BBB in vitro modelling

The NVU is a multicellular structure with several cell-cell and cell-matrix interactions, therefore, proper
in vitro modelling needs to include different cellular components and appropriate extracellular matrix
(Potjewyd, Kellett, and Hooper 2021). BBB in vitro models are important and necessary tools to
investigate drug development and delivery into the CNS. Most of promising drug candidates identified
in animal models fail in clinical trials (Perrin 2014), demonstrating the need of human pre-clinical
models also for drug development. In vitro modelling will not only provide higher human

transferability, but also reduce the use of animals for research (Delsing et al. 2020).

In the last years, several BBB in vitro models using human and animal (mainly mouse and rat) primary
cells have been described. Despite primary animal cells proving to be a good tool for studying barrier
integrity due to their low permeability (Abbott 2004; Garberg et al. 2005), they have high variability
since isolation protocols are difficult and laborious, and they also do not further reduce the number of
animals in research. Moreover, it has been shown that BBB efflux transporters like Pgp are
differentially expressed between mouse and human (Syvdnen et al. 2009; Uchida et al. 2011),

demonstrating the importance of species-specific modelling.

Immortalized human and mouse cells provide an alternative to primary isolated cells. However, most
mouse lines, such as b.End3, do not form a tight barrier and, therefore, do not provide a good source
for BBB modelling (Omidi et al. 2003). Despite immortalized human lines, like hAMEC/D3, providing
important insights in barrier properties, drug uptake and transport, they do not fully form a stable
barrier, and co-culturing with other cell types does not increase the BBB properties (Weksler, Romero,

and Couraud 2013; Eigenmann et al. 2013).

iPSC-derived models provide an alternative for overcoming most of the limitations, including species
differences and the generation of all cell types. Furthermore, such systems provide the opportunity for
isogenic models where all the cell types are derived from the same individual. Nevertheless, iPSC
models require from several differentiation protocols which can be challenging due to variabilities in
protocols and handling. Furthermore, achieving high reproducibility may be difficult due to different
parental iPSC lines. Therefore, model standardization, characterization and validation are needed
(Delsing et al. 2020). Several iPSC-derived BBB models have been developed recently and used for
permeability studies (Appelt-Menzel et al. 2017; Delsing et al. 2018; Lippmann et al. 2012), BBB
disruption (Page, Raut, and Al-Ahmad 2019) and disease modelling (Faal et al. 2019; Katt et al. 2019;

Orlova et al. 2022), validating the applicability of the iPSC-derived cells.
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1.6.2 Model systems to study the BBB in vitro

1.6.2.1 Transwell models

Transwell systems are one of the simplest methods where the BBB is mimicked by a semipermeable
membrane, which separates a luminal and abluminal side, allowing cell seeding on both sides (Naik
and Cucullo 2012). Most commonly, endothelial cells are placed in a monolayer on top of the porous
membrane, or luminal side, and mural cells or astrocytes are placed on the bottom, or abluminal, side
(Wolff et al. 2015). Although this system ignores key features of the endothelium, like vessel formation
or sheer stress, it also reduces the number of variables, generating less variability and easier
characterization. This model has been widely used for permeability screening assays, since molecules
can be added into the apical or luminal side and the accumulation can be measured in the basal or
abluminal side (Zidari¢, Gradisnik, and Velnar 2022). Furthermore, it allows a barrier quantification by
measuring trans endothelial electrical resistance (TEER) without destroying the cells (Gastfriend,

Palecek, and Shusta 2018).

The most commonly used configurations of the transwells models are monoculture, co-culture or
tricultures. In all cases, endothelial cells are placed on the surface of the semipermeable membrane,
and the supporting cells, like astrocytes or pericytes, are seeded on the bottom. In the triculture, the
most common configuration is endothelial cells on top of the porous membrane, mural cells on the
bottom part of the membrane and astrocytes on the bottom of the well (Katt and Shusta 2020;
Gastfriend, Palecek, and Shusta 2018; Zidari¢, Gradisnik, and Velnar 2022; Helms et al. 2016). It has
been shown that co-culture and tri-culture induce more BBB-like characteristics, like higher TEER

values (Hatherell et al. 2011a; Lippmann et al. 2012).

CONTACT
MONO CULTURE CO-CULTURE TRIPLE CULTURE .

BMEC

Figure 11| Common configurations of transwell studies. Endothelial cells are represented in orange, pericytes
in green and astrocytes in blue. Three types of transwell systems for modelling the BBB: monoculture, co-
culture and tri-culture. From Zidaric et al., 2022.

One of the main limitations of the transwell models is that they do not allow for cell-cell contact, which
is essential in the formation and maintenance of the NVU (Gastfriend, Palecek, and Shusta 2018).
Nevertheless, the transwell system allows the culturing of cell types on both sides of a membrane and
the exchange of soluble factors between them (Helms et al. 2016; Gastfriend, Palecek, and Shusta

2018).
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1.6.2.2 Organoids

Advances in iPSC technology include the generation of organoids, “mini-organ-like” tissues or self-
organized cell aggregates, that recapitulate some of the physiological conditions of a developing brain
(Lancaster et al. 2013; Pacitti, Privolizzi, and Bax 2019). Compared to transwell assays, they allow the
cell-cell interaction in a 3D environment, which is crucial for NVU functioning. Nevertheless, they have
some limitations including variable morphology and size, absence of specific cells and limited oxygen

and nutrient diffusion, which lead to a necrotic core most of the time (Chiaradia and Lancaster 2020).

One of the main challenges of organoids is the generation of a well-defined vascularization that allows
BBB integrity measurement (Vargas-Valderrama et al. 2020). Some studies have shown that
incorporation of endothelial cells leads to tubular-like structure formation and vascularization upon
implantation in mice (Cakir et al. 2019; Mansour et al. 2018; Pham et al. 2018). Although this
vascularization overcomes the oxygen and nutrient diffusion, reducing the necrotic core, it also limits
the human-specific species, since it’s mostly murine (Caffrey, Button, and Robert 2021). Other studies
have tried the co-differentiation of endothelial cells with neural cell types. VEGF and Wnt7a treatment
increase the expression of CD31 and Claudin-5 tubular-like structures surrounded by pericyte-like cells
(Ham et al. 2020). Furthermore, overexpression of ETV2 also leads to the formation of a vascular
network expressing Claudin-5, occludin and ZO1 in cerebral organoids (Cakir et al. 2019). Lastly, other
studies have tried to approach the vascularization problem by the co-culture of endothelial and
cerebral spheroids. The combination of neural progenitor cells with endothelial spheroids and iPSC
mesenchymal stem cells led to greater ECM formation and higher expression of CD31 and GLUT1 in

ECs (Song et al. 2019).

Other studies have focused more on the generation of BBB organoids or Spheroids. iPSC-derived
organoids containing endothelial cells and pericytes generate capillary networks that are fully perfused
after transplantation into mice (Wimmer et al. 2019). Furthermore, others have reported BBB
organoids expressing tight junctions, transporters and drug efflux pump activity (Cho et al. 2017;

Bergmann et al. 2018).

1.6.2.3 Microfluidic models

Advances in microfluidic systems have provided an alternative for improved NVU modelling since they
can better approximate the 3D conformation, shear stress and cell-cell interactions (Aday et al. 2016;
Oddo et al. 2019). There are two main categories for the generation of 3D models: organoid-like
microfluidics, which relay in in vitro angiogenesis and therefore self-assembly of the cells, and mold
assembly microfluidics, where cells adhere to a specific biomaterial, making a more reproducible and
robust model when compared to a self-assembly situation (Fernandes, Reis, and Oliveira 2021; Zidaric,
Gradisnik, and Velnar 2022). Most of microfluidic systems mimic the 3D morphology, allow the cell-
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cell interaction and are subject to shear stress, recapitulating better in vivo conditions (Delsing et al.

2020).

Culturing human brain microvascular endothelial cells (hBMECs) in a channel under shear stress
separated from a porous membrane from human pericytes and astrocytes results in less reactive
astrocytes and is more similar to physiological conditions, demonstrating the importance of the 3D
conformation for in vitro modelling (Ahn et al. 2020). Moreover, seeding of hBMEC with pericytes on
the surface of a gel containing astrocytes and a chemotactic angiogenesis gradient, resulted in a more
in vivo 3D morphology and better cellular interactions (S. Lee et al. 2020). Other studies have also
shown that co-culturing endothelial cells, pericytes and astrocytes leads to self-organization into a
vascular network via vasculogenesis, forming a mature BBB (Campisi et al. 2018), and displaying mural
cell disruption in disease (Orlova et al. 2022). However, most of these models use a combination of
primary and iPSC-derived human cells, and few fully iPSC-derived models have been reported: one
using endothelial cells and pericytes (Jamieson et al. 2019) and one using endothelial cells and neural

cells (Vatine et al. 2019a).

The main disadvantage of microfluidic devices is that relay in angiogenesis, and therefore vascular
network geometry and flow is difficult to recapitulate and highly variable between experiments

(zidari¢, Gradisnik, and Velnar 2022; Caffrey, Button, and Robert 2021).

1.7 CRISPR/Cas9 genome editing

1.7.1 CRISPR/Cas9 as a tool for precise genome editing

The CRISPR/Cas9 system was discovered in bacteria where it acts as an adaptative immune system
response. CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats) are small non-coding
RNAs that, together with the Cas proteins, protect bacteria from future viral infections. When bacteria
are infected by bacteriophages, they have the ability to cleave the viral DNA and integrate short
sequences from it into repetitive genetic elements or CRISPR arrays, which are expressed and destroy
the pathogen’s DNA in a future infection (Barrangou 2007; Richter, Chang, and Fineran 2012; Hille et
al. 2018).

Further developments of the system have adapted it into a precise and efficient tool for genome
editing in mammalian cells (Cong et al. 2013; Mali et al. 2013). The Cas9 nuclease, which facilitates
RNA-guided DNA cleavage in bacteria (Garneau et al. 2010), can be combined with a single guide RNA
(sgRNA) for specific DNA locus targeting, where it will introduce a double strand break (DSB) (Mojica
et al. 2009; Sander and Joung 2014). The CRISPR/Cas9 system can be delivered by plasmid (Mali et al.
2013) or by RNPs (Zuris et al. 2014) into the cells for precise genome editing. The cell has two main

mechanisms for DSB repair: non-homologous end joining (NHEJ) and homology-directed repair (HDR)
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(Scully et al. 2019), and both can be used for modifying the genome. In the NHEJ pathway, the two
DNA strand ends are fuse together, a process which is highly prone to error, generating insertion or
deletions (InDels) of various lengths around the cut site. These InDels usually produce frameshift,
which disrupt the translational reading frame and leads often to premature stop codons, which is
useful for the generation of knock-out protein (Mali et al. 2013; Sander and Joung 2014). The HDR
pathway uses a donor template to repair the DSB, and therefore, is more precise. This can be used to
introduce specific mutations or knock-ins in a target locus by delivering a repair template together with

Cas9 and gRNA (Figure 12) (Mali et al. 2013; Paquet et al. 2016).

CRISPR-Cas |
o |
Doubler-Stranded Break (DSB) | |||/ || i
|
[ |
Homologous Recombination (HR) Non-Homologous End-joining (NHEJ)
End-Joining
Sister Chromatid )
or Donor DNA lRepalr without template
l 1111 Ligation
e o Insertion/Deletion
P —— (indel)

(Knock "OUT")
Repair with templatel

(Knock "IN")

Figure 12| Repair pathways after a DSB introduced by CRISPR/Cas9 system. After the Cas9 nuclease
generates a DSB there are two main repair pathways: HR (also HDR) and NHEJ. The HDR pathway uses
a template for the repair and can be used for the generation of knock-in edits. The NHEJ pathway
repairs the DSB without a template, being prone to error, resulting in insertion or deletion of bases,
which can be use for the generation of knock-out edits. From Shalaby et al., 2020.
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1.7.2 CRISPR/Cas9 for disease modelling in vitro using iPSCs

The combination of iPSC technology and CRISPR/Cas9 genome editing offers new tools for studying

and modeling human disorders in vitro. One of the main advantages of the combination of

technologies is that genetic mutations can be studied in the disease-relevant cell types in different

human genetic backgrounds, which is important for complex diseases. Moreover, it allows the analysis

of hard-to-access patient cell types, like neurons or oligodendrocytes (Heidenreich and Zhang 2015).

Genome editing can be used to study

different mutations that arise from
genome-wide association studies (GWASs)
by using human iPSCs. There are mainly
two approaches for the iPSC source: from
patients with specific mutations or
disorders, or healthy donors. In both cases,
isogenic cell lines can be generated by
genome editing, allowing a direct
comparison between normal and disease
genotypes (Figure 13). In the case of iPSCs
with specific mutations, genome editing
can be used for correcting the mutation,
whereas healthy iPSCs can be used to
introduce specific mutations or risk variants

(Heidenreich and Zhang 2015; Sen and
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Figure 13|Combination of iPSC and CRISPR/Cas9 genome editing
technologies for in vitro disease modelling. iPSC-derived disease
modelling can be done from patients with mutations (shown in red)
and correcting the cells without mutations and from healthy donors
(shown in blue) and introducing mutations for disease study. From
Heidenreich et al., 2015. Copyright permission given in Chapter 7

Thummer 2022). Several studies have already used the combination of genome editing and iPSC

technology for the study of different neurological disorders like Huntington's disease (Jeon et al. 2012;

Linville et al. 2022), Alzheimer’s disease (Yagi et al. 2011), Parkinson’s disease (Ambasudhan et al. 2013;

Soldner et al. 2011) and vascular diseases (Orlova et al. 2022).
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2. Aims of this study

FOXF2 encodes a transcription factor that is mainly expressed in endothelial cells and pericytes in the
CNS vasculature. Recent genetic studies in humans have shown that genetic variants at FOXF2
associate with stroke, cSVD and chronic white matter lesions in humans. While global Fxf2 inactivation
in mice results in BBB impairment and partially recapitulates cSVD phenotypes, the function and
mechanisms by which Foxf2 impairs the BBB are poorly understood. Moreover, how Foxf2 specifically
regulates endothelial cell and pericyte functions are still elusive. Understanding the molecular
mechanism implicating FOXF2 in physiological cell function and disease will not only help to
understand BBB impairment in neurovascular diseases but may also provide new targets for

therapeutic intervention

Since FOXF2 emerged from a human genetic study during my work on this thesis | aim to develop both
a human in vitro model providing better transferability of the results to patients and a platform for
therapeutic discovery, and a mouse in vivo model allowing to study Foxf2 deficiency on a whole

organism level.

The first goal of this thesis is to generate a human iPSC 3D model that can fully recapitulate central
aspects of the BBB and allows investigating disease phenotypes. For that, we would need first to
optimize and adapt protocols for the differentiation of endothelial cells, pericytes, smooth muscle cells
and astrocytes. Once the differentiations are established, we will characterize the identity of these

cells and subsequently co-culture them in a 3D environment using microfluicid chips.

The second goal is to generate two different models which will allow us to study the consequences of
FOXF2 deletion in endothelial cells and pericytes. The first model will be a mouse model, where Foxf2
will be deleted only from endothelial cells or pericytes and which will allow us to study the effects of
Foxf2 deletion in vivo. The second model will be a human in vitro model where we knock out FOXF2 by
CRISPR/Cas9 in human iPSCs. These iPSCs will be further differentiated into endothelial cells and

pericytes.

The third goal is to better understand the cell-autonomous mechanisms of Foxf2 in endothelial cells
and pericytes. For that we will perform proteomic analysis from mouse endothelial cells and human

endothelial cells and pericytes.
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Abstract

Malfunction of the blood-brain-barrier (BBB) takes center stage in neurovascular disorders
including cerebral small vessel disease (SVD), a common cause of stroke and vascular
dementia. FOXF2 has recently been identified as a major risk gene for stroke and SVD. Yet,
the molecular and cellular mechanisms linking FOXF2 deficiency to neurovascular dysfunction
remain elusive. So far, SVD has mostly been studied in mouse and non-physiological in vitro
models, which display some disease features, but lack complex phenotypes, have limited
translatability to humans, and are not well suited for drug discovery. To better understand the
role of FOXF2 in SVD, we developed a fully human iPSC-derived 3D model of the BBB by co-
culture and microfluidic 3D tissue engineering of key BBB cell types: endothelial cells, mural
cells and astrocytes. Our model expresses typical cell fate markers, forms vessel-like tubes

and enables controlled perfusion, including with human blood.

FOXF2 knockout cultures display key features of impaired BBB function, including
compromised cell junction integrity, decreased transendothelial electrical resistance (TEER)
and increased caveolae formation. Proteomics analysis of endothelial cells and pericytes
revealed an impairment of pathways related to pericyte-endothelial cell crosstalk, suggesting
a role of FOXF2 in vascular signaling. The observed disease features phenocopy those seen
in an endothelial cell-specific model of Foxf2 deficiency developed in parallel, validating the
importance of iPSC-derived in vitro models. Moreover, treatment of FOXF2 knockout cultures
with lipid-nanoparticle-mediated delivery of FOXF2 mRNA restored the levels of cell junction
and caveolin-1 proteins, demonstrating the applicability of the model for screening

therapeutics.



Introduction

The central nervous system (CNS) requires a tightly controlled chemical and metabolic
environment for proper functioning of the brain (Sweeney et al. 2019), which is maintained and
regulated by the neurovascular unit (NVU). One of the main role of the NVU is the coupling
between neural activity and blood flow astrocytes (ladecola 2017). In within the NVU, the
blood-brain-barrier (BBB) is composed of brain endothelial cells (BECs), pericytes or smooth
muscle cells, and astrocytes (Zlokovic 2011; Zhao et al. 2015; ladecola 2017). BECs are
responsible for restricting and controlling the entry of nutrients, oxygen, circulating cells and
pathogens into the brain parenchyma (Winkler, Bell, and Zlokovic 2011; Zhao et al. 2015).
BECs have unique characteristics that contribute to the formation of the BBB'’s physical barrier
and differ from endothelial cells present in other organs. BECs exhibit low transcytosis rates,
high mitochondria abundance and pronounced tight/adherens junction formation between
cells, which results in a non-fenestrated cell layer (Abbott, Ronnback, and Hansson 2006;
Zlokovic 2008). Malfunction of the NVU plays a central role in neurovascular disorders which
may lead to neuronal degeneration via NVU disruption and the accumulation of neurotoxic

molecules in the brain (Zlokovic 2011).

Recently, Foxf2 has been identified as an important transcription factor in BECs associated
with BBB maturation (Hupe et al. 2017). FOXF2 encodes a transcription factor which regulates
cell growth, signal transduction and differentiation by direct binding of its forkhead domain to
targets on nuclear DNA (Myatt and Lam 2007; Wu, Li, and You 2021). It plays a crucial role
during blood vessel development by inducing the expression of BBB markers such as ABCB1
and SCLCOB1 in human brain microvascular endothelial cells (Hupe et al. 2017; He et al.
2020). Single-cell RNA studies have shown that FOXF2 is mainly expressed in endothelial
cells, pericytes and smooth muscle cells in the brain (Vanlandewijck et al. 2018; Kalucka et al.
2020; Yang et al. 2021), key components of the NVU. Furthermore, FOXF2 is responsible for
regulating the interaction between pericytes and endothelial cells as well as the production of
extracellular matrix (ECM) in the basement membrane of blood vessels (Wu, Li, and You
2021). Common genetic variants of FOXF2 are associated with cerebral small vessel disease
(SVD) and increased white matter hyperintensities (Chauhan et al. 2016; Malik et al. 2018;
Duperron et al. 2023). SVD is responsible for the majority of ischemic and hemorrhagic strokes
and contributes to half of dementia cases worldwide (Wardlaw, Smith, and Dichgans 2019).
Despite its important role in health, SVD mechanisms are poorly understood. Recent studies
have shown that global Foxf2 inactivation during development in mice recapitulates some SVD
phenotypes, such as BBB deficits and intracerebral hemorrhage (Reyahi et al. 2015),
establishing FOXF2 as a central player in NVU integrity.

So far, animal models have formed the backbone of research for studying the NVU in health

and disease as well as investigating drug delivery approaches. While animal models have



provided important insights into physiology and functioning of the NVU, genetic and molecular
differences limit translation of animal findings to humans (Hajal et al. 2021).These drawbacks
are also reflected by the fact that promising drug candidates identified in mouse models have
failed in clinical trials (Perrin 2014). As such, there is an urgent need for the development of

human models that recapitulate central aspects of the BBB/NVU and its malfunction in disease.

Recent advances in the generation of induced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka 2006) and differentiation protocols for endothelial cells (ECs), smooth muscle cells,
pericytes and astrocytes (Aday et al. 2016) have provided new tools for the generation of
human in vitro models. Most current BBB models are transwell based co-cultures of different
NVU cell types, where endothelial cells and astrocytes/mural cells are cultured on different
sides of a semipermeable membrane. Although these models have shown phenotypes closer
to the in vivo condition than monocultures, such as direct endothelial cell-astrocyte contacts
and induction of greater endothelial cell barrier function (Lippmann et al. 2012), they still
represent a simplification of the in vivo BBB. Moreover, ECs respond to dimensionality by
changing gene expression and activating different signaling pathways, indicating the
importance of developing more physiological 3D models (Potjewyd et al. 2018; Caffrey, Button,
and Robert 2021).

Microfluidic systems have provided a better alternative for approximating the BBB as has been
shown in recent studies combining primary and iPSC-derived cells (Aday et al. 2016; Campisi
et al. 2018; van Dijk et al. 2020; Orlova et al. 2022). However, despite these recent
advancements of iPSC-derived systems, well-characterized fully iPSC derived models
recapitulating relevant aspects of human neurovascular diseases have so far not been

described.

Here we developed a fully human microfluidic iPSC-derived multicellular model of the BBB.
We first established and optimized simple differentiation protocols to produce well-
characterized endothelial cells (EC), smooth muscle cells (SMC), pericytes (PE) and
astrocytes (AS) with high purity and yield. We then compared them at transcriptome and
proteome level to their primary human counterparts and deposited this data in a publicly
available comprehensive database, which also reveals correlations between RNA and protein
abundance levels of human iPSC-derived cells. Based on these iPSC-derived cell types we
engineered a 3D model recapitulating key features of the BBB. To better understand the
mechanisms of SVD in the context of FOXF2 loss, we deleted FOXF2 in iPSCs and
differentiated them into BBB components to establish an isogenic BBB model of FOXF2
deficiency. FOXF2 knockout cultures display key features of impaired NVU function, including
compromised cell junction integrity, decreased transendothelial electrical resistance (TEER)
and increased caveolae density. Furthermore, proteomic analysis of KO cells revealed an

impairment of pathways involved in pericyte-endothelial crosstalk, suggesting a key role of



FOXF2 in vascular signaling. The observed disease features phenocopy those seen in
endothelial (EC-cKO)- and pericyte (PE-cKO)-specific Foxf2 deficient mice developed in
parallel, validating the importance of iPSC-derived in vitro models to study NVU biology or
malfunction. Lastly, to demonstrate the applicability of the 3D model for therapeutic screening,
we treated FOXF2 knockout cultures with lipid-nanoparticle-mediated (LNPs) delivery of

FOXF2 mRNA as a rescue paradigm.



Results

Somatic cell differentiation and characterization of iPSCs into neurovascular cell types

(endothelial cells, pericytes, smooth muscle cells and astrocytes)

To generate a fully iPSC derived 3D model of the neurovascular unit (NVU) we first established
and characterized somatic cell differentiation of iPSC into the NVU components (Fig. 1A).
iPSC-derived endothelial cells (iEC) were differentiated by mesoderm induction and vascular
specification. On day in vitro 5 (DIV5), iECs were selected by CDH5 (CD144) labelling and
magnetic activated cell sorting (MACS) and further cultured in endothelial cell medium up to 5
passages (Supp Fig. 1A). Before purification, iECs already show an upregulation of the early
endothelium-specific transcription factor ETV2 and of FOXF2 (Supp Fig. 1B), After CDH5
selection and propagation, iEC downregulate the pluripotency markers OCT4 and NANOG and
show an enrichment of key endothelial transcripts such as PECAM1, CDH5, CLDN5 and TJP1,
and of ECM transcripts such as COLIV (Supp Fig. 1C). At the end of the differentiation, iEC
express markers of adherent junctions, such as PECAM 1 and CHD5 (Fig. 1). iPSC-derived
pericytes (iPE) were differentiated together with iEC up to DIV5. The CDH5 negative MACS
fraction was further used to differentiate pericytes as previously described with some
modifications (Supp Fig. 1D) (Orlova et al. 2014). iPE pericytes downregulate pluripotency
markers and upregulate key markers such as PDGFBB, SM22 and CNN1 (Supp Fig. 1E).
Terminally differentiated iPE express PDGFRR and NG2 (Fig. 1B). iPSC-derived smooth
muscle cells (iISMC) were differentiated by mesoderm induction and further specification by
culturing them into smooth muscle cell medium (Supp Fig. 1F). During differentiation, iSMCs
downregulate pluripotency markers and upregulate cell-specific markers such as ACTAZ2,
SM22 and CNN1 (Supp Fig. 1G). At the stage used for the 3D NVU model, iISMCs expressed
SMA and CNN1 (Fig. 1B). iPSC-derived astrocytes (iAS) were differentiated under serum-free
conditions as previously described with some modifications (Supp Fig. 1H) (Perriot et al.
2018). iAS downregulate the pluripotency markers and upregulate key astrocytic transcripts
such as GFAP, AQ4, GLAST, GLT1, VIM and S100 (Supp Fig. 1l). Furthermore, fully
differentiated iAS express GFAP and TUJ1 (Fig. 1B).

To characterize and validate our somatic cell differentiation protocols we compared our iPSC-
derived cells with commercially available human primary cells: brain microvascular endothelial
cells (pEC), human umbilical vein endothelial cells (HUVECSs), brain vascular pericytes (pPE),
brain vascular smooth muscle cells (pPSMC) and midbrain astrocytes (pAS). All cell types were
cultured separately, and proteomic analysis was performed in parallel to determine their
identity (Fig. 1C). Principal-component analysis (PCA) revealed that iPSC formed a distinct
population separated from of somatic cells, clearly discriminating the undifferentiated
population. In general, the iPSC-differentiated cells displayed small variability between

technical replicates, confirming the reproducibility of the differentiation protocol. iECs clustered



closer to human primary capillary endothelial cells (pEC) than to HUVECSs, indicating a more
brain-like identity and suggesting potential to study cerebrovascular disorders with such cells.
Similarly, iAS clustered close to primary astrocytes (pAS) and far from the endothelial cells,
discriminating this cell type from the mesoderm derived cells. However, mural cells (iPE and
iISMC) clustered together based more on their origin (iPSC-derived vs primary isolated) rather
than cell type, which may indicate that differences between young and old mural cells are more
pronounced than those between types of mural cells (see also Discussion). Parsing the
proteomics profiles for specific markers we found that pluripotency markers are either no longer
detected in the differentiated cells, such as NANOG and POU5F1, or at very low levels, like
PODXL and SOX2 (Fig. 1D). Endothelial cells upregulate key endothelial markers like
PECAM1, CDH5, CLDN5, SOX18, KDR, NOS3, TEK, ESAM and VWF. In contrast, they do
not express epithelial markers such as EPCAM, CDH1, EMP3, CLDN6, FREM2, ESPR1,
ERBB3 or KRT7, which has been described for other protocols aiming for EC differentiation
(Lu, 2021). After comparing iPSC vs. iEC by PCA, enrichment analysis of the top 250 negative
genes defined by PC1 yielded biological processes associated with angiogenesis, endothelial
cell proliferation, nitric oxide biosynthesis and cell adhesion (Fig. 1D, Supp. Fig. 2A). Pericytes
and smooth muscle cells also upregulate typical mural cell markers such as ANPEP, PDGFRB,
CSPG4, VIM, DESM, NES, CNN1 and SMTN. Analysis of top 250 negative genes defined by
PC1 yielded biological processes associated with cell-matrix adhesion, basement membrane
organization and collagen fibril organization (Fig. 1D, Supp. Fig. 2B and 2C). Finally,
astrocytes upregulate astrocytic markers such as S100B, ALDH1L1, ALDH1A1, ALDOC,
GLUL, GJA1 and NDRG2. Analysis of top 250 PC1 negative genes revealed biological
processes associated with nervous system development, glycogen metabolic processes and
axon guidance (Fig. 1D, Supp. Fig. 2D). To provide the field with an overview of the cell
identity and marker expression we detected in the different NVU cell types, we integrated the
proteomics results from both, iPSC-derived and primary cells, in a publicly available database

which will be made available in parallel to acceptance of the final manuscript.

In conclusion, our iPSC-derived cells express key cell-specific markers of the BBB

components, which are absent in iPSCs at protein level (Fig. 1D).

Generation and characterization of 3D BBB model by coculturing iPSC-derived cells into a

microfluidic chip

To generate a fully iPSC-derived 3D in vitro model of the BBB, we adapted a previously
described protocol for co-culturing cells in 3D microfluidic chips (Campisi et al. 2018). Fully
differentiated iEC, iAS and iSMC or iPE were combined in a fibrin hydrogel at defined ratios
and injected onto the middle channel of the microfluidic chip (Fig. 1A, Supp. Fig. 3A). Cultures
were fed every 24h by gravity-driven flow, adding different volumes of VASC-media in the left

and right port, to promote endothelial microvasculature network formation. One day after



seeding, iECs self-organized into premature vascular networks and continued their sprouting
until day 3-10, where branched vessels were observed (Supp Fig. 3B). Cultures were

analyzed on day 7-10.

Co-culture of endothelial cells with astrocytes and mural cells resulted not only in endothelial
cell vessel-like structures and branched vessel formation shown by PECAM1 expression, but
also the arrangement of cells to form a vessel lumen (Fig. 1E, Supp Fig. 3C). iECs in culture
expressed tight junction markers such as ZO1 and CLDN5 (Fig. 1F) and presented highly
dense contact areas shown by electron microscopy (Fig. 1G). The lumenized vascular
networks were perfusable with 10- and 40-KDa Dextran (Fig. 1H) and human blood (Fig. 11,
Supp Video 1) under gravity-driven flow without leaking, showing the functionality of
endothelial cells in forming a functional barrier between the cells. After 7 days a rich ECM
composed by collagen (COLIV) and Laminin (LAM) was observed. Endothelial cells showed
organized polarity with the secretion of Podocalyxin (PODXL) towards the lumen or apical side
and of collagen towards abluminal or basal side (Fig. 1J). Astrocytes remained star-shaped,
expressing GFAP and extending their processes towards the endothelium (Fig. 1K). Mural
cells were positioned in between endothelial branching points and expressed contractile
markers such as SMA (Fig. 1L). To examine the functionality of endothelial cells in the 3D
environment, we, in a last step, applied calcium to the media and saw slow calcium transient
waves in a coordinated manner among all the cells, suggesting a typical EC physiology (Fig.
1M).

Taken together, after optimized differentiation and deep characterization of iPSC-derived BBB
cell types, we engineered a 3D BBB model recapitulating key features of the BBB such as
vessel-like tube conformation, ECM generation, barrier formation and representation of typical

cell-cell interactions.

Generation of endothelial- and pericyte-specific Foxf2 deletion in adult mice and human iPSC
FOXF2 deficient cell line

To better understand the role of FOXF2 in neurovascular dysfunction, identify cell-autonomous
effects on endothelial cells and pericytes, and cross-validate our findings in two independent
systems, we generated mouse lines with conditional endothelial (Cdh5-CreERT2; Foxf2fl/fl or
EC-cKO) or pericyte (Pdgfrb-CreERT2; Foxf2fl/fl or PE-cKO)-specific inactivation of Foxf2
(Fig. 2A), and human FOXF2 KO iPSCs (Fig. 2B). Downregulation of Foxf2 in EC-cKO and
PE-cKO mice was confirmed by gqPCR, compared to age-matched wild-type mice (Foxf2fl/fl or
WT) (Fig. 2C). For the generation of FOXF2-KO in iPSCs we targeted the DNA binding region
in exon 1, following our previously described CRISPR genome editing pipeline (Weisheit et al.
2021). Genome editing led to a +1/-5 bp insertion on each corresponding allele, exposing a

premature stop codon resulting in a nonfunctional protein (Fig. 2D, Supp Fig. 4A). FOXF2-



KO iPSC were characterized for pluripotency, absence of off-targets and chromosomal
integrity (Supp. Fig. 4B, 4C and 4D and Supp. Fig. 5). Since FOXF2 is mainly expressed in
endothelial cells and pericytes (Vanlandewijck et al. 2018; Yang et al. 2021) we further
differentiated the iPSCs into iEC and iPE to study FOXF2 deletion. As expected, FOXF2-KO
iEC and iPE showed an almost complete downregulation of FOXF2 RNA levels (Fig. 2D). We
then studied the KO phenotypes in our human in vitro model using the mouse models for

validation.

Endothelial FOXF2 deletion causes enhanced caveolae-dependent endocytosis in human and

mouse

Recent studies have shown that global Foxf2 deletion leads to endothelial thickening,
increased vesicular transport and longer tight junction surfaces in the capillary ECs (Reyahi et
al. 2015). However, it remained unclear if these EC phenotypes were cell-autonomous or
induced by mural cells. We therefore examined if we could detect similar phenotypes in our
newly developed endothelial-specific Foxf2 deficient mice model and our FOXF2-deficient in
vitro BBB model.

We found that endothelial Foxf2 deletion led to an upregulation of Cav1 in isolated brain
vessels. Similarly, correlative ultrastructure analysis revealed an endothelial thickening and
vesicle enrichment (Fig. 2E). Immunogold labeling further revealed that most of these vesicles
are Cav1-positive, suggesting an upregulation of caveolae-dependent endocytosis (Supp. Fig.
6A). To assess the potential of the 3D BBB model for recapitulating in vivo phenotypes, we
quantified the density of caveolae in endothelial cells by immunocytochemistry and found
CAV1 to be upregulated in FOXF2 deficient iECs compared to WT iECs. The enrichment of
caveolae was confirmed by correlative transmission electron microscopy (TEM) analysis,
which showed caveolae to be enriched at the surface of endothelial cells, and in addition
demonstrated a fusion deficit indicated by connections of multiple vesicles. (Fig. 2F). To
explore the consequences of FOXF2 deficiency on endothelial transport, we treated KO and
WT human endothelial cells FM1-43FX. FOXF2 deficient iECs exhibited a higher density of
FM1-43FX positive vesicles compared to WT iECs, suggesting an increased level of endocytic
uptake upon FOXF2 deletion (Fig. 2G).

Endothelial FOXF2 deletion leads to tight junction deficits and leaky BBB

Endothelial Foxf2 inactivation led to downregulation of Tjp1 in isolated mouse brain
microvessels in vivo. Moreover, TEM analysis revealed deficits along the junction area with
elongated junctional protrusions or transient openings between the junctional membrane
surfaces (Fig. 2H). These results are in line with the downregulation of Tjp1, Cldn5 and Ocln
at protein level in isolated brain endothelial cells (BEC) (Supp. Fig. 6B) (Todorov-Volgy &

Gonzalez-Gallego, in preparation). mMRNA expression in full tissue further showed a trend of



decreased Tjp1 and Cldn5, and a significant downregulation of OcIn (Supp. Fig. 6C).
Interestingly, we found similar downregulation of these genes at mRNA level during healthy
aging (Supp Fig. 6D). To assess whether the downregulation of tight junction protein
abundance correlates with BBB leakage, we stained for albumin extravasation in the brain
parenchyma and found significant upregulation of albumin positive regions in Foxf2 deficient
compared to age-matched WT mice (Fig. 3G). Correlative light and electron microscopy
(CLEM) examination of brain regions with focal albumin leakage revealed an extravasation of
red blood cells in albumin-positive regions suggestive of micro-hemorrhages (Todorov-Voélgy

& Gonzalez-Gallego, in preparation).

When looking at the human iPSC model, similar phenocopy was seen: TJP1 was
downregulated after FOXF2 deletion, and correlative TEM showed similar deficits in junction
formation (Fig. 2I). At mRNA level, FOXF2-deficient iECs showed a trend of decreased TJP1
and a significant downregulation of CLDNS and OCLN junction proteins, suggesting an effect
on cell junction proteins at the transcriptional level (Fig. 3H). To explore whether the structural
deficits also resulted in functional abnormalities in vitro, we measured transendothelial
electrical resistance (TEER) of seeded endothelial cells and found that FOXF2 deficient iECs

showed a significant decrease in TEER compared to WT cells (Fig. 2J).

Taken together, disease features caused by endothelial FOXF2 deficiency in the 3D BBB in
vitro model phenocopy those seen in vivo in EC-specific Foxf2 deficient mice. These findings
validate the relevance of our iPSC-derived in vitro model to study disease-associated
phenotypes and BBB biology. They further suggest a cell-autonomous effect of FOXF2 in
human and mouse endothelial cells and identify the gene as a key player in the maintenance

of brain endothelial function.

Endothelial and pericyte FOXF2 deficiency dysregulate endocytosis and cell junction pathways

and increase vascular leakage

To explore the cell specific molecular pathways mediated by FOXF2 we applied LC-MS/MS-
based proteomics on human endothelial cells and pericytes differentiated from iPSCs (Fig.
3A). Proteomic analysis of endothelial cells captured a total of 8085 proteins identified with =
2 unique peptides. Among them, 7796 proteins were quantified in = 2 samples and 1010 were
significantly altered between iEC WT and FOXF2-KO. Out of these, 611 and 399 were up- and
downregulated, respectively (t-test, p-value <0,05). (Fig. 3B) Enrichment analysis of
significantly altered proteins revealed endocytosis, focal adhesion, and tight junction to be
among the most affected biological processes and subcellular localizations (Fig. 3D).
Proteomic analysis of pericytes captured a total of 7059 proteins identified with = 2 unique
peptides. Out of those, 6298 proteins were quantified in = 2 samples and 1476 were

significantly dysregulated between WT and FOXF2-KO pericytes. From the altered proteins,



1108 and 370 proteins were up- and downregulated, respectively (t-test, p-value <0,05) (Fig.
3C). As for endothelial cells, endocytosis, focal adhesion, and tight junction were among the
most affected GO terms, suggesting the importance of pericytes in the regulation of these
pathways (Fig. 3E). Endocytosis and cell adhesion are highly regulated biological processes
in both endothelial cells and pericytes and involved in the establishment and maintenance of
BBB integrity. Focusing on endocytosis and cell adhesion proteins, we found ITGA4, LDL,
VLDR, CLTCL and CAV1 to be among the top30 upregulated endocytosis proteins while
ITGA8, STAB2, LAMB2, CLDN5 and ITGA1 were among the top30 downregulated cell
adhesion proteins in human FOXF2 deficient ECs (Fig. 3F). Complementing these data, we
further found CLDN5, ZO1, and OCLN to be downregulated at mRNA level (Fig. 3G). In FOXF2
deficient human pericytes we found the matrix metalloproteinase MMP15 and the adhesion
molecule ICAM1 to be upregulated at both protein and mRNA level (Fig. 3G). To investigate
whether cell specific FOXF2 deficiency affects BBB integrity in vivo we analysed endothelial-
specific conditional Foxf2 deficient mice (Fig. 2A). Using intraperitoneal Evans blue injection
and confocal microscopy we found a significantly higher number of brain regions with focal

albumin leakage (Fig. 3H).
Endothelial and pericyte FOXF2 deficiency compromise vascular remodeling

To further explore the effect of cell-specific Foxf2 deficiency on vessel morphology, we next
obtained detailed metrics on the entire brain vasculature in mice using light-sheet microscopy
and a recently developed Vessel Segmentation and Analysis Pipeline (VesSAP) (Todorov et
al. 2020).We found 20 anatomical regions with significantly reduced microvessel density in
EC-KO mice vs. WT, suggesting a role of Foxf2 in brain vessel remodeling in adulthood (Fig.
3I). In contrast, pericyte-specific Foxf2 deficient mice showed no significant alterations in

vascular metrics (data not shown).

Next, we used comparative proteomic analysis of FOXF2 deficient human ECs and PCs, as
well as isolated mouse brain microvessels with EC or PC-specific Foxf2 deficiency. Focusing
on biological processes related to vessel remodeling we found a significant overrepresentation
of cell motility, cell migration, cell division and angiogenesis among the significantly
downregulated processes, suggesting a compromise of these pathways upon endothelial or
pericyte specific Foxf2 deficiency (Fig. 3J). We therefore examined the consequences of
FOXF2 deficiency on cell proliferation and indeed found FOXF2 deficiency to reduce the
proliferation rate of human iPSC-derived ECs (Fig 3K). Accordingly, mRNA expression levels
of SRC and NRLP1/2 proliferation markers were downregulated (Fig. 3L). Focusing on the top
30 downregulated proteins related to cell migration biological processes we further found
LAMB, NOS3, SRC, KDR, ADAM17 to be dysregulated (Fig. 30). In pericytes we found an
upregulation of the proliferation rate upon FOXF2 deletion (Fig. 3M). Accordingly, mRNA
expression levels of key pericyte proliferative markers PDGFRB, BMP4 and MAPK1 were



upregulated (Fig. 3N). Focusing on the top 30 upregulated proteins related to cell proliferation
biological processes we found PDGFRB, MAPK1 and COPS2 to be dysregulated in FOXF2
deficient pericytes (Fig. 30).

Taken together, FOXF2 deficiency in endothelial cells and pericytes dysregulates proteins
involved in tight junction formation, endocytosis regulation and matrix degradation, which could
lead to vascular leakage. Endothelial FOXF2 deficiency compromises vessel remodeling and
dysregulates proteins involved in cell migration and proliferation. Furthermore, FOXF2 deletion
in pericytes induces pathways involved in pericyte proliferation, which could add to the loss of

vessel stability and integrity (Fig. 3P).
Delivery of FOXF2 mRNA via LNP restores barrier function in the 3D BBB model

As BECs are a major player of NVU function under physiological conditions and malfunction
in disease, there is great interest in establishing and optimizing access to BECs for the delivery
of therapeutics. Lipid nanoparticles (LNPs) carrying mRNA have recently emerged as a
therapeutic agent to treat infectious disease and cancer (Hou et al. 2021). Since ECs form the
innermost layer of the vasculature, they may be accessible for LNP-based therapeutic
modulation. Recent work has demonstrated LNP modifications with optimized selectivity for
ECs (Paunovska et al. 2018; Liu et al. 2023). To assess the applicability of our human BBB
model for therapeutic modulation we treated the FOXF2 deficient BBB model with LNPs
containing mouse Foxf2 mRNA. We reasoned that following LNP uptake via endocytosis and
endosomal escape, therapeutically delivered mRNA would be translated into protein and
restore FOXF2 expression (Fig. 4A). We found that WT and FOXF2 deficient endothelial cells
upregulate mRNA levels of mouse Foxf2 upon LNP treatment, demonstrating that Foxf2 can
be successfully delivered into these cells (Fig. 4B). LNP-treated FOXF2 deficient cells
downregulated CAV1 and upregulated TJP1 protein levels, similar to the WT condition (Fig.
4C). Also, FOXF2 overexpression via LNPs reduced the endocytic uptake of the FM1-43FX
compound, in WT and KO cultures, rescuing the phenotype observed with FOXF2 deficiency
(Fig. 4D). Interestingly, mRNA levels of CAV1 were upregulated in FOXF2-KO cells and
restored upon mFoxf2 LNP delivery (Fig. 4E). An opposite pattern was seen for TJP1 and
CLDNS5 again confirming that LNP-mediated delivery of Foxf2 rescues the phenotype induced
by FOXF2 deficiency (Fig. 4F).

Taken together, this demonstrates the applicability of the 3D BBB model to test interventions

of therapeutic agents modulating the endothelium.



Discussion

In this study we developed a novel fully human iPSC derived in vitro BBB model composed of
endothelial cells, mural cells and astrocytes that can be used for studying neurovascular
disorders in an isogenic manner. One of the novelties of our study is the usage of only iPSC-
derived cells which have been thoroughly characterized by relative RNA expression and
proteomics. During the past years several iPSC differentiation protocols for the generation of
NVU cell types have been developed but improvements in protocol standardization and
validation are still required to better define the cell identity of the generated cells (Delsing et al.
2020). Difficulties in generating and characterizing ECs phenocopying brain microvascular
endothelial cell characteristics have led to the usage of misidentified epithelial cells for BBB
modelling (Lippmann et al. 2012; Lu et al. 2021). To avoid these issues, we characterized our
iPSC-derived iEC, iPE, iSMC and iAS proteomics. Unsupervised PCA analysis revealed
distinct population of undifferentiated iPSCs and somatic cells. Furthermore, iEC clustered in
closer proximity to primary brain ECs rather than to HUVECs and did not express any of the
most common epithelial markers, suggesting that their identity resembles brain endothelium
more than other endothelia or epithelia. Additionally, when comparing iPSCs to iEC we could
see an upregulation of key brain endothelial processes such as angiogenesis, endothelial cell
migration, receptor-mediated endocytosis or cell adhesion. Similarly, iAS also clustered closer
to primary astrocytes and were distinct from mesoderm derived cells, indicating their
neuroectodermal origin and glial identity. Interestingly, mural cells clustered more by iPSC vs.
brain origin than cell identity. Defining mural cell identities and distinguishing between pericytes
and smooth muscle cells has been difficult because of their heterogeneous distribution along
the vascular tree (Hartmann et al. 2015; Kisler et al. 2017) and the lack of specific markers
defining the different mural cell types (Armulik, Genové, and Betsholtz 2011; Obermeier,
Daneman, and Ransohoff 2013). Furthermore, their developmental origin is also still poorly
understood. While early studies suggested that mural cells are derived from the mesoderm
(Drake, Hungerford, and Little 1998) recent studies using lineage-tracing and quail-chick
chimeras revealed that mural cells in the forebrain are, at least to some degree, derived from
the ectodermal neural crest (Etchevers et al. 2001; Korn, Christ, and Kurz 2002; Armulik,
Genové, and Betsholtz 2011). Moreover, a recent study have shown that some hematopoietic
lineages can give raise to brain pericytes (Yamazaki et al. 2017), illustrating the heterogeneity
in the cell type origin and opening the possibility to two types of populations: neural crest and
mesoderm derived pericytes. During our PCA analysis pPE are closer in proximity to pAS than
pSMC, possibly indicating neural crest origin of the primary pericytes we used for comparison.
Nevertheless, both iISMC and iPE do not cluster well with their primary counterparts, which
could be due to a high overlap on expression markers early during development that becomes

more specific during adulthood since pPE and pSMC generate two distinct populations.



Despite the lack of mural cell-specific markers, usually pericytes have been defined as a
combination of PDGFRb, ANPEP, MCAM and CSPG4 while smooth muscle cells as a
combination of PDGFRb, MCAM, DES, ACTA2, ANPEP and CSPG4. Smooth muscle cells
express higher levels of MCAM, CSPG4 and ACTA2 and pericytes express low levels of DES
and ACTAZ2, helping the distinction of both cell types (Armulik, Genové, and Betsholtz 2011;
Smyth et al. 2018). When checking for those specific markers in our iPE and iSMC we could
not only that they were all express but that MCAM, CSPG4 and ACTA2 are upregulated in
iISMC while DES is downregulated in iPE, suggesting successful differentiation of distinct
pericyte and smooth muscle cell populations. With our proteomics characterization of iEC, iPE,
iISMC and iAS we not only provide insights into efficiency of differentiation protocols and cell
lineage but also illustrate the importance of proper cell type characterization before generating
in vitro disease models. To make these data accessible as a resource for the field, we are
currently establishing a publicly available and searchable database of protein expression in
iPSC-derived cells and primary cells, which provides marker expression patterns of all BBB
cell types and can help to identify cell-specific markers for future studies. The database will be

available in a few weeks.

We further established a fully human in vitro 3D BBB model by co-culturing iPSC-derived
endothelial cells, mural cells, and astrocytes in microfluidic chips. Previous reports indicated
that such 3D cultures based on a fibrin gel promote self-assembly of endothelial cells into
microvascular networks without the addition of a complex ECM (Campisi et al. 2018; Belair et
al. 2015; Vila Cuenca et al. 2021). Indeed, our iEC self-organized into vessel-like structures
with perfusable lumens and secreted ECM proteins. Furthermore, they recapitulate key BBB
features such as typical vessel topology, cell-cell interactions and coordinated calcium waves.
Most previous models were generated by combining human iPSC-derived cells with primary
cells (Campisi et al. 2018; Orlova et al. 2022), which complicates study of neurovascular
disorders as the non-isogenic cells have different genetic backgrounds. The few available fully
iPSC-derived models only include subsets of NVU cells like endothelial cells and pericytes
(Jamieson et al. 2019) or endothelial cells and neural cells (Vatine et al. 2019). To our
knowledge, our model is the first fully human iPSC-derived 3D in vitro model of the BBB, which
allows studying genetic neurovascular disorders in an isogenic manner. Modelling of the BBB
in 3D is essential to better recapitulate in vivo conditions, including 3D conformation, cell-cell
interactions and shear stress (Aday et al. 2016; Oddo et al. 2019; Delsing et al. 2020). But
even though our model recapitulates 3D conformation and cell-cell interaction, media still flows
by gravity instead of using a fully controlled circular flow, which generates smaller shear stress.
While this needs to be further improved in future studies, it already provides a better alternative

than 2D models and allows the maintenance of the vascular network.



To demonstrate that our model can be used to study neurovascular disorders we investigated
loss of FOXF2, a known risk gene for SVD (Chauhan et al. 2016; Malik et al. 2018). FOXF2 is
mainly expressed in endothelial cells and pericytes in mouse and human brain (Vanlandewijck
et al. 2018; Kalucka et al. 2020; Yang et al. 2021) and is an essential brain-endothelial cell
specific transcription factor (Hupe et al. 2017) which promotes vessel development (He et al.
2020). To explore the cell-autonomous effect of FOXF2 on BBB cell types we generated
FOXF2 deficient human iECs and iPEs differentiated from genome edited iPSCs. To validate
the phenotypes of our newly developed FOXF2-KO human in vitro models, we also established
endothelial or pericyte specific Foxf2 deficient mouse lines and performed correlative in vitro —
in vivo experiments. Similar to the previously published global Foxf2-KO mice, endothelial cell
specific Foxf2 deficiency induced endothelial thickening, increased caveolae density and
elongated tight junction protrusions in the brain capillaries of the adult mice, suggesting the
importance of endothelial Foxf2 in the maintenance of BBB integrity. Moreover, our newly
developed in vitro model phenocopied most central phenotypes found in mouse, including
caveolae upregulation, downregulation of TJP1 and malformation of tight junctions upon loss
of FOXF2. Additionally, our in vitro model allowed us to perform several functional assays
difficult to assess in vivo, such as endocytic uptake or TEER. In line with our previous results,
FOXF2-KO EC cultures presented with an increased endocytic uptake and decreased TEER,
suggesting an involvement of endothelial FOXF2 in regulating vesicle mediated transport and
cell junction integrity. Collectively, these findings provide not only proof that in vitro models can
be used to study relevant disease phenotypes but also show a clear alignment between mouse

and human FOXF2 deficiency.

To further understand the cell-autonomous effect of FOXF2 in endothelial cells and pericytes
we applied proteomics to our differentiated FOXF2 deficient human cells and isolated mouse
brain microvessels. Enrichment analysis of significantly dysregulated proteins revealed
endocytosis, cell adhesion, matrix degradation and proliferation among the most affected
biological processes in FOXF2 deficient vasculature. To tightly control the CNS environment,
BECs present with an extremely low rates of transcytosis and high expression of tight junction
proteins between adjacent cells. (Abbott, Ronnback, and Hansson 2006; Zlokovic 2008).
Among the endocytosis proteins upregulated in FOXF2 deficient human ECs we found several
involved in caveolae formation, such as CAV1 and EHD2. This is in line with other genetic
models, where increased caveolin-mediated transport has been linked to BBB leakage
(Andreone et al. 2017). Moreover, several members of the clathrin-coated vesicles such as
CLTCL1, STON1, HIP1R, HEATRS5B, TNK2 were likewise upregulated in our FOXF2 deficient
ECs. In addition, proteins known to be involved in the intracellular protein transport, specifically
in the Golgi vesicle transport system, like COG1, COG2, COG3, COG7, WDR11 and RAB43

were upregulated. This general upregulation of proteins related with endocytosis may



contribute to the upregulation in endocytic uptake that FOXF2-KO -cultures exhibit in
comparison to WT. In addition, several proteins involved in cell adhesion were also
downregulated. Proteins involved in formation of tight junction complexes such as TJP1,
CLDN5, RAP2B and F11R were downregulated. These results are in line with previously
published data in hypoxia induced brain injury, which has shown to develop leaky BBB with
decreased expression and reorganization of the main tight junctions, including CLDNS, TJP1
and OCCLN (Abdullahi, Tripathi, and Ronaldson 2018). Moreover, several neurological
disorders presenting with BBB breakdown have been associated with reduced levels of TJP1
levels (Zlokovic 2011). Furthermore, in our FOXF2-KO endothelial cells we found a
downregulation of several proteins involved in cell-cell junction such as STAB1, FLRT1,
FLOT2, NRP1, TM9SF4, EPHB4, PTPRD, PPP1CA, ADAM17, CEACAM1, ARHGEF6 and
TLN1. Interestingly, proteins involved in the cell-matrix adhesion like ITGA1, ITGAS8, ITGA9,
LAMB2, LRP5, CD63 CORO1A and LYVE1 as well as proteins involved in the cytoskeleton
reorganization like MYH10, CORO1A, CORO2B, SDCBP, CARMIL1, F11R and TLN1 were
also downregulated, suggesting a cell structure reorganization upon FOXF2 deletion.
Altogether, dysregulation of proteins involved in endocytosis, cell adhesion and cytoskeleton
reorganization in vitro are in line with the reduced TEER in FOXF2 deficient human ECs and
with the in vivo vascular leakage phenotype in endothelial-cell specific Foxf2 deficient mice. In
addition, several proteins involved in the regulation of angiogenesis and cell migration such as
NRP2, ADGFRA2, STAB2, STAB1, CARMIL1, ADAM17 and CECAM1 as well as proteins
involved in vessel sprouting like NOS3, KDR, PP1CA, NRP1 and EPHB4 were also
downregulated in the FOXF2 deficient iECs. These data are consistent with the reduced
microvessel density in endothelial Foxf2 deficient mice, suggesting an involvement of Foxf2 in
brain vessel remodeling during adult phase. FOXF2 deficiency further induced a reduction in
human endothelial cell proliferation, suggesting the involvement of FOXF2 in endothelial cell
sprouting. In contrast with endothelial cells, FOXF2 deficient pericytes had increased
proliferation rates and no change in microvessel density in adult mice. This could be explained
by the increase of proteins related to cell proliferation such as PDGFRB, CXADR, KANK1,
LIG4, PDGFRB, CPS2, IL9, GPC3 and PHB2 or cell division like CCND1, NBM, MTA3, RUNX2
and MAPK1. Furthermore, these data are in line with previously published data, where global
inactivation of Foxf2 induced increased number of pericytes and proliferation rate during
embryonic development (Reyahi et al. 2015). It is known that PDGFRB in pericytes promotes
BBB formation and stabilization (Daneman et al. 2010; Armulik et al. 2010). Moreover,
PDGFRB signaling increases pericyte vessel coverage, vessel stability and promotes
proliferation and migration (Xiang et al. 2019; Smyth et al. 2018). Therefore, the increased
PDGFRB expression in our FOXF2 deficient iPEs might contribute to the increases

proliferation rate, causing vascular destabilization and leakage.



Lastly, to further explore the applicability of the BBB model for therapeutics screening we
developed a rescue paradigm using LNPs. In the past years, LNPs have been used to treat
cancer and infectious diseases (Hou et al. 2021) and recently optimized for specific endothelial
selectivity (Paunovska et al. 2018; Liu et al. 2023). In order to see if we can target our
endothelial cells, we treated FOXF2-KO cultures with LNPs containing mouse Foxf2 mRNA.
Upon LNP uptake, Foxf2 overexpression restored the levels of CAV1 and TJP1, which were
significantly up- and downregulated respectively, not only at protein but also RNA level.
Moreover, Foxf2 overexpression also reduced RNA levels of CLDN5, which is consistent with
other studies (Roudnicky et al. 2020). Furthermore, LNP treatment also reduced the endocytic
uptake of FOXF2-KO cultures and WT cultures, suggesting a direct involvement of FOXF2 in
an endocytic uptake increase. These data demonstrates that a 3D BBB model can be used for

testing interventions targeting the endothelium and screening therapeutics.

As a limitation, our 3D BBB model could be improved by adding physiological flow which would
induce shear stress in the vessels. It is known that shear stress has an impact on endothelial
BBB phenotype since it reduces apoptotic pathways (Dimmeler et al. 1996), increases
membrane transporters and tight junctions such as TJP1 and OCLN and further reduces
permeability (Chistiakov, Orekhov, and Bobryshev 2017; Cucullo et al. 2011). Second, the
usage of microfluidic chips does not allow the measurement of TEER and therefore, BBB
permeability must be measured by more sophisticated methods such as tracer imaging in the
future. Third, due to the small size of the commercially available microfluidic devices
proteomics and transcriptomics studies are limited by the cellular material present in the small
devices. Scaling up device size and culture numbers would be possible, but would require
custom-made generation following previously published protocols (Hajal et al. 2022). Finally,
further incorporation of other cell types such as microglia, neurons and monocytes could be

important to study the complexity of the whole NVU and inflammatory responses.

In summary, we developed a human in vitro BBB model enabling the study of genetic vascular
diseases, as we exemplified by the phenocopy of FOXF2 deficiency induced phenotypes
between mice and our human in vitro system. Furthermore, we provide insights into the
regulatory role of FOXF2 in different vasculature cell types and how it might be implicated in
the regulation of vessel integrity and remodeling. Our findings further imply a cell autonomous

role of FOXF2 in human endothelial cells and pericytes which is crucial for BBB maintenance.



Materials and methods

iPSC culture

All iPSCs experiments were performed according to all relevant local guidelines and
regulations. All work was done with the commercially available female iPSC line A18944
(ThermoFisher, Cat# A18945). iPSCs were maintained on vitronectin-coated (ThermoFisher
Cat#A14700) culture plates and Essential 8 Flex Medium (E8F) (ThermoFisher
Cat#A2858501) at 37°C with 5% CO. until reached 80% confluency. Cells were routinely
passaged using PBS with 500nM EDTA (ThermoFisher, Cat# 15575020) for 5min and plated
again in E8F.

CRISPR/Cas9 gene editing

CRISPR/Cas9 editing was performed as described previously (Paquet et al. 2016; Kwart et al.
2017), with modifications for RNP-based DNA cleavage (Skarnes, Pellegrino, and McDonough
2019). Briefly, cells were dissociated in preparation for electroporation using Accutase
(ThermoFisher, Cat# A1110501), plated in Geltrex-coated (ThermoFisher Cat# A1413302)
culture plates in StemFlex (ThermoFisher Cat# A3349401) with 10uM ROCK inhibitor
(Selleckchem Cat# S1049) at a density of 150k cells/cm? and cultured for 2 days. To prepare
the RNP complex, 60pmol sgRNA targeting FOXF2 (ttcttccgcggcgcectaccaggg, ordered from
Synthego) was mixed with 30pmol of high-fidelity Cas9 mutant (IDT, Cat#1081060) and
incubated at room temperature (RT) for 10-20min. After Accutase dissociation, 200k cells were
resuspended in 20uL of P3 Primary Cell Nucleofector Solution (Lonza, Cat# V4XP-3032) and
gently mixed with the incubated RNP complex. The mixture was transferred into one well of a
nucleocuvette strip (Lonza, Cat# V4XP-3032) and cells were electroporated in a
4DNucleofactor X Unit (Lonza, Cat# AAF-1002X) using program CA137. After electroporation,
cells were plated in one 12w Geltrex-coated culture plate with StemFlex supplemented with
1X RevitaCell (ThermoFisher, Cat# A2644501) and grown for 2-4 days. Cells were then plated
at low density and single-cell clone colonies were picked, analyzed by restriction fragment
length polymorphism (RFLP) using the enzyme BstNI (NEB, Cat#¥R0168S) and sanger
sequencing as previously described (Kwart et al. 2017). The knockout was confirmed on RNA
level using real time qPCR analysis. For quality controls, pluripotency was confirmed via
immunocytochemistry using OCT4, NANOG, SSEA4 and TRA16 and chromosomal integrity
was validated by molecular karyotyping (LIFE & BRAIN GmbH). Off-target analysis was

performed by Sanger sequencing the top five most likely loci based on MIT and CFD scores

predicted from CRISPOR (http://crispor.tefor.net/) design tool (Concordet and Haeussler
2018). On-target effects such as loss-of-heterozygosity was also performed using nearby SNP
sequencing as previously described (Weisheit et al. 2020).

iPSC somatic cell differentiation

Endothelial cells (EC)


http://crispor.tefor.net/

iPSCs were seeded onto Geltrex-coated culture plates at a density of 200k cells/cm? in Stem
Flex (SF) medium with 10uM ROCK inhibitor for 24h. Medium was replenished every 24h for
the following 5 days. On day 1-2 cells were feed with Mesoderm Induction Media (StemCell,
Cat# 05220) followed by APEL2 media (StemCell, Cat# 05270) with 200ng/mL VEGF
(Peprotech, Cat# 100-20) and 2 uM Forskolin (Peprotech, Cat# 6652995) on days 3-4. On day
5, endothelial cells were selected by CDH5 Magnetic Activated Cell Sorting (MACS). After
Accutase dissociation, cells were incubated with CDH5 Microbeads (Milteny Biotec, Cat# 130-
097-867) for 15min at 4°C. CDH5+ fraction was obtained via MACS following manufacturer’s
instructions and plated onto Collagen IV-coated (Sigma Aldrich, Cat# C5533-5MG) culture
plates at a density of 200k cells/cm? in endothelial cell medium (PromoCell, Cat# C-22011)
supplemented with 50ng/mL VEGF (Peprotech, Cat# 100-20). Endothelial cells were grown
until reaching 80-90% confluency and passaged with Trypsin-EDTA (ThermoFisher, Cat#
25200056) in a ratio of 1:2-1:6 up to 5 passages.

Smooth muscle cells (SMCs)

iPSCs were seeded at a density of 200k cells/cm? onto Geltrex-coated culture plates with
StemFlex medium with 10pM ROCK inhibitor. Differentiation was started 24h after seeding by
switching medium to Mesoderm Induction Media. Medium was replenished every 24h for 3
consecutive days. On day 4, medium was switched to APEL2 medium supplemented with
50ng/mL VEGF and 25ng/mL BMP4 (Peprotech, Cat# AF 120-05ET) and replenish every
second day. On day8, cells were split in a ratio 1:4-1:6 onto Collagen 1V-coated culture plates
with smooth muscle cell Medium (Promocell, Cat#C-22062) with 10ng/mL PDGFBB
(Peprotech, Cat#100-14B) and 2ng/mL TGFB1 (Peprotech, Cat# AF-100-21C). Cells were
passaged upon confluency using Trypsin-EDTA in a ratio of 1:2-1:8 up to 5 passages.
Pericytes

iPSC-derived pericytes were generated as previously described (Orlova et al. 2014) with some
modifications. Days 1 to 5 of the differentiation are identical to the endothelial cell protocol
above. After the CDH5 cell selection via MACS the negative fraction, CHD5-, was plated onto
Gelatin-coated (Merck Millipore, Cat# ES-006-B) culture plates with endothelial cell medium at
a density of 200k cells/cm?. At 90% confluency, cells were split onto Gelatin-coated culture
plates with DMEM/Glutamax (ThermoFisher, Cat# 10566016) supplemented with 10% FBS
(Biowest, Cat#S1860), 2ng/mL TGFB3 (Peprotech, Cat# 100-36E) and 4ng/mL PDGFBB
(Peprotech, Cat#100-14B) in a ratio 1:1-1:2 using TrypLE (ThermoFisher, Cat# 12604013).
Media was changed after 3 days to DMEM-10%FBS without growth factors.

Astrocytes

iPSC-derived astrocytes were generated as previously described (Perriot et al. 2018) with
some modifications. iPSCs were split into single cells using accutase and seeded onto geltrex-

coated plates at a density of 0,3M cells/cm2 in neural induction media (NI) with 1000M ROCK



inhibitor (RI). NI is composed by neural maintenance media (NM) supplemented with 10mM
SB-431543 (Selleckchem, Cat#S1067) and 2,5mM LDN-193189 (Selleckchem, Cat#S2617).
NM is composed by 0,5X Neurobasal media (ThermoFisher, Cat#211003-049), 0,5X
DMEM/F12 (ThermoFisher, Cat#11320-074) supplemented with 100U/mL Penicillin-
streptomycin (ThermoFisher, Cat#12140-122), 0,5X B27 supplement with vitamin A
(ThermoFisher, Cat#17504044), 2mM GlutaMAX (ThermoFisher, Cat#35050), 1X NEAA
(ThermoFisher, Cat#11140-050), 0,5X N-2 supplement (ThermoFisher, Cat#17502048), 1,5
Tg/mL Insulin (Sigma-Aldrich, Cat#10515) and 0,05 mM 2-Mercapto-ethanol (ThermoFisher,
Cat#21985-023). NI media was replenishing every 24h until DIV7. On DIV7, cells were split
onto pOL-coated plates. pOL-coated plates were generated by coating first with poly-L-
ornithine (Sigma-Aldrich, Cat#P4957, diluted 1:100 in ddH2O) for 4h followed by laminin
(ThermoFisher, Cat#23017015, diluted 1:100 in PBS) overnight at RT. Before cell dissociated,
laminin coated solution was aspirated and plates were dry in a laminar flow hood for at least
30min. Cells were dissociated with accutase and resuspended with NI+RI at a density of 30M
cells/mL. From the cell suspension, 250uL were slowly added onto the pOL coated plate slowly
to form a spot. Spots were incubated 1h at RT to let the cells attach and then feed with NI+RI.
Cells were feed regularly with NI until DIV10, where media was changed to NM supplemented
with 20ng/mL bFGF (StemCell technologies, Cat#78003.2) for until DIV12. Cells were further
cultured with NM until first neural rosettes formed, around DIV14-15. On DIV15, media was
changed to glial precursor expansion media (GEM), composed by DMEM/F12 supplemented
with 1x GlutaMAX, 1x N-2 supplement, 1X B27 supplement, 10ng/mL FGF-2 and 10g/mL EGF
(Peprotech, Cat#100-15-100). Media was exchanged every day until DIV17. Rosettes were
split using Neural Rosette Selection agent (NRSR, StemCell technologies, Cat#5831). Cells
were incubated with NRSR for 60-90min at 37°C and rosettes from the center of the spot were
manually isolated. After brief centrifugation, cells were resuspended in GEM and plated onto
pOL-coated plates. When cells reached confluency, they were further split using accutase at
a density of 1M cells/mL onto GT-coated plates with GEM. Media was replenish every day and
wells were further split using accutase and GEM when confluent. On DIV24 media was
changed to astrocyte induction media (AIM), composed by DMEM/F12 supplemented with 1x
Penicillin-streptomycin, 1x GlutaMAX, 1x N-supplement, 1x B27 supplement without vitamin
A, 10ng/mL EGF and 10ng/mL LIF (Peprotech, Cat#300-05-26). When cells were confluent,
they were subsequently split using accutase and plated at a density of 0,5M cells/mL onto GT-
coated plates. On DIV38, media was changed to astrocyte media (AM) with 50ug/mL CNTF.
AM contains DMEM/F12 supplemented with 1x Penicillin-streptomycin, 1x B27 supplement,
1x GlutaMax and 50ug/mL CNTF (Peprotech, Cat#450-13-20). Cells were feed with AM+CNTF
for 28more days, then media on DIV66 media was changed to AM.



Transendothelial electrical resistance (TEER) assay

Transendothelial electrical resistance (TEER) was measured with a Nanoanalytics CellZscope
system. For coculture, mural cells and astrocytes were split onto the basal side of Collagen IV-
coated transwells (Corning, Cat#353095) on day 1and incubated at 37°C, 5% CO- overnight.
On day 2, endothelial cells were split onto the apical side of collagen IV-coated transwells and
the cultures were mounted in the CellZcope system placed at 37°C and 5% CO,. For
monoculture, endothelial cells were split directly onto the apical side of the transwells. Cells
were cultured with endothelial cell serum free medium supplemented with 50ng/mL of VEGF.
Once cells became confluent VEGF was removed. TEER was measured for 3-4 days after
VEGF removal.

Generation of microfluidic 3D in vitro BBB model

iPSC derived endothelial cells, pericytes, smooth muscle cells and astrocytes were used
between passages 1 and 4. The 3D BBB model was generated using microfluidic chips (AIM
Biotech, Cat# DAX-1) following principles described by (Campisi et al. 2018). Cells were
detached following their respective protocols and resuspended in endothelial cell medium
containing 9U/mL thrombin (Sigma Aldrich, Cat# F8630). The following cell ratios were used:
1.2M/mL endothelial cells, 0.5M/mL astrocytes and 0.1M/mL pericytes or smooth muscle cells.
Cell suspension was mixed in a 1:1 ratio with a 6mg/mL fibrinogen solution in PBS (Sigma
Aldrich, Cat# F8630) and immediately injected into the gel filling ports. Microfluidic devices
were placed in a humidified chamber and polymerized at room temperature for 15min. After
gel polymerization, cultures were feed with VASC-media composed by 2/3 endothelial cell
medium (PromoCell, Cat# C-22011), 1/3 AM media supplemented with 50ng/mL VEGF
(Peprotech, Cat# 100-20) for the first four days, then VEGF was removed. On day 2, media
channels were coated with an endothelial cell monolayer by seeding the cells at a
concentration of 1.5M/mL. Gravity-driven flow was induced by feeding 70uL onto the right
media port and 50uL onto the left port. Cultures were feed daily, incubated at 37°C, 5% CO:
and used between day 3 and 6.

Dextran assay in 3D model

To assess endothelial cell junction formation and 3D BBB model permeability, a mixture of 10-
KDa (Inivtrogen, Cat# D1976) and 40-kDa dextran (Invitrogen, Cat# D1845) as fluorescent
tracers was diluted in endothelial cell medium (PromoCell, Cat# C-22011) and filled into the
media ports under a confocal microscope as previously described (Campisi et al. 2018). In
brief, after 5 days of culture, microfluidic devices were placed into an environmental
conditioning chamber set to 37°C, 5% CO2 mounted on a confocal microscope. Culture
medium was carefully aspirated only from one media port, imaging was started, and dextran
solution was injected into the media port. Confocal images were acquired every 3 min for 27

times to create and entire 3D maximum projection of the microfluidic device.



Calcium imaging in 3D model

Cells were treated with Fluo-4 (ThermoFisher, Cat# F14201) for 30min at 37°C. After calcium
addition into the media, calcium transients were measured in a fluorescent microscope.
FM1-43FX treatment in 3D model

Cells were incubated with 5Cg/mL with FM1-43FX (ThermoFisher, Cat#F35355) diluted in
ddH20 for 15min at 37°C. After incubation cells were washed with PBS and fixed with 4% PFA
for further analysis.

LNP treatment in vitro

Lipid Nanoparticles (LNPs) were obtained from ISAR Bioscience GmbH. LNPs were diluted in
endothelial cell medium (PromoCell, Cat# C-22011) 1:1000 and added onto the cells. Cells
were fixed after 24-48h with 4% PFA for further analysis.

Proliferation assay in 2D

Cells were seeded at a density of 30k/w in a 12-well plate with cultured media: endothelial cell
media or pericyte media and measured in Incucyte from Sartorius for up to 48h.

Animal work

Brain specimens were obtained from Foxf2fl/fl, CAGG-Cre (cKO), Foxf2fl/fl;Cdh5-Cre (EC-
cKO), Foxf2fl/fl; Pdgfrb-Cre (PE-cKO) and Foxf2wt/wt;-Cre (WT) mice at 6 months of age. All
tissues from the same study were harvested in parallel and during the same daytime. All
studies were conducted in a mix-gender mice group. Animal experiments were performed in
accordance with the German Animal Welfare Law and approved by the Government of Upper
Bavaria (Vet_02-18-21).

Induction of Foxf2 deletion in adult mice

To induce Foxf2 deletion, recombination of LoxP sites was induced by 100uL intraperitoneal
injections of 0,25mg/kg of tamoxifen (Sigma, Cat# T5648-5G) in mygliol (Caesar&Loretz, Cat#
1115805) on 3 alternate days. Control mice received the equivalent volume of mygliol.
Tissue harvesting

For all molecular studies mice were first deeply anesthetized using Ketamine (100mg/kg, i.p)
-xylazine (10mg/kg i.p). For BEC and vessel isolation, mice were transcardialy perfused with
ice-cold 20 mL 1X Hank’s Balanced Salt Solution (HBSS) and dissected. Following perfusion,
the brain was surgically removed from the skull and kept in HBSS at 4°C for BEC isolation and
immediately frozen on dry ice and stored at -80°C for vessel isolation. For
immunohistochemical analysis, anesthetized mice were transcardialy perfused with 1X HBBS
and fixed with 4% paraformaldehyde (PFA). The dissected brain samples were incubated
overnight in 4% PFA followed by vibratome sectioning. For electron microscopy, mice were
transcardially perfused in fixative (4% PFA and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4; Science Services). Following dissection, brains were post-fixed for

24h by immersion and immediately vibratome coronally sectioned. Brain slides were incubated



overnight in the same fixative and then stored in PBS at 4°C until the start of the post-
embedding.

Brain endothelial cell isolation (BECs)

Brain endothelial cells were isolated from whole brain as previously described (Todorov-Volgyi
& Gonzalez-Gallego, in revision). In brief, the full brain was enzymatically and mechanically
digested using a modified version of the Adult Brain Dissociation Kit (Miltenyi Biotec, Cat# 130-
107-677) followed by myelin removal using a 30% Percoll (GE Healthcare Cat# 17-5445-02)
gradient. BECs were enriched using CD31 magnetic beads (Miltenyi Biotec, Cat# 130-097-
418) via magnetic activated cell sorting (MACS). Residual MACS buffer was washed twice with
PBS and samples were subsequently precipitated for protein extraction.

Vessel isolation

Brain vessels were isolated from half forebrain as previously described (Monet-Leprétre et al.
2013; Zellner et al. 2018). In brief, tissue was homogenized using a glass tissue grinder
(Wheaton) in 15mL of cold Minimum Essential Medium (ThermoFisher, Cat# 11095080)
followed by myelin removal using a 15% Ficoll (Sigma-Aldrich, Cat# F4375-250G) gradient.
Isolated vessels were then pelleted and resuspended in PBS with 1% BSA (BSA Fraction V,
Sigma-Aldrich, Cat#10735096001), transferred onto a 40um cell strainer (Corning,
Cat#431750) and extensively washed with 250mL cold PBS. Isolated vessels were collected
by inverting the cell strainer and washing with cold PBS into a falcon followed by centrifugation
at 3000g for 5min.

Protein extraction

Isolated vessels

For proteomics analysis, isolated vessels were homogenized with a dounce tissue grinder
(Wehaton) followed by heating for 3min at 95°C in a buffer containing 100mM Tris-Hcl pH 7.6
(Roth, Cat# 9090.3), 4% SDS (Serva, Cat# 20765.03) and 100mM DTT (Sigma, Cat# 3483-
12-3). Samples were then sonicated (30s, amplitude 100%, duty cycle 50%) with a VialTweeter
sonicator (Hielscher) 5 times with intermediate cooling. Protein was obtained from
supernatants after centrifugation at 16000g for 15min at 4°C and kept at -20°C for further
analysis.

Isolated BECs

For proteomics analysis, protein was extracted from isolated BECs using RIPA buffer
containing 150 mM NaCl (Roth, Cat# 3957.1), 1 M Tris-HCI pH 7.5 (Roth, Cat# 9090.3), 1 %
NP40 (Sigma Alrich Cat# 74385), 0.5 % Deoxycholate (Roth, Cat# 3484.3), and 0.1 % SDS
(Serva, Cat# 20765.03) and protein inhibitors cocktail (Roche, Cat# 4693159001) as
previously described (Todorov-Vélgyi & Gonzalez-Gallego, in revision). In brief, cell pellets
were resuspended in 50uL RIPA buffer, and after incubation on ice and centrifugation at

18000g, 30min at 4°C, cell supernatants were kept at -80°C for further analysis.



iPSCs and iPSC-derived somatic cells

For Western blot analysis, protein was extracted from iPSC-derived cells using RIPA buffer
containing 150mM NaCl (Roth, Cat# 3957.1), 1M Tris-HCI pH 7.5 (Roth, Cat# 9090.3), 1%
NP40(Sigma Alrich Cat# 74385), 0.5 Deoxycholate (Roth, Cat# 3484.3), 0.1% SDS (Serva,
Cat# 20765.03) and protein inhibitor cocktail (Roche, Cat# 4693159001). Cell pellets were
resuspended in 100uL RIPA buffer and incubated on ice for 30min. Protein suspension was
obtained from the supernatant after centrifugation at 18000g, 30min at 4°C and kept at -20°C
for further analysis. For proteomics analysis, protein was lysed in a buffer containing 100 mM
Tris-Hcl pH 7.6 (Roth, Cat# 9090.3), 4 % SDS (Serva, Cat# 20765.03) and 100 mM DTT
(Sigma, Cat# 3483-12-3) by homogenization with a dounce tissue grinder (Wheaton) and
heating for 3min at 95°C. Samples were further sonicated (30sec, amplitude 100%, duty cycle
50%) 5 times with intermediate cooling using VialTweeter sonicator (Hielscher). Protein lysates
were centrifuged at 16.000g for 15min at 4°C for removing of undissolved material.
Supernatant was transferred to a new tube and stored at -20°C until further analysis.
Immunohistochemistry

IDs of primary and secondary antibodies and dilutions used during all experiments are
specified in Table 1.

Brain slices

Brain samples fixed by perfusion were embedded in 3% agarose for 100 um coronal vibratome
sectioning. After sectioning, samples were kept in PBS until the staining was started. Coronal
free-floating sections were first permeabilized and blocked with 3% BSA-Triton X100 solution
for 1h at room temperature (RT). Primary antibodies were diluted in the same blocking buffer
and incubated overnight at 4°C whereas secondary antibodies were diluted in PBS and
incubated at RT for 2h. After washing, DNA was stained using DAPI (Invitrogen Cat# D1306)
in a 1:2000 PBS solution for 5min at RT. Brain slices were mounted using Fluoromount medium
(Sigma-Aldrich, Cat# F4680-25ML).

Isolated vessels

After isolation, vessels were transferred immediately onto a microscope slide and dried at room
temperature (RT). Slices were kept at 4°C until staining started. Vessels were fixed using ice-
cold 100% acetone for 10min at -20°C. Prior to antibody incubation, vessels were blocked for
1h at RT using 1% BSA solution in PBS. Primary antibodies were diluted in the same blocking
buffer and incubated overnight at 4°C. Secondary antibodies were diluted in PBS and
incubated 1h at RT. After washing, DNA was stained using DAPI 1:2000 solution in PBS for
5min at RT. Isolated vessels were mounted using Fluoromount media.

iPSCs and iPSC-derived somatic cells

Prior to staining, iPSCs and iPSC-derived cells were seeded into coated coverslips

(Marienfeld, Cat#0107052) using their corresponding coating. When cells reached confluency,



they were fixed using 4% PFA for 15min at room temperature (RT). Cells were blocked using
1% BSA solution in PBS for 1h at RT prior to antibody incubation. Primary antibody was diluted
in the same blocking buffer and incubated at 4°C overnight. Secondary antibody was diluted
in PBS and incubated 2h at RT. After washing, DNA was stained using DAPI 1:2000 solution
in PBS for 5min at RT. Isolated vessels were mounted using Fluoromount media.

3D in vitro BBB model

Cells in the 3D microfluidic were fixed using 4% PFA for 15min at room temperature (RT) as
described for the feeding. Cells were permeabilized using 0,1% Triton X-100 (Company, Cat#
xx) in MiliQ H20 for 5min at RT. Next, cells were blocked using 1% BSA solution in PBS for
30min at RT prior to antibody incubation. Primary antibody was diluted in blocking buffer
whereas secondary antibody was diluted in PBS. Both antibodies were incubated overnight at
4°C. DNA was stained using DAPI 1:2000 solution in PBS for 5min at RT. Microfluidic
chambers were imaged immediately.

Microscopy analysis

Confocal microscopy and image analysis

Fluorescent images were acquired with either with a Zeiss confocal microscope LSM880 or
LSM980 using 10X, 40X, 64X objectives on ZEN black software. Images were further
processes and analyzed using Imaged software.

Electron microscopy
Transmission electron microscopy (TEM) of human cell culture

For the ultrastructural analysis of human cells in culture we positioned freshly plasma-coated
ACLAR® (plastic) films (Science Services) into the cell culture dish before seeding. 5%
glutaraldehyde (EM-grade, Science Services) in 0.2M cacodylate buffer pH 7.4 (Science
Services) prewarmed to 37°C was added 1:1 to cell culture medium and replaced by 2.5%
glutaraldehyde in 0.1M cacodylate buffer after 5 min. Dishes were incubated for further 25 min
on ice. Cells were washed 3x 5 min with 0.1 M cacodylate buffer on ice and stored in buffer at
4°C until postfixation in reduced osmium (1% osmium tetroxide (Science Services), 0.8%
potassium ferrocyanide (Sigma Aldrich) in 0.1 M sodium cacodylate buffer). After contrasting
in aqueous 0.5% uranylacetate (Science Services), the cell monolayer was dehydrated in an
ascending ethanol series, infiltrated in epon (Serva) and cured for 48h at 60 °C. Blocks were
trimmed (TRIM2, Leica), 50-80 nm thick ultrathin sections generated on an ultramicrotome
(UC7, Leica) and deposited onto formvar-coated copper grids (Plano) without postcontrasting.
Transmission Electron Microscopy micrographs were acquired on a JEM 1400plus (JEOL)
equipped with a XF416 camera (TVIPS) and the EM-Menu software (TVIPS). Images analysis
was performed using Fiji (Schindelin et al. 2012).



Ultrastructural analysis of human 3D cultures

Fixation and heavy metal staining of cells in microfluidic chambers was performed by the
application of a drop of reagent on a channel opening and removal at the opposite side.
Reagent exchange was performed for 5 min and then in regular intervals for the incubation
times mentioned in following protocol. Cultures in microfluidic chambers were fixed in in 2.5%
glutaraldehyde in 0.1 M cacodylate for 15 min at 37°C and 45 min on ice. Heavy metal staining
was accomplished by 1 h incubation in reduced (2.5% potassium ferricyanide) osmium
tetroxide in 0.1 M sodium cacodylate on ice. Washes in buffer and water were followed by 1%
uranyl acetate in water at 4°C overnight and at at 40°C for 2 h before washes in buffer. All
dehydration steps in an ethanol series (at 10% intervals) were performed on ice, followed by
room temperature treatments with 100% ethanol and 100% acetone. Infiltration was performed
at 25 and 50% LX112 resin (LADD) in acetone.The plastic from the bottom of the microfluidic
chamber was removed for further resin infiltration at 75% and three times 100% LX112 for 20
min. Fresh resin was added to the opened chamber overnight and for further 2 h before
polymerization at 60°C for 2 days. Resin bearing cells were removed from the chamber and
mounted onto empty resin blocks. The blocks were trimmed, sectioned and imaged by SEM
as described for mouse tissue. Adjacent sections were collected onto copper grids for TEM
investigation as described for 2D cell cultures. This allowed overview imaging of regions of

interest by SEM and consecutive high resolution acquisition at the TEM.
Scanning electron microscopy of mouse tissue

For ultrastructural analysis of vessel crossections, mice were perfusion with % PFA, 2 mM
calcium chloride in 1xPBS, pH 7.4 (Science Services). Only one hemisphere was used for
ultrastructural analysis and therefore was further fixed by immersion in4d% PFA, 2.5%
glutaraldehyde, 2 mM calcium chloride in 0.1 M cacodylate buffer for 24h. Fix brains were
sectioned using vibratome and further incubated with the same fixative for 24h and stored it

0.1 M cacodylate buffer at 4°C until the start of the postembedding.

We applied a rOTO en bloc staining protocol including postfixation in 2% osmium tetroxide
(EMS), 1.5% potassium ferricyanide (Sigma) in 0.1 M sodium cacodylate (Science Services)
buffer (pH 7.4) (Kislinger et al. 2020). The staining was further enhaced by incubation with 1%
thiocarbohydrazide (Sigma) for 45 min at 40°C. After washing with water, the tissue was
incubated in 2% aqueous osmium tetroxide, washed and further contrasted by overnight
incubation in 1% aqueous uranyl acetate at 4°C and 2h at 50°C. Dehyadaration using
ascending ethanol series and infiltiration with LX112 (LADD) was further done to the samples.

Final blocks were cured and trimmed (TRIM2, Leica).

For ultrastructure analysis, using a 35° ultra-diamon knife (Diatome) on a ultramicrotome (UC7,

Leica) 100 nm thick sections were taken and collected onto 1x0.5 cm carbon nanotube tape



strips (Science Services) or onto TEM grids as described. Samples when then attached to
adhesive carbon tape (Science Services) on 4-inch silicon wafers (Siegert Wafer) and
grounded by adhesive carbon tape strips (Science Services). EM micrographs were acquired
using a Crossbeam Gemini 340 SEM (Zeiss) with a four-quadrant backscatter detector at 8 kV
using ATLAS5 Array Tomography (Fibics). Medium lateral resolution images (40-100 nm)
allowed the identification of blood vessels that were in turn reimaged at 4 nm resolution. Higher
resolution imaging of sections on grids was performed using a JEM 1400plus (JEOL) as
described. (Schindelin et al. 2012).

Western blot and western blot quantification

Protein of cell protein lysates was quantified using standard BCA analysis following
manufacturer’s instructions (ThermoFisher, Cat# 23227) and the same amount of protein was
always loaded on a sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE gels were transferred onto 0.2 nitrocellulose membrane using the Mini-Protean
and Trans-Blot system. After transfer, membranes were blocked in 4% Milk in T-BST buffer or
I-Block (Invitrogen, Cat# T2015) in PBS for 1h at room temperature (RT). Primary antibodies
were diluted in the same blocking buffer and incubated at 4°C overnight. Horseradish
peroxidase-conjugated secondary antibodies were incubated for 1h at RT. Protein detection
was performed by chemiluminescence development (Immobilon ECL detection reagent, Merck
Millipore, Cat# WBULS0100) using Fusion FX7 (Vilber Lourmat) imager. Protein expression
levels were quantified using Imaged Gel Analyzer function and statistical significance was
analyzed by two-tailed Student’s t-test.

Whole vasculature analysis

Whole mouse vasculature was analyzed following a previous published protocol (Todorov et
al. 2020).

RNA analysis

RNA extraction

RNA was extracted from cell pellets or half cerebellum using Trizol (Qiagen, Cat# 79306) and
purified using the RNeasy mini kit (Qiagen, Cat# 74106) following manufacturer’s instructions.
Total RNA concentration was determined using a NanoDrop spectrophotometer. RNA was
stored at-80°C.

cDNA synthesis

cDNA synthesis was performed immediately after RNA isolation to avoid freezing and thawing
cycles. cDNA was synthetized from 250ng - 1ug of RNA using the Omniscript RT kit (Qiagen,
Cat# 205113) following manufacturer’s instructions. cDNA was stored at -20°C until use.
Quantitative real time qPCR (RT-qPCR)



Real time qPCR was performed using SYBR Green Master Mix (Qiagen, Cat# 208056) and
reactions were set according to manufacturer’s instructions. Detection was done using a
Roche thermocycler. Primer sequences used for the study are listed in Table 2.

Mass spectrometry and data analysis

Sample preparation

Samples in SDT buffer (15-20 ug protein) were diluted with water to 50 puL and sonicated with
a M-220 focused-ultrasonicater (Covaris, US) to disrupt DNA/RNA. Afterwards, samples were
subjected to proteolytical digestion using a slightly modified single-pot solid-phase enhanced
sample preparation (SP3) method (Faal et al. 2019). Briefly, proteins were bound to 200 pg of
a 1:1 mixture of hydrophilic and hydrophobic magnetic Sera-Mag SpeedBeads (GE
Healthcare, US) using a final concentration of 70% (v/v) acetonitriie at 1200 rpm on a
thermomixer (Eppendorf, Germany) for 30 min at room temperature. Beads were retained on
a Dynamag-2 (Thermofisher Scientific, US) magnet and the solvent was removed. Cysteine
residues were alkylated by addition of 40 mM iodoacetamide (Sigma Aldrich, US) in 50 mM
ammonium bicarbonate for 30 min at room temperature in the dark. Afterwards, the reaction
was quenched by adding dithiothreitol to a final concentration of 40 mM. Then, proteins were
bound again to the beads adding acetonitrile to a final concentration of 70% (v/v) for 30 min
while shaking. Beads were washed four times with 200 uL 80% (v/v) ethanol. For proteolytic
digestion, LysC (Promega, Germany) was added in 20 yL 50 mM ammonium bicarbonate with
a protease to protein ratio of 1:80 was added to the beads. Samples were incubated on a
Thermomixer (Eppendorf, Germany) for 30 min at 1000 rpm and 37°C. Afterwards, trypsin
(Promega, Germany) was added in 20 yL 50 mM ammonium bicarbonate with a protease to
protein ratio of 1:80 followed by an incubation for 16 h at room temperature. Beads were
retained with a magnetic rack and the supernatants were collected. Next, 20 yL 0.1% formic
acid were added to the magnetic beads followed by sonication for 30 s in a sonication bath
(Hielscher Ultrasonics GmbH, Germany). The supernatants of each sample were combined,
filtered with 0.22 um spin filters (Costar Spin-x, Corning, USA) to remove remaining beads,
and dried by vacuum centrifugation. Dried peptides were dissolved in 20 uL 0.1% formic. The
peptide concentration after proteolytic digestion was estimated using the Qubit protein assay
(Thermo Fisher Scientific, US).

Mass spectrometry

Samples were analyzed on a NanoElute nano-HPLC coupled online with a captive spray ion
source to a TimsTOF pro mass spectrometer (Bruker, Germany). An amount of 350 ng of
peptides were separated on a on an in-house packed C18 analytical column (15 cm x 75 pym
ID, ReproSil-Pur 120 C18-AQ, 1.9 ym, Dr. Maisch GmbH) using a binary gradient of water and
acetonitrile (B) containing 0.1% formic acid at flow rate of 250 nL/min (0 min, 2% B; 2 min, 5%
B; 70 min, 24% B; 85 min, 35% B; 90 min, 60% B) and a column temperature of 50°C. A



standard Data Independent Acquisition Parallel Accumulation—Serial Fragmentation (DIA-
PASEF) method with a cycle time of 1.8 s was used for spectrum acquisition. Briefly, ion
accumulation and separation using Trapped lon Mobility Spectrometry (TIMS) was set to a
ramp time of 100 ms. The DIA PASEF windows covered the m/z range from 350 to 1200 m/z
with 50 windows of 26 m/z with an overlap of 1 m/z. One scan cycle included one TIMS full
MS scan and 17 DIA PASEF peptide fragmentation scans. Each DIA PASEF included 2 m/z
windows resulting in a cyle time of 1.8 s.

Data Analysis

The raw data was analyzed by the software DIA-NN version 1.8.1 (Demichev et al. 2019). The
MS data was searched against a one protein per gene canonical fasta databases of Homo
Sapiens (download: January 18th 2022, 20600 entries) from UniProt and a fasta database with
246 common potential contaminations from Maxquant using a library free search. Trypsin was
defined as protease. Two missed cleavages were allowed and peptide charge states were set
to 2-4. Carbamidomethylation of cysteine was defined as static modification. Acetylation of the
protein N-term as well as oxidation of methionine were set as variable modifications. The false
discovery rate for both peptides and proteins was adjusted to less than 1%.

Enrichment analysis

Enrichment analysis of biological processes (GOTERM_BP_DIRECT) and pathways
(KEGG_PATHWAY) were performed with DAVID (Database for Annotation, Visualization and
Integrated Discovery), version 6.8, software (Huang, Sherman, and Lempicki 2009; Sherman

et al. 2022) (https://david.ncifcrf.gov/home.jsp) (using Homo Sapiens or Mus musculus

standard background dataset.

Principal component of proteomics samples

Proteomic data of primary and induced human cells was decomposed into four components
using the python package sklearn (v 1.1.2) after standardization (removing the mean and
scaling to unit variance) with the StandardScaler function of the same package.

Statistical analysis

Data collection and analysis were not performed with blinding of the experimental groups.
Proteomic, transcriptomic, and morphological datasets showed normal distribution (tested with
GraphPad Prism9, data not shown). Data were analyzed using two-sample t-test or ANOVA
(indicated in each experiment). All data values are given as mean * s.d unless stated
otherwise.
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Figure 1. Generation and characterization of a fully human iPSC-derived 3D neurovascular unit model.

A. Experimental pipeline: iPSCs are differentiated into neurovascular cell types and validated via transcriptomics and proteomics
(1-3). The 3D BBB model is generated by co-culturing differentiated cells in microfluid chips (4) and applied to study disease
associated mutations inserted by CRISPR/Cas9 genome editing at the iPSCs level (5). B. Representative immunocytochemistry
images of iPSC derived endothelial cells, pericytes, smooth muscle cells and astrocytes. Scale bar 20um. C. Principal-
component analysis (PCA) including all proteins detected in iPSC, iPSC-derived cells and human primary cells (n=3-5
samples/group). D. Abundance and individual changes of cell-specific markers for iPSC and iPSC-derived cells (n=3-5
samples/group) in proteomics analysis. E. Rendering of a representative immunocytochemistry image of vessel network
formation in 3D BBB model stained for endothelial cell marker CD31. Scale bar 50um. F. Representative immunocytochemistry
image of endothelial cells in 3D BBB model expressing adherens and tight junctions using ZO1. Scale bar 25 ym. G.
Representative scanning electron microscope (SEM) image of endothelial junction formation. H. Maximum image projections of
3D BBB model perfused with 10KDa (green) and 40KDa (red) dextran. Scale bar 50um. I. Representative image of 3D BBB
model perfused with human blood. J. Representative immunocytochemistry of the 3D BBB model stained for ECM proteins
(left). Scale bar 50um. Side view of vessel expressing markers (middle). Vessel topology analysis using intensity profile of
COLIV and PDOXL staining in vessel cross-section (left). K. Immunocytochemistry of astrocyte localization in 3D BBB culture.
Scale bar 25um. L. Immunocytochemistry of smooth muscle cells localization in 3D BBB culture. Scale bar 25um. M. Calcium
waves in endothelial cells loaded with Fluo-4 in 3D BBB model after calcium addition. Imaged masks are indicated in red (left).
Graphical representation of calcium signals at all masks over a time frame of 20 s. Singnal strength is indicated as Zscryq (right).
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Figure 2. Human 3D BBB model phenocopies barrier dysfunction caused by Foxf2 deficiency in vivo.

A. Experimental overview for generating conditional cell-specific deletion of Foxf2 in mice and performing proteomics after vessel
isolation. B. Experimental overview for generating human FOXF2-KO iPSCs via CRISPR/Cas9 genome editing and further
characterization in endothelial cells and pericytes. C. Overview of Foxf2-deficient mouse lines and relative RNA levels of Foxf2 in
each line (normalized to Actb and WT) (n=8 replicates/group, p-value <0,01). D. Sequencing traces of iPSC FOXF2 locus after
genome editing and relative RNA levels of FOXF2 in iEC and iPE (normalized to EMC7 and WT respectively) (n=4-5
replicates/group, p-value <0,01). E. (top) Representative immunocytochemistry of mouse brain isolated vessels stained for Cav1
and CollV with quantification of mean intensity of Cav1 normalized to CollV (relative to WT) (n=5 replicates/sample). Scale bar
20um. (Bottom) Representative TEM image of endothelium thickening and caveolae enrichment in EC-KO compared to WT
vessel (n=1 replicate/sample). F. (top) Representative immunocytochemistry of 3D BBB model stained for CDH5 and CAV1 with
quantification of CAV1 mean intensity (relative to WT) (n=4 replicates/group). Scale bar 25um. (bottom) Representative
transmission electron microscopy of caveolae enrichment in KO compared to WT (n=1 replicate/group). G. Increased uptake of
FM1-43FX in FOXF2-KO iECs. Representative immunocytochemistry of iECs with quantification of mean intensity of FM1-43FX
(relative to WT) (n=15 replicates/group). Scale bar 20um. H. (top) Representative immunocytochemistry of mouse brain isolated
vessels stained for Zo1 and CollV with quantification of mean intensity of Zo1 normalized to CollV (relative to WT) protein
expression (n=5 replicates/sample). Scale bar 20um. (bottom) Representative TEM image of endothelial tight junction protrusions

in EC-KO compared to WT (n=1 replicate/group). (continuation in the next page)



Figure 2. Human 3D BBB model phenocopies barrier dysfunction caused by Foxf2 deficiency in vivo. (continuation)

l. (top) Representative immunocytochemistry of 3D BBB model stained for ZO1 with quantification of mean intensity (relative
to WT) (n=8 replicates/sample). Scale bar 25um (bottom) Representative TEM image of endothelial cell-cell adhesion and
tight junction regions in KO compared to WT (n=1 replicate/group). J. Transendothelial electrical resistance (TEER) of
FOXF2-KO iEC (relative to WT) over 42h and with quantification at 30h (relative to WT) (n=3 replicates/group).
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Figure 3. Cell-specific Foxf2 deficiency dysregulates proteins involved in vessel integrity and remodeling.

A. Experimental pipeline for studying endothelial and pericyte-specific FOXF2 deletion in human cells via proteomics. B-C.
Volcano plots of log2 LFQ rations (KO vs WT) and -log10 p-values of all quantified proteins in iEC (B) and iPE (C). Red and
blue circles indicate proteins that were significantly up- and downregulated respectively (n=5 replicates/group, t-test, p>0,05).
Proteins related with vessel integrity and remodeling are marked with their gene name. D-E. Summary of the LC-MS/MS and LFQ
results and enrichment analysis of top10 KEGG biological pathways for iEC (D) and iPE (E). (continuation in the next page)



Figure 3. Cell-specific Foxf2 deficiency dysregulates proteins involved in vessel integrity and remodeling
(continuation)

F. Abundance of top 30 significantly upregulated proteins related to endocytosis and downregulated proteins related to cell
adhesion (n=5 samples/group, t-test, p-value < 0,05). G. Relative RNA abundances of selected proteins related to vessel
integrity in iEC and iPE normalized to EMC7 and WT (n=5 replicates/group). H. Confocal microscopy images and
corresponding quantification of brain regions with focal albumin leakage (n=5 replicates/group). Scale bar 50um. .
Experimental pipeline to study vessel morphology of whole adult mouse brain. Significant altered anatomic regions
according to vessel density (n=4 samples/group, t-test, p-value<0,05). Representative images from one region
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Figure 4. LNP delivery of Foxf2 restores barrier function in human 3D BBB model.

A. Overview of LNP mode of action: uptake by endothelial cells and Foxf2 mRNA translation into protein. B. Relative RNA
abundance of mFoxf2 in iEC after LNP treatment, normalized to EMC7 and WT (GFP vs mFOXF2) (n=5 replicates/sample). C.
(top) Representative immunocytochemistry of Foxf2 deficient endothelial cells treated with FOXF2 LNPs (in magenta) and
stained for CDH5 and CAV1, with quantification of CAV1 mean intensity (relative to WT) (n=15 replicates/group). Scale bar
20um. (bottom) Representative immunocytochemistry of Foxf2 deficient endothelial cells treated with FOXF2 LNPs (in
magenta) and stained for CDH5 and ZO1, with quantification of ZO1 mean intensity (relative to WT) (n=15 replicates/group).
Scale bar 20um. D. Endocytic uptake of FM1-43FX in WT and FOXF2-KO iECs after LNP treatment (dTomato vs. mFoxf2).
Representative immunocytochemistry of iEC with quantification of mean intensity of FM1-43FX (relative to WT) (n=15
replicates/group). Sale bar 20um. E. Relative RNA abundance of CAV1 normalized to EMC7 and WT, in iEC not treated (N.T.)
or treated with two LNP conditions (GFP vs mFoxf2) (n=5 replicates/sample). F. Relative RNA abundance of ZO1 and CLDN5
normalized to EMC7 and WT in iEC not treated (N.T.) or treated with two LNP conditions (GFP vs mFoxf2) (n=5
replicates/sample).
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Supplementary Figure 1. Differentiation and characterization of iPSC-derived endothelial cells, pericytes,
smooth muscle cells and astrocytes.

A. Overview of endothelial cell differentiation. B. Relative RNA abundance of ETV2 and FOXF2 during endothelial cell
differentiation. C. Relative RNA abundance of pluripotency markers and endothelial-specific cell markers normalized to in iPSCs
and iECs, normalized to iPSCs (n=5 replicates/group). D. Overview of pericyte differentiation protocol. E. Relative RNA
abundance of pluripotency markers and mural cell-specific cell markers in iPSCs and iPE, normalized to iPSCs (n=5
replicates/group). F. Overview of smooth muscle cell differentiation protocol. G. Relative RNA abundance of pluripotency markers
and mural cell-specific cell markers normalized to iPSCs in iPSCs and iPE (n=5replicates/group). H. Overview of astrocyte
differentiation protocol. I. Relative RNA abundance of pluripotency markers and astrocytic-specific cell markers normalized to
iPSCs in iPSCs and iAS (n=5replicates/group).
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Supplementary Figure 2. Proteomics characterization of iPSC-derived endothelial cells, pericytes, smooth
muscle cells and astrocytes.

A. Enrichment analysis results of biological processes using top 250 defined by PC1 when comparing iPSC vs. iEC. B.
Enrichment analysis results of biological processes using top 250 defined by PC1 when comparing iPSC vs. iPE. C. Enrichment
analysis results of biological processes using top 250 defined by PC1 when comparing iPSCs vs iSMC. D. Enrichment analysis
results of biological processes using top250 defined by PC1 when comparing iPSC vs iAS.
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Supplementary Figure 3. Generation and characterization of 3D in vitro model of the BBB.

A. Experimental pipeline for 3D in vitro model assembling. B. Representative figures of in vitro modeling over time stained with
PECAM1 and DAPI. Scale bar 250um. C. Orthogonal projections of confocal imaging of tubular structures in 3D in vitro model.
Scale bar 50um.
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FOXF2 MITOT3 TCCCTCGGCAGCGCCTACCAGGG .*.*.*.*......... 0,8586 0,2436 2:23667696:23668218:-1 intron:KLHL29 None
FOXF2 MITOT4 CCTCAGTGCCTACCATGG  .*...*=**..... 0,6392 0,2159 19:12531341:12531863:-1 intron:CTD-2192J16.21 None
FOXF2 MITOT5 TCCTTCCACAGCCCCTACCATGG .*....**.*..... 0,5099 0,3368 9:122046793:122047315:-1 intron: TTLL11 None

Supplementary Figure 4. CRISPR/Cas9 mediated genome editing of human iPSCs to FOXF2 KO.

A. FOXF2 knockout strategy: Exon1 of FOXF2 was targeted by a sgRNA (target and PAM sequence shown), generating a 1
base pair insertion combined with a 5 base pair deletion on each allele. The resulting frameshift exposes a nearby stop codon in
both cases. B. Immunofluorescence analysis of pluripotency markers: SSEA4, NANOG, TRA160 and OCT4 in iPSCs FOXF2-KO
cells. Scale bar 25um. C. Sanger sequences of unmodified SNPs near the edited locus in WT and FOXF2 KO iPSC lines
showing maintenance of both alleles after editing. D. List of top five most similar off-target sites ranked by CFD and MIT
prediction scores. Sites revealed by both algorithms (CFD OT3, 4 and 5) are only shown once.
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Supplementary Figure 5. Karyotyping of FOXF2-KO edited iPSC line.

B allele frequencies (BAF) and Log R ratios are shown for each chromosome in the FOXF2 KO iPSC line. All measured SNPs
are indicated by blue dots. BAF values indicate normal zygosities on all chromosomes and Log R ratios show the absence of
detectable insertions or deletions.
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Supplementary Figure 6. Caveolae enrichment and cell junction reduction induced by endothelial Foxf2
deficiency in mouse.
A. Immunogold localization of Cav1 in ECKO endothelium using electron microscopy (n=1 replicate/sample). B. LFQ intensities of

Tjp1, Cldn5 and Ocln in isolated BEC from EC-KO (n=6 replicates/group). C. Relative RNA abundances of Tjp1, Cldn5 and Ocln
in full tissue of EC-KO normalized to Actb and WT (n=5 replicates/sample). D. Relative RNA abundances of Tjp1 and Cldn5

during healthy aging normalized to Actb and 3mo (n=4 replicate/group).
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Abstract

Forkhead transcription factor f2 (Foxf2) has emerged as a key transcription factor in brain
endothelial cells (BECs). FOXF2 further emerged as a major risk locus for stroke and chronic
white matter lesions in humans. Global inactivation of Foxf2 in mice results in BBB leakage,
endothelial thickening, and increased trans-endothelial vesicular transport but the underlying

mechanisms remain largely undefined.

To explore the role of Foxf2 in maintaining BEC function we generated mice with EC-specific
conditional inactivation of Foxf2 deficiency (eKO) we applied our recently developed BEC
enrichment protocol compatible with mass spectrometry. Applying high-throughput proteomics
to BECs and isolated brain microvessels from adult eKO mice we found prominent
downregulation of proteins involved in Tie2-eNOS signaling, while expression of Foxo1, a
negative regulator of eNOS was upregulated. eKO mice developed BBB leakage and
parenchymal lesions and exhibited a compromise in functional hyperemia. They further
showed larger infarct sizes upon experimental ischemia by middle cerebral artery occlusion
(MCAO). Treatment with Razuprotafib (AKB9778), a small molecule activator of Tie2 receptor,
restored the levels of multiple proteins implicated in Tie2 signaling, normalized the deficit in

functional hyperemia and glial endfeet swelling, and limited infarct sizes upon MCAO.

To explore the transferability of these findings to human cells, we studied endothelial cells
derived from CRISPR/Cas9 edited human induced pluripotent cells. Similar to the results in
mice we found downregulation of TIE2-signaling at protein, RNA, and NO-production level

which were restored by Razuprotafib.

Collectively, these findings identify Foxf2 as a key transcription factor required for the

maintenance of BEC function Tie2 signaling and NO metabolism.



Introduction

Brain endothelial cells (BECs) have unique roles in controlling blood-brain barrier integrity
(Abbott et al., 2006; Obermeier et al., 2013), maintaining brain homeostasis, and regulating
cerebral blood flow and vascular growth (Terstappen et al., 2021). Endothelial cell (EC) specific
functions are secured through dedicated signaling pathways such as Ang-Tie2 (Huang et al.,
2010; Saharinen et al., 2017), Vegf-Vegfr2 (Gavard and Gutkind, 2006; Simons et al., 2016),
and Notch (Andersson and Lendahl, 2014; Bray, 2016), which control vascular permeability,
stability, and remodeling (Adams and Alitalo, 2007; London et al., 2009). Ang-Tie2 signaling
further regulates vascular reactivity via nitric oxide (NO) mediated vasodilation (Alfieri et al.,
2014; Xu et al., 2012).

Recent work has highlighted an outstanding role of the transcription factor Forkhead box
protein f2 (Foxf2) in BECs: Both Foxf2 and Foxq1, another transcription factor in endothelial
cells have been found to be highly enriched in brain endothelial cells (BECs) compared to
endothelial cells from other organs during embryonic development (Hupe et al., 2017) and
adulthood (Kalucka et al., 2020; Vanlandewijck et al., 2018). Foxf2 was further identified as a
direct activator of Foxq1 transcription via binding to the enhancer region of Foxg1 thus
potentially placing Foxf2 upstream of Foxq1 in the regulation of gene transcription (Ryu et al.,
2022). Foxo1, another key transcription factor in endothelial cells, is highly expressed in mature
ECs and has been shown to regulate endothelial cell migration and postnatal
neovascularization via angiopoietin-2 (Ang2) activation and nitric oxide synthase 3 (Nos3 or
eNos) repression (Potente et al., 2005). Like Foxg1, Foxo1 has been identified as a target
gene of Foxf2 in a combined analysis of RNA-Seq and Chip-Seq data (Xu et al., 2020) thus
underscoring the potential role of Foxf2 in orchestrating BEC specific functions. However, the

precise role of Foxf2 in BECs and in maintaining brain health remains unexplored.

Interest into Foxf2 further comes from large-scale genetic studies that identified FOXF2 as a
major risk locus for stroke and chronic white matter lesions in humans (Malik et al., 2018;
Mishra et al., 2022; Neurology Working Group of the Cohorts for et al., 2016; Ryu et al., 2022;
Traylor et al., 2020). Global inactivation of Foxf2 in mice results in defects of the BBB,
endothelial thickening, and increased trans-endothelial transport (Reyahi et al., 2015). This
phenotype has been attributed to Foxf2 being required for pericyte differentiation (Reyahi et
al., 2015) but may also be due to a primary function of Foxf2 in brain endothelium given its role
as a core transcription factor in BECs. Specifically, Foxf2 expression has been shown to induce
the expression of BBB differentiation markers (Hupe et al., 2017) and increase the barrier
resistance of endothelial cells (Roudnicky et al., 2020) in human umbilical vein ECs (HUVECS),
and human induced pluripotent stem cell (iPSC)-derived endothelial cells, respectively.

Nevertheless, targeted studies on the role of Foxf2 in BECs in vivo are lacking. Also, little is



known about the molecular and cellular pathways controlled by Foxf2 in ECs and the

corresponding target genes beyond Foxq1 and Foxo1.

Here, we set out to investigate the role of Foxf2 in maintaining BEC function in vivo including
its role in functional hyperemia. Considering the involvement of FOXF2 in human stroke we
explored its involvement in the regulation of infarct size in experimental stroke. Applying high-
throughput proteomics to isolated BECs and brain microvessels from adult EC-specific Foxf2-
KO mice (eKO) we found marked downregulation of BEC proteins involved in Tie2 —
endothelial nitric oxide synthase (eNos or Nos3) signaling, which was restored by activation of
the Tie2 receptor with Razuprotafib (AKB9778), a small molecular inhibitor of vascular
endothelial protein tyrosine phosphatase (Ptprb or VE-PTP). We further found a reduction in
functional hyperemia in eKO mice which was also restored by Razuprotafib treatment. Deletion
of FOXF2 in human iPSC-derived ECs reversibly attenuated TIE2-NOS3 signaling and NO
production. Furthermore, EC-specific Foxf2-deficiency in adult mice resulted in increased
infarct size in experimental ischemic stroke, which could be restored by Razuprotafib
treatment. Collectively, these results demonstrate that Foxf2 maintains BEC function by
regulating Tie2-Nos3 signaling, providing a perspective for therapeutic interventions in stroke
and SVD.



Results
Endothelial Foxf2 deficiency causes BBB leakage and attenuates Tie2-signaling

Given the causal role of Foxf2 in stroke and the involvement of vascular, glial, and neuronal
cells in regulating blood flow we first sought to obtain an overview of Foxf2 expression in
different cell types in the adult mouse brain. Compiling the available scRNAseq data from
mouse (Saunders et al., 2018; Tabula Muris et al., 2018; Vanlandewijck et al., 2018; Zeisel et
al., 2018) and human brain (Winkler et al., 2022; Yang et al., 2022) we found that Foxf2 is
predominantly expressed in BECs and pericytes but mostly absent in neurons, glia, and
ependymal cells (Fig 1A). To investigate the function of Foxf2 in BECs and its role in
maintaining vascular integrity, we generated mice with inducible deletion of Foxf2 specifically
in endothelial cells (Cdh5-CreERT2;Foxf2fl/fl or ‘eKO’) (Fig 1B). Tamoxifen-induced
inactivation of Foxf2 in ECs at 3 months followed by assessment at 6 months resulted in
histological changes similar to those previously reported for mice with inducible global
inactivation of Foxf2 (Reyahi et al., 2015). Specifically, correlative electron microscopy
conducted on brain regions with focal albumin extravasation further revealed extravasation of
erythrocytes, i.e. microhemorrhage, next to glial edema and neuronal lysis in eKO mice (Fig
1C, top). Using different size of fluorescent tracer injection (1-65kDa) and confocal microscopy
screening to analyze BBB integrity we found significant leakage of different size of fluorescent
tracers (between 1-40 kDa) (Fig 1C, bottom).

To identify the molecular and cellular pathways mediating the effects of Foxf2 in BECs, we
applied our previously published BEC enrichment protocol combined with LC-MS/MS-based
proteomics (Todorov-Volgyi & Gonzalez-Gallego et al, in revision) to 6-months-old eKO and
WT animals (Fig. 1B). Proteomic analysis of isolated BECs from 6-months-old animals
captured a total 4929 proteins. Out of these, 225 and 391 proteins showed significant up-, and
downregulation, respectively (t-test, p-value < 0.05, = 3 samples per group) in eKO vs WT mice
(Fig. 1D-E, Suppl. Table 1). Enrichment analysis of the significantly downregulated proteins
revealed cell junction and endoplasmic reticulum among the most affected subcellular
localizations (SL), while nitric oxide biosynthesis and endothelial cell development among the
most affected biological processes (BP) in eKO mice (compared to age-matched WT). In case
of significantly upregulated proteins mitochondria and cytoskeleton, as well as oxidative stress
response and aging presented among the most enriched SL and BP categories, respectively
(Fig 1F-H, p-value based on FDR of DAVID enrichment analysis). Intensity Based Absolute
Quantification (iBAQ) and fold-change ranking of significantly altered proteins marked Tie2 as
a low abundance and Nos3 as high abundance downregulated proteins (Fig. 2H). We further
found several proteins involved in Tie2-regulated processes to be downregulated in eKO BECs
(Fig. 2I, Suppl. Fig. 1A).



Razuprotafib rescues functional hyperemia and limits infarct size in mice with endothelial

Foxf2 deficiency

To further explore the role of Tie2 signaling in mediating the effects of Foxf2 deficiency in
endothelium, we treated eKO and WT mice with Razuprotafib (Raz) a selective small molecule
inhibitor of vascular endothelial protein tyrosine phosphatase (Ptprb) shown to have a vascular
stabilizing activity through Tie2 activation (Shen et al., 2014) (Fig. 2A). We initially focused on
isolated brain vessels from Raz- and vehicle-treated eKO mice (eKO-Raz and eKO-Veh,
respectively) and applied mass-spectrometry for proteomics analysis (Fig. 2B). Treatment with
Raz for 48h restored the levels of multiple proteins involved in Tie2-Nos3 signaling (Fig. 2B
and C). Specifically, Tie2, Nos3, and Nostrin (Nos-trafficking protein) were upregulated, while
Nos-interacting protein (Nosip), a negative regulator of NO production was downregulated.
Restoration of Nos3 was further confirmed by immunolabeling of isolated brain microvessels
(Fig. 3D). Among the significantly dysregulated proteins in eKO-Veh mice, we found 27
proteins to be restored by Raz treatment (p-value < 0.05) (Fig. 2C). Given the effects on Nos3
expression, we next explored the physiological effect of Raz on functional hyperemia using
laser spackle (LS) imaging and two-photon (2P) microscopy (Fig. 2A and E). Quantification of
CBF in Barrel cortex in combination with whisker stimulation revealed an attenuation of
functional hyperemia in eKO mice. This deficit was restored by Raz treatment as shown by the
quantification of CBF in Razu treated compared with vehicle treated eKO mice (Fig. 2E, up).
Using 2P microscopy we found compromised vessel dilation of capillaries and penetrating
arterioles following whisker stimulation which was likewise restored by treatment with the Tie2-
activator (Fig. 2E, down). In line with these data, Razuprotafib also rescued glial endfeet

edema induced by endothelial Foxf2 deficiency (Suppl. Fig2).

To investigate the consequences of EC-specific loss of Foxf2 and Raz treatment on the
susceptibility to cerebral ischemia we next subjected eKO-Veh, eKO-Raz and WT-Veh treated
mice to experimental stroke using endovascular filament-mediated middle cerebral artery
occlusion (fMCAo0) for 60 min followed by reperfusion and assessment at 24 hours post
occlusion (Fig. 2F). Quantification of infarct size and albumin leakage on consecutive coronal
MRI and confocal images, respectively, revealed that eKO-Veh mice develop larger infarcts
with more extensive BBB breakdown (t-test, p < 0.05) compared with WT-Veh. Moreover, the
level of infarct size and BBB leakage were both attenuated upon Raz treatment compared with
eKO-Veh (t-test, p < 0.05) (Fig. 2F). To check for a potential involvement of endothelial Foxf2
in vascular remodeling we next imaged the whole brain vasculature in 6-months-old mice using
light-sheet microscopy and quantified key vascular metrics of the pial vasculature (Suppl.
Fig3). Using unsupervised VesSAP-based (Todorov et al., 2020) quantification we found is

that the metrics (vessel length, diameter, and number of bifurcations) of pial vasculature did



not differ between genotypes, suggesting that the larger infarct size in Foxf2 deficient mice is

not explained by differences in MCA collaterization.

Collectively, these findings demonstrate a role of Foxf2 in functional hyperemia, in determining
infarct size and BBB breakdown in adult mice, which were mediated by Tie2-Nos3 signaling

pathway.
Razuprotafib rescues TIE2-signaling and NO production in human endothelial cells

To explore the transferability of results from mouse BECs and in mice to human endothelial
cells, we next moved to human induced brain endothelial cells (iECs) derived from human
pluripotent stem cells (iPSC). We used our previously generated CRISPR/Cas9 FOXF2-KO
iPSC line and differentiated into IBECs (Gonzalez-Gallego & Todorov-Volgyi et al, in
preparation). We then treated differentiated FOXF2 KO and WT iBECs with Raz or Veh
correspondingly to investigate the role of human FOXF2 in TIE2 signaling in human cells (Fig.
3A). Mass-spectrometry analysis of WT-Veh and FOXF2 KO-Veh iBECs revealed
downregulation of multiple members of the TIE2-NOS3 signaling pathway similar to proteomic
changes in mouse BECs (Fig. 3B-C). Comparison of the proteomes of Razu-treated FOXF2
KO iBECs and Veh-treated FOXF2 KO iBECs further showed that Razu treatment restored the
levels of 28 Tie2-signaling related proteins (p-value < 0.05) (Fig. 3C and Suppl. Fig4A).
Restauration of TIE2 and NOS3 protein expression was confirmed by immunocytochemistry
in iBEC cultures further recapitulating the results in mice (Fig. 3D and Suppl. Fig4B). We next
checked the levels of phosphorylated-AKT (pAKT) normalized to the protein levels of AKT.
Western blot analysis revealed a significant downregulation of pAKT in KO-Veh iBECs
compared to WT-Veh iBECs consistent with the attenuation of TIE2-NOS3 signaling upon
FOXF2 deletion. Moreover, pAKT levels were restored by RAZU treatment (Fig. 3E).
Consistent with these data, immunocytochemical analysis of pTIE2 and pFOXO1 showed
significant downregulation in KO-Veh compared to WT-Veh iBECs, which was also rescued by

RAZU treatment (n=4 samples / group, t-test, p-value < 0.05) (Fig. 3F-G)

Finally, to investigate the functional effects of FOXF2 deficiency on NO metabolism and the
possibility of pharmacological restoration of NO levels in iBECs, we quantified NO production
in these cells. Consistent with the proteomics results, NO production was decreased in Veh-
treated FOXF KO cells compared with Veh-treated WT cells and upregulated in Raz- compared
with Veh-treated FOXF2 KO cells (Fig. 3H), suggesting an activating effect of Raz on NO

metabolism.



Endothelial Foxf2 regulates Tie2-mediated Nos3 signaling via Foxo1 inhibition

To explore the regulatory effects by which Foxf2 regulates Tie2-Nos3 signaling, we next
analyzed mRNA expression levels in the whole brain tissue of Foxf2 deficient and WT mice
and human iBECs. While Tie2 and Nos3 are predominantly expressed in endothelial cells
based on available scRNAseq data (Suppl. Fig. 5A-B), Foxo1 is expressed in multiple cell
types beside endothelial cells in the brain (Suppl. Fig. 5C). gqPCR analysis of Fox family
members in whole brain tissue revealed a significant downregulation of Foxq1 and Foxc1 in
eKO compared with WT mice, whereas Foxo1 showed an opposite directionality (Fig. 4A).
Focusing on the Tie2-Nos3 signaling pathway we found that the mRNA expression levels of
Tie2, Nos3, Gucy1b1, and Ang1 were decreased in eKO mice, suggesting a regulatory effect

of Foxf2 on these genes.

Considering the decline of BEC function during aging (Ungvari et al., 2018) we further
quantified the transcriptional levels of Foxf2, Tie2, Nos3, and Foxo1 in brains from 3, 6, 12,
and 18 months old mice. The mMRNA expression levels of Fox2, Tie2 and Nos3 all declined
whereas those of Foxo1 increased with aging (Fig. 4B). Moreover, there was a strong
correlation between the mRNA expression levels of Foxf2 and Foxo1 (r=0.806; p=0.0002) as
well as Nos3 (r=0.807; p=0.0002) further supporting a regulatory effect of Foxf2 on these genes
(Fig. 4C). Indeed, the transcriptional changes in eKO mice resembled those of an accelerated

aging phenotype (Fig. 4B).

Next, we investigated the effects of Raz treatment on the transcription of Foxf2, Tie2 and Nos3
in eKO mice and iBECs. The relative mRNA abundance of Tie2, and Nos3 was lower in both
mouse and human upon Foxf2 deficiency, which was restored upon Raz treatment. However,
Raz treatment had no effect on the expression level of mouse or human Foxf2 (Fig. 4D and
E). Using Foxf2 overexpression via lipid nanoparticle delivery we found the mRNA levels of
TIE2 and NOS3 to be restored in FOXF2 deficient human ECs (Fig. 4F).

To summarize our data, we found that endothelial Foxf2 deficiency i) reduces the levels of
multiple protein, phosphorylation, and mRNA of Tie2-mediated Nos3 signaling pathway, ii)
compromises functional hyperaemia and NO production, that can be restored upon Raz
treatment (Fig. 4G).



Discussion

Applying proteomics and pharmacological interventions to BECs from mice with EC-specific
Foxf2 deficiency and genome-edited FOXF2 deficient human iPSC-derived ECs we found that
i) endothelial Foxf2 deficiency causes BBB leakage and attenuates Tie2-signaling; ii)
Razuprotafib rescues functional hyperemia, limits infarct size in mice with endothelial Foxf2
deficiency and further rescues TIE2-signaling and NO production in human ECs iii) endothelial
Foxf2 regulates Tie2-mediated Nos3 signaling via Foxo1 inhibition. Collectively, these findings
provide fundamental insights into BEC function and stroke mechanisms while also offering a

perspective for therapeutic interventions.

Morphological characterization of the BBB integrity upon endothelial Foxf2 deficiency revealed
similar histological changes to those previously reported in Foxf2 deficient mice at embryonic
and adult phase (Reyahi et al., 2015) in particular microhemorrhages and glial edema. We

further found extravasation of fluorescent tracers with different size (between 1 and 40 kDa).

Using our recently developed BEC enrichment protocol (Todorov-Volgyi & Gonzalez-Gallego
et al, in revision), we provided a proteome level characterization of mouse BECs. Enrichment
analysis of significantly dysregulated proteins revealed NO metabolism among the most
affected biological processes. Moreover, we found several members of Tie2-Nos3 signaling to
be significantly downregulated such as Tie2, Nos3, Gucy1b1 (subunit of sGC), or Itgb1 (subunit
of a1B1-Integrin receptor). The Ang-Tie2 signaling is essential for embryonic cardiovascular
and lymphatic development, and further regulates vascular homeostasis, vessel permeability,
inflammation and angiogenic responses during adulthood (David et al., 2013; Huang et al.,
2010; Saharinen et al., 2017). In addition, Tie2 forms a stable interaction with a1p1-Integrin
regulating endothelial cell response to Ang1 (Cascone et al., 2005). Signaling via the Tie2-
Pi3k-Akt1 pathway contributes to Nos3 phosphorylation and NO production (Michell et al.,
1999), which is implicated in vessel dilation and CBF regulation through a cGMP-mediated
signal transduction pathway (Zhao et al., 2015). cGMP biosynthesis is catalyzed by sGC upon
NO binding (Denninger and Marletta, 1999). Complementing our proteomics data on
attenuated Tie2-Nos3 signaling, we further found that phosphorylation of AKT and FOXO1 is
downregulated in human BECs upon FOXF2 deficiency, suggesting an inactivation of Tie2-
Nos3 signaling. Overall, we described a remarkable alignment of Foxf2 deficient mouse and

human models in the regulatory mechanisms of Tie2 signaling.

As a functional readout, we investigated cerebral blood flow in vivo and found attenuated
functional hyperaemia in endothelial Foxf2 deficient mice. Interestingly, attenuated TIE2-NOS3
signaling and NO production were also found in human iBECs upon FOXF2 deficiency,

validating the transferability of our results.



CBF is regulated by a variety of factors beyond NO production, such as arachidonic acid
metabolism (Wang et al., 2021). Chemical or physical stimulation of vascular endothelium
activates phospholipases and releases arachidonic acid, which is further metabolized by
cyclooxygenases (Dubois et al., 1998), cytochrome P450s (Capdevila et al., 1982), and
lipoxygenases (Zheng et al., 2020) to vasoactive products. Beside Tie2, the most prominently
downregulated protein in eKO BECs was Alox12 lipoxygenase. We further found Ptgis (Cyp8),
Cyp2d22, and Cyp20a1l members of the cytochrome p450 family to be significantly
downregulated, reflecting their possible contribution to the functional hyperemia deficit induced

by endothelial Foxf2 deficiency (Suppl. Fig. 1B).

Analysis of the mMRNA expression levels of Fox family members in whole brain tissue revealed
a significant downregulation of Foxq1 and Foxc1 and upregulation of Foxo1. Indeed, Foxf2
dependent regulation of Foxfq1 is further supported by Ryu and colleagues, who identified
Foxf2 as a direct activator of Foxq1 transcription via binding to the enhancer region of Foxqg1
(Ryu et al., 2022). Also, Foxo1 was reported as a target gene of Foxf2 in palate development
(Xu et al., 2020). We also found the mRNA level of Tie2, Nos3, Gucy1b1, and Ang1 to be
downregulated in eKO mouse and KO human iBECs. Expression of Nos3 is directly inhibited
by Foxo1 via binding to the Nos3 promoter region (Potente et al., 2005). Hence, the
transcriptional effects of Foxf2 on Nos3 might be mediated by the effects on Foxo1 expression.
Interestingly, we found similar changes in the brain expression of Foxf2, Foxo1, and Nos3
during physiological aging as upon endothelial Foxf2 deficiency, suggesting an accelerating
aging phenotype in the regulation of BEC transcription factors in the eKO mice. Moreover, we
also found a strong correlation between the mRNA expression of Foxo1 and Foxf2, as well as

Nos3 and Foxf2, further supporting the regulatory effect of Foxf2 on these genes.

The choice of Razuprotafib for pharmacological rescue was motivated by our BEC proteomic
results, which identified Tie2 as one of the most prominently downregulated protein. Based on
our BEC proteomics data the level of multiple proteins involved in Tie2-Nos3 signaling were
restored in mouse and human Foxf2 deficient BECs upon Raz treatment. Notably, Nosip, a
key inhibitor of Nos3 (Dedio et al., 2001) and ANG2, a potential inhibitory ligand of TIE2
receptor (Hansen et al., 2010), were the most prominently downregulated proteins upon Raz
treatment in mouse and human, respectively, suggesting a disinhibition of Tie2 signaling via
Nosip and ANG2 inhibition.

In addition to restoring the proteomic signature, treatment with the Tie2 activator further
restored the deficit in functional hyperaemia upon endothelial Foxf2 deficiency. Interestingly,
NO production was likewise restored in FOXF2-KO human iBECs.

Looking at the consequences of endothelial Foxf2 deficiency on the susceptibility of cerebral

ischemia we found that eKO mice develop larger infarcts with more extensive BBB leakage,



both of which attenuated upon Raz treatment. In line with our data, Raz likewise rescued
increased vessel permeability and infarct sizes in Ang2 GOF mice upon experimental stroke
(Gurnik et al., 2016). Moreover, Ang2 GOF mice presented similar molecular changes as we
found here in the BEC proteome of endothelial Foxf2 deficient mice, such as downregulated
abundance of Cdh5 and Cldn5 cell junction proteins, while Cav1, an essential protein for
caveolae formation was upregulated (Gurnik et al., 2016). Aside from the interaction with Tie2,
Ptprb further associates with Cdh5 supporting its adhesive activity and endothelial junction
integrity (Nawroth et al., 2002). However, Raz mediated inhibition of Ptprb stabilizes
endothelial junctions in a Cdh5 independent way (Frye et al., 2015). In accordance with these
data, the level of attenuated Cldn5 cell junction protein as well as the stroke related extensive
albumin leakage were both significantly rescued by Raz treatment in eKO mice, while Cdh5

remained unchanged.

To further explore the possible anatomical factors that might contribute to the enlarged infarct
phenotype in eKO mice, we analyzed the morphology of whole brain vasculature with light-
sheet microscopy using our previously published VesSAP-based quantification and found no
difference in the metrics of pial vasculature originated from MCA (Todorov et al., 2020), but we
found significant reduction of parenchymal microvessel density in several anatomic regions,
suggesting a role of endothelial Foxf2 in microvessel remodeling during adulthood (Gonzalez-
Gallego & Todorov-Valgyi, in preparation). Further supporting these data, endothelial cell
development was identified among the top enriched biological process of the significantly
downregulated BEC proteome of eKO mice. Moreover, key regulators of angiogenesis such

as Tie2, Itgb1 or Cdh5 were likewise downregulated upon endothelial Foxf2 deficiency.

In summary, Foxf2 represents a major risk gene for stroke and SVD. Endothelial Foxf2
deficiency causes BBB leakage and attenuates Tie2-Nos3 signaling via Foxo1 inhibition.
Razuprotafib, a small molecule inhibitor of Ptpbr, rescues functional hyperemia, limits infarct
size in mice with endothelial Foxf2 deficiency, and further restores TIE2 signaling and NO
production in FOXF2 deficient human ECs. Collectively, these findings identify Foxf2 as a key
transcription factor required for the maintenance of BEC function via Tie2-mediated Nos3

signaling pathway.



Methods
Animals

Brain specimens were obtained from Foxf2fl/fl;Cdh5-Cre (eKO) and Foxf2fl/fl (WT) mice at 6
month of age. Tissues were harvested in parallel and during the same daytime. Both proteomic
and immunohistochemical analyses were done on 6 mixed-gender mice per group (3 males
and 3 females for each experiment). Animal experiments were performed in accordance with
the German Animal Welfare Law and approved by the Government of Upper Bavaria (Vet_02-
18-21).

Tissue harvesting

For BEC isolation, mice were deeply anesthetized using ketamine (100mg/kg, i.p) -xylazine
(10mg/kg i.p), and transcardially perfused with ice-cold 20 ml 1X Hank's Balanced Salt Solution
(HBSS) for brain dissection. Following perfusion, the brain was surgically removed and kept in
HBSS at 4°C for further analysis.

For vessel isolation, anesthetized animals were perfused with 1X HBSS and the dissected

brains were immediately frozen on dry ice and stored at -80°C until further use.

For immunohistochemical analysis, anesthetized animals were transcardially perfused with 1X
HBSS and fixed with 4% paraformaldehyde (PFA). The dissected brain samples were

incubated O/N in 4% PFA for vibratome sectioning.
BBB permeability assays

For the BBB permeability assays mice were used at 6 months of age. Evans blue (EB) (Sigma-
Aldrich, Cat#E2129) was intraperitoneally-, whereas 40kDa TMR-conjugated dextran
(Invitrogen, Cat# D1845) was tail vein injected 24 hrs before animal perfusion (3 mice per
group). In a second cohort, A555-conjugated 1kDa Cadaverin (Invitrogen, Cat# A30677) and
CB-conjugated 10kDa dextran (Invitrogen, Cat#D1976) were tail vein injected together 2 hrs
before perfusion. Animals were transcardially perfused with 15ml HBSS and brains were
dissected. Right hemispheres were further post-fixed with 4% PFA overnight for confocal

analysis.
Brain endothelial cell isolation (BECs)

Brain endothelial cells were isolated from whole brain as described previously (Todorov-Volgyi
& Gonzalez-Gallego, in revision). In brief, the full brain was mechanical and enzymatically
digested using a modified version of the Adult Brain Dissociation kit (Miltenyi Biotec, Cat# 130-
107-677). Myelin was removed using 30% Percoll (GE Healthcare Cat#17-5445-02) and
erythrocytes using the Red Blood Cell Removal Solution (Miltenyi Biotec, Cat# 130-094-183).

BECs were enriched via magnetic activated cell sorting (MACS) using CD31 beads. Following



CD31 enrichment, the cell suspension was washed twice with PBS to remove residual MACS

buffer and subsequently precipitated for further protein extraction.
Brain vessel isolation

Brain vessels were isolated from whole cerebrum as described previously (Monet-Lepretre et
al., 2013; Zellner et al., 2018). In brief, tissue was homogenized in 15mL of cold minimum
essential medium (ThermoFisher, Cat# 11095080) using a glass tissue grinder (Wheaton).
Myelin was removed using a 15% Ficoll gradient. Isolated vessels were pelleted and
resuspended in PBS with 1% BSA (BSA Fraction V, Sigma-Aldrich, Cat#10735096001),
transferred onto a 40um cell strainer (Corning, Cat#431750) and extensively washed with cold
PBS (with 250ml). Isolated vessels were collected by washing the inverted cell strainer with

PBS and centrifugation at 3000g for 5min.
Cell culture

iPSC experiments were performed in accordance with all relevant local guidelines and
regulations. Work was done with the female iPSC line A18944 (ThermoFisher, Cat# A18945).
iPSCs were cultured and maintained on vitronectin-coated plates in Essential 8 Flex Medium
(E8F) (ThermoFisher, Cat# A2858501) at 37°C with 5% CO2 until reaching 80-85%
confluency. iPSCs were passaged using PBS + 500nM EDTA (ThermoFisher, Cat# 15575020)

and replated using the same conditions as previously.
CRISPR/Cas9 Genome editing

We used the previously described and characterized genetic modified cell line of iPSCs with

FOXF2 deletion (Gonzalez-Gallego & Todorov-Valgyi, in preparation).
iPSC differentiation into brain endothelial cells huECs

iPSCs were differentiated into brain endothelial cells or huECs as previously described and
characterized (Gonzalez-Gallego & Todorov-Volgyi, in preparation). In brief, cells were seeded
onto Gelatin-coated plates (ThermoFisher Cat# A1413302) at a density of 200k/cm2 and
mesoderm was induced for the next 5 days using Mesoderm Induction Media (StemCell, Cat#
05220) for day1 and 2 and APEL2 media (StemCell, Cat# 05270) for day 3 and 4. On day5,
endothelial cells were positively selected by Magnetic Activated Cell Sorting (MACS) using
CDH magnetic beads (Milteny Biotec, Cat# 130-097-867) following manufacturer’'s
instructions. Endothelial cells were further plated onto Collagen IV-coated plates (Sigma
Aldrich, Cat# C5533-5MG) in endothelial cell media (PromoCell, Cat# C-22011) supplemented
with 50ng/mL VEGF (Peprotech, Cat# 100-20). Cells were grown until reaching approximately
90% confluence and passaged with Trypsin-EDTA (ThermoFisher, Cat# 25200056) up to 5

passages in a ratio of 1:2-1:6.



NO measurements

NO production measurements were assessed using DAF-2DA compound (Enzo Life Sciences,
Cat# ALX-620-056-M001). Cells were seeded onto Collagen IV-coated coverslips and cultured
until reach confluency. Cells were treated with 10uM DAF-2DA diluted in the medium for 24h
in phenol-free media. After incubation, cells were fixed with 4% PFA and mounted with
Fluoromount for further imaging (Sigma-Aldrich, Cat# F4680-25ML).

Foxf2 overexpression via LNPs

FOXF2 was overexpressed in human differentiated endothelial cells via Lipid nanoparticles
(LNP) mRNA delivery as previously reported (Gonzalez-Gallego & Todorov-Volgyi, in

preparation).
Protein extraction
Isolated mouse BECs and differentiated human ECs (iECs)

Protein was extracted from isolated mouse BECs and human iECs using RIPA buffer
containing 150mM NaCl (Roth, Cat# 3957.1), 1M Tris-HCI pH 7.5 (Roth, Cat# 9090.3), 1%
NP40 (Sigma Alrich Cat# 74385), 0.5% Deoxycholate (Roth, Cat# 3484.3), and 0.1% SDS
(Serva, Cat# 20765.03) and protein inhibitors cocktail (Roche, Cat# 4693159001). Samples
were resuspended in 50uL and 100uL respectively, incubated on ice for 30 minutes followed
by centrifugation at 18000g for another 30min at 4°C. Supernatants were collected in protein

low binding tubes and kept at -20°C for further analysis.
Isolated vessels

Isolated vessels were lysed in a buffer containing 100mM Tris-Hcl pH 7.6 (Roth, Cat# 9090.3),
4% SDS (Serva, Cat# 20765.03) and 100mM DTT (Sigma, Cat# 3483-12-3) by
homogenization with a dounce tissue grinder (Wheaton) followed by heating for 3min at 95°C.
After lysis, samples were sonicated (30s, amplitude 100%, duty cycle 50%) 5 times with
intermediate cooling using VialTweeter sonicator (Hielscher). Samples were then centrifugated
at 160009 for 15min at 4°C. Supernatants were collected in protein low binding tubes and kept

at -20°C for further analysis.
Mass spectrometry and data analysis
Sample preparation

The whole sample of acutely isolated BECs (~5 ug) and 20 ug of isolated brain vessel or full
brain tissue lysates according to a BCA assay were subjected to proteolytical digestion using
the single-pot solid-phase enhanced sample preparation (SP3) (Hughes et al., 2019). After 1:2
dilution with water, a benzonase digestion with 12.5 units was performed to remove remaining
DNA/RNA. Proteins were reduced by addition of dithiothreitol (Biozol, Germany) in 50 mM



ammonium bicarbonate to a final concentration of 10 mM and incubation for 30 min at 37°C.
Cysteine residues were alkylated by addition of iodoacetamide (Sigma Aldrich, US) to a final
concentration of 40 mM and incubation for 30 min at room temperature in the dark. Afterwards,

the reaction was quenched by adding dithiothreitol.

Proteins were bound to 40 ug of a 1:1 mixture of hydrophilic and hydrophobic magnetic Sera-
Mag SpeedBeads (GE Healthcare, US) using a final concentration of 70% (v/v) acetonitrile for
30 min at room temperature. Beads were washed four times with 200 yL 80% (v/v) ethanol.
For proteolytic digestion, LysC (Promega, Germany) was added in 20 yL 50 mM ammonium
bicarbonate with a protease to protein ratio of 1:80. Samples were incubated on a Thermomixer
(Eppendorf, Germany) for 30 min at 1000 rpm and 37°C. Afterwards, trypsin (Promega,
Germany) was added in 20 yL 50 mM ammonium bicarbonate with a protease to protein ratio
of 1:80 followed by an incubation for 16 h at room temperature. Beads were retained with a
magnetic rack and the supernatants were collected. Next, 20 yL 0.1% formic acid were added
to the magnetic beads followed by sonication for 30 s in a sonication bath (Hielscher
Ultrasonics GmbH, Germany). The supernatants of each sample were combined, filtered with
0.22 um spin filters (Costar Spin-x, Corning, USA) to remove remaining beads, and dried by
vacuum centrifugation. Dried peptides were dissolved in 20 yL 0.1% formic. The peptide
concentration after proteolytic digestion was estimated using the Qubit protein assay (Thermo
Fisher Scientific, US).

Mass spectrometry

The isolated BEC, isolated vessel, and full tissue samples were analyzed on a nanoLC system
(EASY-nLC 1200, Thermo Scientific, US) which was coupled online via a nanospray flex ion
source (Proxeon — part of Thermo Scientific, US) equipped with a PRSO-V2 column oven

(Sonation, Germany) to a Q-Exactive HF mass spectrometer (Thermo Scientific, US).

A peptide amount of 1 ug per sample was separated on a nanoLC system (EASY-nLC 1200,
Thermo Scientific, US) using an in-house packed C18 column (30 cm x 75 um ID, ReproSil-
Pur 120 C18-AQ, 1.9 ym, Dr. Maisch GmbH, Germany) with a binary gradient of water (A) and
acetonitrile (B) containing 0.1% formic acid at 50°C column temperature and a flow rate of 250
nl/min (gradient: 0 min, 2% B; 3:30 min, 5% B; 137:30 min, 25% B; 168:30 min, 35% B; 182:30
min, 60% B). Full MS spectra were acquired at a resolution of 120,000. The top 15 peptide
ions were chosen for Higher-energy C-trap Dissociation (HCD) with a normalized collision
energy of 26%. Fragment ion spectra were acquired at a resolution of 15,000. A dynamic

exclusion of 120 s was used for peptide fragmentation.

The comparison of acutely isolated endothelial cells and brain homogenates as well as iPSC
derived human endothelial cells were analyzed on a nanoElute nanoHPLC which was coupled

to a TimsTOF pro mass spectrometer with a CaptiveSpray ion source (Bruker, Germany).



An amount of 350 ng of peptides were separated on a on an in-house packed C18 analytical
column (15 cm x 75 ym ID, ReproSil-Pur 120 C18-AQ, 1.9 ym, Dr. Maisch GmbH) using a
binary gradient of water and acetonitrile (B) containing 0.1% formic acid at flow rate of 250
nL/min (0 min, 2% B; 2 min, 5% B; 70 min, 24% B; 85 min, 35% B; 90 min, 60% B) and a
column temperature of 50°C. A standard Data Dependent Acquisition Parallel Accumulation—
Serial Fragmentation (DDA-PASEF) method with a cycle time of 1.1 s was used for spectrum
acquisition. Briefly, ion accumulation and separation using Trapped lon Mobility Spectrometry
(TIMS) was set to a ramp time of 100 ms. One scan cycle included one TIMS full MS scan and
10 PASEF peptide fragmentation scans. The m/z scan range was set to 100-1700 for both,
MS and MS/MS scans. The ion mobility scan range was set to 1/k0 0.75-1.40.

Data Analysis

The raw data was analyzed by the software Maxquant (maxquant.org, Max-Planck Institute
Munich) version 1.6.3.4 (Cox et al., 2014; Sinitcyn et al., 2021). The MS data was searched
against an one protein per gene canonical fasta databases of Mus musculus (downloads:
September 09th 2020, 21997 entries or February the 10th 2021, 21998 entries) from UniProt.
Trypsin was defined as protease. Two missed cleavages were allowed for the database
search. The option first search was used to recalibrate the peptide masses within a window of
20 ppm. For the main search peptide mass tolerances were set to 4.5 and 10 ppm for the
Orbitrap and TOF mass spectrometer, respectively. Peptide fragment mass tolerances were
set to 20 and 40 ppm for the Orbitrap and TOF mass spectrometer, respectively.
Carbamidomethylation of cysteine was defined as static modification. Acetylation of the protein
N-term as well as oxidation of methionine were set as variable modifications. The false
discovery rate for both peptides and proteins were adjusted to less than 1%. Label free
quantification (LFQ) of proteins required at least two ratio counts of unique peptides. The option
“match between runs” was enabled with a matching time of 1 min and an ion mobility window
of 0.05 1/kO.

The protein LFQ intensities were log2 transformed and two-sided Student’s t-test was applied
between the groups for statistical evaluation of differential protein abundance. If more than two
groups were compared with each other, a one-way Anova test was additionally applied. To
account for multiple hypotheses, a permutation-based FDR correction was applied separately
for each comparison (Tusher et al., 2001). Only proteins with at least three valid values per

group were considered for relative quantification.
Enrichment analysis

Enrichment analysis of biological processes (GOTERM_BP_DIRECT) of down- and
upregulated proteins was performed using DAVID software (Huang da et al., 2009; Sherman

et al., 2022) version 6.8 using Mus musculus as background dataset.



Razuprotafib AKB-9785 treatment
Razuprotafib treatment in vivo

Mice were intraperitoneally injected with 30mg/kg of AKB9785 or vehicle solution every 12h

for a total of 4 times as previously reported (Gurnik et al., 2016).
Razuprotafib treatment of human iBECs

Cells were seeded onto Collagen IV-coated culture plates. Upon confluency, cells were treated
with 1uM AKB-9785 (RAZ) or PBS (VEH) in endothelial cell medium (PromoCell, Cat# C-
22011) for 24h. After 24h, cells were lysed on ice for protein and RNA analysis.

Transient ischemia-reperfusion stroke model

For experimental stroke induction in eKO and WT mice we applied a previously published
protocol (Roth et al., 2021). Briefly, animals were anaesthetized with 2% isoflurane delivered
in a mixture of 30% O2 and 70% N20O. The temporal bone was exposed by making an incision
between the ear and the eye. In supine position, the mice were implanted with a laser Doppler
probe that attached to the skull beyond the middle cerebral artery (MCA) territory. By
performing a middle incision, the left common carotid artery (LCCA) and external carotid artery
(ECA) were exposed and further isolated and ligated. A 2-mm silicon-coated filament (Doccol)
was inserted into the internal carotid artery, advanced gently to the MCA until resistance was
felt, and occlusion was confirmed by a corresponding decrease in blood flow as shown in the
laser Doppler flow signal by > 80%. Following 60 minutes of occlusion, the animals were re-
anesthetized, and the filament was removed. Once the mice awake, they were kept in their
home cage with ad libitum access to water and food. In all mice, a feed-back-controlled heating
pad maintained the body temperature of 37 °C during surgery. Exclusion criteria: 1. Insufficient
MCA occlusion (a decrease in blood flow to > 20% of the baseline value). 2. Death during the

surgery. 3. MRI scanning revealed no brain ischemia.
MRI

Aquisiton of the occlusion-induced infarct was done in a 3T NanoScan PET/MRI magnetic
resonanse scanner equipped with a surface coil optimized for the mouse head (Mediso,
Hungary), under Isoflurane anasetesia (isoflurane delivered in a mixture of 30% O2 and 70%
N20) and body temperature control set to 38°C. The acquisiton sequence used was T2 fast
spin-echo (T2FSE) weighting: (AcqTime: 0:07:38, Slices: 22, NEX: 4, TR: 10911, TE: 66.3,

averages: 4).

3D-stack MRI images were processed in Fiji and quantified as the sum of the infarct volume in

8 consecutive coronal slices (in the % of brain volume).



Immunohistochemistry

The dilution of primary and secondary antibodies during all experiments is specified in Table
1.

Brain slices

Brain samples were embedded in a 3% agarose block for further vibratome coronal sections
of 100um. Free-floating sections were incubated in 3%BSA/TritonX100 buffer for 1h at RT for
permeabilization and blocking. Primary antibodies were diluted in the same blocking buffer and
incubated at 4°C overnight while secondary antibodies were diluted in PBS and incubated at
RT for at least 2h. After carefully washing, DNA was stained using DAPI (Invitrogen Cat#
D1306, 1:2000) at RT for 5min. Brain slices were mounted using Fluoromount medium (Sigma-
Aldrich, Cat# F4680-25ML).

Isolated vessels

Directly after vessel isolation, vessels were transferred onto a microscope slide (ThermoFisher
Cat# J1800AMNZ) and dried at RT. Vessels were fixed at -20°C for 10min using ice-cold 100%
acetone. After fixation and washing, vessels were permeabilized and blocked with
3%BSA/PBS buffer. Primary antibodies were diluted in the same blocking buffer and incubated
at 4°C overnight and secondary antibodies were diluted in PBS and incubated at RT for 2h.
After washing, nucleus was stained using DAPI for 5min at RT. Isolated vessels when then

mounted using Fluoromount medium.
Differentiated human endothelial cells

Human endothelial cells were seeded directly onto Collagen-1V coated coverslips and fixed
using 4% PFA for 15min at RT upon confluency. Cells were blocked using 1%BSA/PBS buffer
for 1h at RT. Primary antibodies were diluted in the same blocking buffer while secondary
antibodies were diluted in PBS. Primary antibodies were incubated overnight at 4°C and
secondaries at RT for at least 1h. After washing, DNA was stained using DAPI and coverslips

were mounted using Fluoromount medium.
Confocal microscopy and image analysis

Fluorescent images were using Zeiss Confocal microscope (LSM880 and LSM980) using 25X
and 40X objectives and the ZEN black software. Images were processes and analyzed using

Imaged software.
Electron microscopy
Scaning electron microscopy of mouse tissue

For ultrastructural analysis of astrocyte endfeet, mice were perfused in 4% PFA, 2 mM calcium

chloride in 1xPBS, pH 7.4 (Science Services). One hemisphere was dedicated to



ultrastructural analysis by immersion fixation in 4% PFA, 2.5% glutaraldehyde, 2 mM calcium
chloride in 0.1 M cacodylate buffer for 24h. Coronal vibratome sections were incubated in the
same fixative for another 24h and stored in 0.1 M cacodylate buffer at 4°C until the start of the
postembedding.

For correlative analysis, mouse brain samples were perfusion fixed 4% PFA, 2 mM calcium
chloride in 1xPBS, pH 7.4 (Science Services). Coronal, 100 uym thick vibratome sections were
generated and every second section poststained for 24h in EM fixative (4% PFA, 2.5%
glutaraldehyde, 2 mM calcium chloride in 0.1 M cacodylate buffer). The remaining sections
were albumin stained and screened for BBB leakiness by confocal microscopy. Adjacent

sections to the ones selected by fluorescence microscopy were subjected to EM processing.

For both, endfeet and correlative analysis we applied a rOTO en bloc staining protocol
including postfixation in 2% osmium tetroxide (EMS), 1.5% potassium ferricyanide (Sigma) in
0.1 M sodium cacodylate (Science Services) buffer (pH 7.4) (Kislinger et al., 2020). Staining
was enhanced by reaction with 1% thiocarbohydrazide (Sigma) for 45 min at 40°C. The tissue
was washed in water and incubated in 2% aqueous osmium tetroxide, washed and further
contrasted by overnight incubation in 1% aqueous uranyl acetate at 4°C and 2h at 50°C.
Samples were dehydrated in an ascending ethanol series and infiltration with LX112 (LADD).

Blocks were cured and trimmed (TRIMZ2, Leica).
Analysis

For endfeet analysis, 100 nm thick sections were taken with a 35° ultra-diamond knife
(Diatome) on an ultramicrotome (UC7, Leica) and collected onto 1x0.5 cm carbon nanotube
tape strips (Science Services) or onto TEM grids as described. The samples on tape were
attached to adhesive carbon tape (Science Services) on 4-inch silicon wafers (Siegert Wafer)
and grounded by adhesive carbon tape strips (Science Services). EM micrographs were
acquired on a Crossbeam Gemini 340 SEM (Zeiss) with a four-quadrant backscatter detector
at 8 kV using ATLAS5 Array Tomography (Fibics). Medium lateral resolution images (40-100
nm) allowed the identification of blood vessels that were in turn reimaged at 4 nm resolution.
Higher resolution imaging of sections on grids was performed on a JEM 1400plus (JEOL) as

described. Image analysis was performed in Fiji (Schindelin et al., 2012).

For correlative analysis, serial sections were taken with a 35° ultra-diamond knife (Diatome)
on an ATUMtome (Powertome, RMC) at a nominal cutting thickness of 100 nm and collected
onto freshly plasma-treated (custom-built, based on Pelco easiGlow, adopted from M.
Terasaki, U. Connecticut, CT), carbon coated Kapton tape (kindly provided by Jeff Lichtman
and Richard Schalek). Tape stripes were assembled onto adhesive carbon tape (Science
Services) attached to 4-inch silicon wafers (Siegert Wafer) and grounded by adhesive carbon

tape strips (Science Services). EM micrographs were acquired on a Crossbeam Gemini 340



SEM (Zeiss) as described. Hierarchical imaging of serial sections was performed by mapping
the entire wafer at 2000 nm lateral resolution and acquisition of entire tissue sections at
medium resolution (100-200 nm). The region of interest was correlated by anatomical
landmarks including bleedings and vascular patterns and serial sections thereof acquired at
8x8x100 nm resolution. Serial section data were aligned by a sequence of automatic and

manual processing steps in Fiji TrakEM2 (Kislinger et al., 2023).
Western blot and quantification

Protein amount was quantified using BCA analysis following manufacturer’s instructions
(ThermoFisher, Cat# 23227). Protein lysates were analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and further transferred onto 0.2 ym
nitrocellulose membranes using the Mini-Protean and Trans-Blot system. Prior to antibody
incubation, membranes were blocked in 4% Milk in T-BST buffer for 1h at RT in a moderate
shaking. Primary antibodies were diluted in the same blocking buffer and incubated overnight
at 4°C also shaking for proper distribution. Horseradish peroxidase (HRP)-conjugated
secondary antibodies were incubated at RT for 1h. After further membrane washing, protein
detection was done by chemiluminescence development using ECL detection agent (Merck
Millipore, Cat# WBULS0100) in the Fusion FX7 (Vilber Lourmat) imager. Protein expression

levels were quantified using Gel Analyzer from ImageJ.
RNA analysis
RNA extraction and cDNA synthesis

Total RNA from half cerebellum or cell pellet was extracted using Trizol (Qiagen, Cat# 79306)
and purified using the RNeasy mini kit (Qiagen, Cat# 74106) as indicated in manufacture’s
instructions. RNA concentration was determined using a NanoDrop spectrophotometer. RNA
was stored at -80°C until use. cDNA was synthetized from 250ng - 1ug RNA using the
Omniscript RT kit (Qiagen, Cat# 205113) following manufacturer’s instructions and stored at -
20°C.

Quantitative real time qPCR (RT-qPCR)

SYBR Green Master Mix (Qiagen, Cat# 208056) was used to perform quantitative PCR (qPCR)

and detection was done in the Roche thermocycler. Primer sequences are listed in Table 2.
Analysis of whole brain pial vasculature

For staining, imaging, and analyzing the whole brain pial vasculature of the optically cleared
intact mouse brains of eKO and WT mice we followed the previously published VesSAP

protocol (Todorov et al., 2020).



Vessel labeling and tissue preparation

For labeling the whole brain vasculature first we injected 150 pl (2% V/V% in saline) Evans
blue dye (Sigma-Aldrich, E2129) intraperitoneally into 6 months old eKO and WT mice (n=4
per group). After 12 hrs of post-injection time, we injected 0.25 mg wheat germ agglutinin
conjugated to Alexa Fluor 594 dye (ThermoFisher Scientific, W11262) in 150 ul PBS (pH 7.2)

intravenously. Next, the fixed brains were optically cleared using the 3DISCO technique.
Imaging of the cleared whole brain samples with light-sheet microscopy

For imaging the cleared whole brain samples, we used a 4x objective lens (Olympus
XLFLUOR 340) equipped with an immersion corrected dipping cap mounted on a LaVision
Ultrall microscope coupled to a white light laser module (NKT SuperK Extreme EXW-12).

Reconstruction of the datasets from the tiling volumes

For 3D data reconstruction from the tiling volumes, we used the TeraStitcher’s automatic global
optimization function (v1.10.10). To register our dataset to the reference atlas we used the
average template, the annotation file and the latest ontology of the current Allen mouse brain
atlas CCFv3 201710.

Light sheet data analysis

We used the vessel segmentation and analysis pipeline (VesSAP) to quantify the whole brain
pial vasculature. Next, we ran the segmentation, preprocessing and feature extraction to obtain
the total vessel length (sum of vessel centerline voxels), bifurcation density (sum of
segmentation skeleton bifurcations), and average radius of vessels (distance of all centerline
voxels to the nearest segmentation mask). All measures were then corrected by a constant to
account for shrinkage due to fixation and clearing. Group comparison were done using

student’s t-test with equal variance assumed and followed by a Tukey’s post-hoc test.
Functional hyperemia measurements

Laser Speckle Imaging (LSI) of local cerebral blood flow and two-photon microscopy (2-PM)
microscopy analysis of vessel diameter changes in eKO and WT mice were performed based

on previously published protocol (Seker et al., 2021).
Chronic Cranial Window Implantation

A chronic cranial window was implanted over the left somatosensory cortex. Mice received
buprenorphine (0.1 mg/kg) 30 min before surgery for analgesia. Anesthesia was induced with
5% isoflurane and maintained with 2% isoflurane in 70% room air and 30% O2 during surgery.
To maintain body temperature at 37°C a feedback-controlled heating pad was used. Animals
were fixed in a stereotactic frame and the scalp was incised along the midline. As a local

anesthetics lidocaine (2%) was applied topically onto the skull and a round craniotomy with a



diameter of 4 mm was performed above the somatosensory cortex and covered with a glass
window. A plastic ring was glued on top of the cranial window (diameter: 1 cm; weight: 0.1 g).
After surgery, mice were placed in a pre-heated box (32°C) until all vital functions recovered.
All mice received buprenorphine and enrofloxacin (10 mg/kg s.c.) once daily for three days

after surgery.
Whisker Stimulation

Three weeks after surgery, mice received medetomidine (0.05 mg/kg, sc) for light sedation.
After 10 min animals were anesthetized with 2% isoflurane and placed in a stereotactic frame.
Isoflurane was gradually reduced to 0.5-0.75% (in 70/30% Air/O2) and whisker stimulation
was performed over one minute by manually with a brush at a frequency of 1-2 Hz. For 2-PM
a custom-made motorized brush holder was used the same stimulation protocol as for the

manual stimulation. The procedure was repeated three times with two min intervals.
Measurement and analysis of local cerebral blood flow by Laser Speckle Imaging

A laser speckle contrast imager (LSCI, Perimed, Jarfalla, Sweden) was positioned 10.4 cm
above the chronic cranial window and a 0.5 x 0.5 mm cortical field was imaged at 4.4 Hz. The
data was recorded using the software supplied with the device (Pimsoft, Perimed, Jarfalla,
Sweden) and analyzed using a previously published Matlab script (MATLAB, R2016b, The
MathWorks, Natick, MA) (Seker et al., 2021). Perfusion signal was averaged within 10 and 30
s after the automatically detected stimulation onset and normalized to the baseline perfusion
signal, which was defined individually for each stimulation period as the average signal within
40 to 10 s before the automatically detected stimulation onset. The resulting normalized
response of the perfusion signal to the stimulation was then averaged across stimulation
periods. First individually for each animal and then across animals within each experimental
group. To allow averaging across animals, the images, cropped around the spherical ROI,
were resized to an image matrix of 120 x 120 pixels. For a better understanding of the individual

responses, heat maps were also acquired for individual animals.
Measurement and analysis of vessel diameter by in vivo two-photon microscopy

Two-photon microscopy (2-PM) was performed after the LSCI imaging using the same
anesthesia protocol as described above. For visualizing the cerebral vasculature 0.1 ml of
fluorescein isothiocyanate (2,000 kDa) was injected through the tail vein. Then mice were
transferred under the 2-PM. Pial and parenchymal vessels of the barrel cortex were visualized
as time series videos (2 s per frame) at a depth of 50-100 ym with a 10x Zeiss EC Plan—
NeoFluar objective using a Li: Ti laser tuned to 800 nm. A custom-made automated brush

holder was used for whisker stimulation while imaging with 2-PM (Seker et al., 2021).



scRNA-seq data analysis of human and mouse brain cell datasets

Read processing was performed using 10X Genomics Cell Ranger (v6.0.0). After barcode
assignment and UMI quantification, reads were aligned to the mouse reference genome mm10
(GENCODE vM23/Ensembl 98; 2020A from 10xGenomics). Further processing was
performed using Scanpy (v1.9.1) (Wolf et al., 2018). Cells were excluded if they had <200 or
>7000 unique genes, or 220 % mitochondrial gene counts. The count matrix was normalized
(sc.pp.normalize_total) and log(x+1)-transformed (sc.pp.log1p), before proceeding with
dimensionality reduction and clustering (sc.tl.pca, sc.pp.neighbors with n_pcs=50, sc.tl.umap,
sc.tl.leiden with resolution=1.1). Cell types were annotated using known marker genes for
endothelial cells (Cldn5, Pecam1), pericytes (Vitn, Pdgfrb), smooth muscle cells (SMCs; Acta2,
Myocd), fibroblasts (Dcn, Col6a1, Col3a1), oligodendrocytes (Mbp, Enpp2), oligodendrocyte
precursor cells (OPCs; Cspg4, Pdgfra), neurons (Rbfox3, Tubb3), astrocytes (Aqp4, Aldoc),
microglia (Aif1, Tmem119), monocytes/macrophages (Cd14, ltgb2, Cd86, Adgre1, Ccr2), other
immune cells (Cd19, Cd3e, lI2rb, Lat, Ifng, S100a9), ependymal cells (Pifo, Foxj1, Dynlirb2,
Meig1). Cluster identities were manually verified using differential expression analysis based
on Wilcoxon rank-sum tests (sc.tl.rank_genes_groups with method='wilcoxon'). The
expression of marker genes and the full analysis pipeline is available at

https://github.com/simonmfr/foxf2-per-celltype/blob/main/sc pp ISD 2022.ipynb.

We compared our scRNA-seq data to 8 independent single-cell/single-nucleus RNA-seq data
sets from the mouse and human brain (Garcia et al., 2022; Saunders et al., 2018; Tabula Muris
et al., 2018; Vanlandewijck et al., 2018; Winkler et al., 2022; Yang et al., 2022; Zeisel et al.,
2018). Each dataset was processed separately in Scanpy (Wolf et al., 2018) by first
normalizing (sc.pp.normalize_total) and log-scaling (sc.pp.log1p) raw count matrices.
Available cell annotations were verified using known marker genes (as described above) and
then harmonized into major cell types (astrocytes, microglia/macrophages, oligodendrocytes,
oligodendrocyte precursor cells (OPCs), endothelial cells, pericytes, smooth muscle cells
(SMCs), fibroblasts, neurons, neuroblasts/neural stem cells (NSCs), ependymal cells). Cell
type clusters with < 50 cells were excluded from the analysis. Then, we extracted mean scaled
expression levels and the fraction of cells expressing Foxf2 per cell type (sc.pl.dotplot). The
expression of Foxo1, Nos3, and Tie2/Tek was examined accordingly. Overall, the analysis
included 4,347,895 cells, out of which 86,588 cells were annotated as endothelial cells. Details

of the analysis and the full code is available at https://github.com/simonmfr/foxf2-per-celltype.
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Figure 1. Endothelial Foxf2 deficiency causes BBB leakage and attenuates Tie2-signaling

A. Comparative analysis of Foxf2 expression in different brain cell types based on our own and already published single cell
RNA sequencing data (References: #1 (Vanlandewijck et al., 2018), #2 (Saunders et al., 2018), #3 (Zeisel et al., 2018), #4
(Tabula Muris et al., 2018), #5 (Winkler et al., 2022), #6 (Yang et al., 2022)). B. Schematic of study design. Assessment of
BBB permeability, histology, and BEC proteome in adult mice with EC-specific inactivation of Foxf2 (eKO) at 3 months. C.
Correlative light- and electron microscopy (CLEM) on brain tissue with focal albumin extravasation in eKO and corresponding
brain region from WT mouse (top) (scale bar: 5um). Confocal microscopy images and quantification of extravasation of traces
(cadaverin — 1kDa, dextran — 10 and 40 kDa) (bottom). D. Volcano plots of log2 LFQ ratios (eKO vs WT) and -log10 p values
of all quantified proteins from 6 months old eKO and WT mice. Red and blue circles indicate proteins that were significantly up-
and downregulated, respectively (n=6 mice / group, t-test, p < 0.05). Proteins related to Tie2-signaling are marked with their
gene names. E. Summary of the LC-MS/MS and LFQ results. F. Subcellular localization of significantly dysregulated proteins.
G. Enrichment analysis of biological processes of significantly dysregulated proteins in eKO vs WT mice based on Gene
Ontology (GO) terms (FE: fold enrichment; count: number of significantly altered proteins; FDR: p-value of significantly
enriched terms). H. iBAQ intensity and fold change ranking of the significantly altered proteins in eKO vs WT mice. Red and
blue lines mark significantly up- and downregulated proteins, respectively, related to the Tie2-signaling pathway. I. Abundance
of significantly downregulated proteins (n=6 mice / group, t-test, p < 0.05) according to the top enriched Tie2-regulated
biological processes.
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Figure 2. Razuprotafib rescues functional hyperemia and limits infarct size in mice with endothelial Foxf2
deficiency

A. Schematic of the interventional paradigm. Mice with EC-specific inactivation of Foxf2 at 3 months were treated
subcutanously with the Tie2 activator Razuprotafib (AKB-9778) followed by CBF measurements and vessel proteomics. B.
Volcano plots of log2 LFQ ratios and -log10 p values of all quantified proteins in isolated brain vessels from eKO mice and WT
mice. Shown are the comparisons of vehicle treated animals (eKO-Veh vs WT-Veh) and of eKO mice treated with Razuprotafib
vs vehicle (eKO-Raz vs eKO-Veh). Red and blue circles indicate proteins that were significantly (t-test, p-value < 0.05) up- and
downregulated, respectively. Proteins related to Tie2-signaling are marked with their gene names. C. Abundance of Tie2-Nos3
signaling related proteins that were rescued by Razuprotafib treatment (eKO-Raz vs. eKO-Veh, t-test, p < 0.05). Foxf1 and 2
levels remained unaltered. D. Immunocytochemistry and quantification of Nos3 labeling in isolated brain microvessels (n=4
mice / group, t-test, p < 0.05) (Scale bar: 20pm). E. Upper panels: Quantification of mean CBF changes within Barrel cortex
obtained by laser speckle imaging (LSCI) with individual registrations and averaged CBF heat maps following whisker
stimulation. (n=6 mice / group, t-test, p < 0.05). Yellow color indicates a pronounced increase of cortical perfusion whereas
blue color indicates no or small change. Lower panels: Representative images and quantification of vessel diameter changes
of penetrating arterioles and capillaries following whisker stimulation. F. Quantification of infarct size and albumin leakage in
mice treated with either vehicle or Razuprotafib prior to experimental stroke induction (n=6 mice / group, t-test, p < 0.05).
Shown are exemplary images of whole brain, MRI, and confocal imaging (Scale bar: 500um).
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Figure 3. Razuprotafib rescues TIE2-signaling and NO production in FOXF2 deficient human endothelial cells

A. CRISPR/Cas9-mediated genome editing for FOXF2 deletion in human iPSCs, differentiation into brain endothelial cells
(iBECs), and treatment strategy for proteomic and microscopic analysis. B. Volcano plots of log2 LFQ ratios (KO-Veh/WT-Veh
and KO-Raz/KO-Veh) and -log10 p values of all quantified proteins. Red and blue circles indicate proteins that were significantly
up- and downregulated respectively (n=5 samples / group, t-test, p-value < 0.05). Proteins related to TIE2-NOS3 signaling
pathway are highlighted with their names in the volcano plot. C. Abundance of TIE2-NOS3 signaling related significantly altered
(n=5 samples / group, KO-Veh vs WT-Veh, t-test, p-value < 0.05) and rescued proteins upon Razuprotafib treatment (n=5
samples / group, KO-Raz vs KO-Veh, p-value < 0.05). D. Immunocytochemistry and quantification of TIE2 in human WT and
FOXF2 deficient (KO) iBECs (n=4 samples / group, t-test, p-value < 0.05) (scale bar: 20um) after Veh/Raz treatment. E. Western
blot quantification of pAKT/AKT in naive and Raz/Veh-treated iBECs (n=4 / group technical replicates, t-test, p-value < 0.05). F.
Immunocytochemistry and quantification of NOS3 in human WT and KO iBECs (n=4 samples / group, t-test, p-value < 0.05) after
Veh/Raz treatment (scale bar: 20um). G. Immunocytochemistry and quantification of pFOXO1 in human WT and KO iBECs (n=4
samples / group, t-test, p-value < 0.05) after Veh/Raz treatment (scale bar: 20pum). H. Immunocytochemistry and quantification of
NO production in FOXF2 deficient ECs by DAF fluorescence (n=4 samples / group, t-test, p-value < 0.05; scale bar: 20pm).
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Figure 4. Endothelial Foxf2 regulates Tie2-mediated Nos3 signaling via Foxo1 inhibition

A. Relative RNA abundance of Foxf2, Foxq1, Foxc1, Foxo1, Tie2, Nos3, Gucy1b1, and Ang1 in brain tissue of eKO and WT
mice (normalized to Gapdh and WT) (n=4-6 samples / group, t-test, p-value < 0.05). B. Relative RNA abundance of Foxf2,
Foxo1, Tie2, and Nos3 during physiological aging. C. Significant negative and positive correlation between Foxf2-Foxo1, and
Foxf2-Nos3, respectively (n=16 samples, red line marks simple linear regression). D. Relative RNA abundance of Foxf2, Tie2,
and Nos3 in eKO and WT mice upon Veh/Raz treatment (normalized to Gapdh and WT) (n=6 samples / group, t-test, p-value <
0.05). E. Relative RNA abundance of FOXF2, TIE2, and NOS3 in eKO and WT iBECs upon Veh/Raz treatment (normalized to

ECM7 and WT) (n=6 samples / group, t-test, p-value < 0.05). F. Relative RNA abundance of TIE2, and NOS3 in eKO and WT
iBECs upon LNP treatment (normalized to ECM7 and WT) (n=4 samples / group, t-test, p-value < 0.05). G. EC-specific Foxf2-

deficiency induced downregulation of Tie2-mediated Nos3 signaling. Red and blue colors indicate proteins that were
significantly (t-test, p-value < 0.05) up- and downregulated in EC-specific Foxf2 deficient mice and FOXF2 KO human ECs

(capital letters) compared to WT, respectively. Bold/italic letters indicate proteins that were changes in both mouse and human,
and at RNA level, respectively.
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Suppl. Figure 1. Tie2-signaling and arachidonic acid metabolism related BEC protein changes induced by
endothelial Foxf2 deficiency

LFQ values of Tie2 signaling (A) and arachidonic acid metabolism (B) related BEC protein changes in eKO mice normalized to
WT (datapoints represent individual mice, n=6 mice / group, t-test, p < 0.05).
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Suppl. Figure 2. Razuprotafib rescues glial edema endfeet induced by endothelial Foxf2 deficiency

Scanning electron microscopy (SEM) imaging with quantification of glial endfeet edema of eKO compared to WT mice (n=4
mice / group, t-test, p < 0.05) (Scale bar: 1um).
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Suppl. Figure 3. Endothelial Foxf2 deficiency has no effect on the anatomy of whole brain pial vasculature

Light-sheet microscopy imaging with quantification of key vascular metrics of whole brain pial vasculature in eKO compared to
WT mice (n=4 mice / group, t-test, p < 0.05).
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Suppl. Figure 4. Razuprotafib rescues Tie2-signaling related protein changes in FOXF2 deficient human ECs

o
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A. LFQ values of Tie2 signaling related human EC protein changes in KO cells normalized to WT (datapoints represent individual
samples, n=4 samples / group, t-test, p < 0.05). B. Immunocytochemistry and quantification of TIE2 in human KO and WT ECs
(n=4 samples / group, t-test, p-value < 0.05) after Veh/Raz treatment (scale bar: 20pm).
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Suppl. Figure 5. Comparative analysis of Tie2, Nos3, and Foxo1 expression in different brain cell types

Comparative analysis of Tie2 (A), Nos3 (B), and Foxo1 (C) expression was performed based on our own and already

published single cell RNA sequencing data (References: #1 (Vanlandewijck et al., 2018), #2 (Saunders et al., 2018), #3 (Zeisel
et al., 2018), #4 (Tabula Muris et al., 2018), #5 (Winkler et al., 2022), #6 (Yang et al., 2022)).



4. Discussion

Cerebral small vessel diseases contribute to a large portion of dementias and increases the risk for
stroke, posing a major burden on our society. Causes and phatomechanisims of cSVD are not fully
understood and therefore, the availability of treatments remains limited. Most of BBB research,
including drug delivery approaches have been based on animal models, which have been shown to
have limited transferability to humans and the clinic. Therefore, developing reliable in vivo and in vitro
models that can be used parallel to animal models is essential to better understand mechanisms

leading to BBB breakdown.

This thesis deals with the generation of a human in vitro model of the BBB in parallel with in vivo
models of FOXF2 deficient vascular cell types to better understand the cell autonomous effect of FOXF2

in endothelial cells and pericytes.

4.1. Generation and characterization of iPSC-derived cells for in vitro modelling

Advances in the generation of iPSCs (Takahashi and Yamanaka 2006) and differentiation protocols into
somatic cells including the components of the NVU (Aday et al. 2016; Delsing et al. 2020) have provided
unique tools for the generation of human derived in vitro models. However, the lack of standardization
and deep characterization as well as difficulties in generating specific cell types have led the field to
use differentiation protocols which do not fully recapitulate the cells present in the adult human brain.
For example, a widely used protocol for the differentiation of brain endothelial cells (Lippmann et al.
2012) has been shown to yield cells with epithelial rather than endothelial identities (Lu et al. 2021).
Moreover, most of astrocytes differentiation protocols (Lundin et al. 2018; TCW et al. 2017) use serum
in their media, which has been shown to activate them (Zamanian et al. 2012; Y. Zhang et al. 2016),
leading to non-physiological morphology and activity. These drawbacks resulted in the development
of new protocols using serum-free media (Perriot et al. 2018). This illustrates the importance of a wide

and deep characterization of iPSC-derived somatic cells before in vitro modelling.

To overcome this problem, we, after adopting and optimizing protocols for the differentiation of
endothelial cells (iEC), smooth muscle cells (iISMC), pericytes (iPE) and astrocytes (iAS), characterized
these cells by transcriptomics, proteomics and immunohistochemistry. To better understand how they
approximate human brain cells, we directly compared them to human primary capillary endothelial
cells (pEC), umbilical vein endothelial cells (HUVECs), vascular smooth muscle cells (pSMC), vascular
pericytes (pPE) and mid brain astrocytes (pAS) by proteomic analysis. Unsupervised principal
component analysis (PCA) of the proteomics results revealed a clear separation between iPSCs,
differentiated cells and primary cells. When focusing on the endothelial cells, we found that iECs

differentiated by us by our protocol, cluster closer to pEC than to HUVEC, a widely used cell type for in
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vitro modelling. Furthermore, they do not express any of the key epithelial markers and upregulate
key processes such as endothelial cell migration, angiogenesis and cell adhesion when compared to
iPSCs, suggesting that iECs more closely resemble brain endothelium rather than epithelium. Similar
results were obtained when comparing our iAS to pAS, which cluster together and quite distant from
the mesoderm-derived cells. Moreover, when compared to iPSCs they upregulate key biological
processes like neuron migration, synaptic vesicle endocytosis or axon guidance, overlapping processes
between neurons and astrocytes. The characterization of derived mural cells, iSMC and iPE, was more
difficult due to the lack of specific markers for each cell type (Armulik, Genové, and Betsholtz 2011b;
Obermeier, Daneman, and Ransohoff 2013) and their heterogeneous distribution in the brain
(Hartmann et al. 2015; Kisler et al. 2017). While they clustered based on their origin rather than cell
type, marker expression revealed an upregulation of MCAM, CPSG4 and ACTA2 in iSMCs and
downregulation of DES in iPE, as would be expected (Armulik, Genové, and Betsholtz 2011b; Smyth et

al. 2018a), suggesting a proper cell differentiation.

We further evaluated relative RNA expression by quantitative polymerase chain reaction (qPCR) of the
differentiated cells compared to iPSCs. In all cases, we found an upregulation of cell specific key
markers and a downregulation of pluripotency markers, again demonstrating the differentiation into
somatic cells. Moreover, immunohistochemistry validated the presence of the most common markers

at protein level and typical morphology of the derived cells.

It is important to mention that in our differentiation protocols, both iSMC and iPE have a mesoderm
lineage. However, the origin of SMCs and pericytes during development has been questioned and
debated over the last years. Early studies suggested a mesoderm lineage for mural cells (Drake,
Hungerford, and Little 1998) whereas recent quail-chick chimeras and lineage-tracing studies have
prooved that forebrain mural cells arise from the neural crest, and therefore are derived from the
ectoderm rather than mesoderm (Etchevers et al. 2001; Korn, Christ, and Kurz 2002; Armulik, Genové,
and Betsholtz 2011b). Still, some other studies have shown that hematopoietic cells, which are derived
from the mesoderm, can also generate brain pericytes (Yamazaki et al. 2017), suggesting the possibility
of two distinct populations of mural cells in the brain which differ in their origin, mesoderm or
ectoderm. One of the limitations of our iPSC-derived cells is the restriction of mesoderm derived mural
cells and it would be interesting to include ectoderm derived cells with recently available protocols (A.
Wang et al. 2011; Stebbins et al. 2019; Faal et al. 2019) and compare them with our current derived

cells.
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Another important topic in the context of differentiation of endothelial cells is overexpression of key
endothelial transcription factors such as ETV2, SOX18, ERG, and FLI1 (Roudnicky et al. 2020; Lu et al.
2021; H. Zhang et al. 2022), which can improve their BBB phenotype. In our study we do not compare
our protocol with overexpression of key transcription factors, which of course could improve the cell

characteristics and functionality.

4.2. Generation and characterization of a human iPSC-derived 3D in vitro model

of the BBB

Most of the widely used in vitro models of the BBB are based on a 2D transwell culture. Despite
providing a better representation than monoculture and induction of greater endothelial cell barrier
(Hatherell et al. 2011b; Lippmann et al. 2012) they do not recapitulate the typical 3D conformation,
the establishment of direct cell-cell contacts and aspects of shear stress, key features of the BBB in
vivo (Gastfriend, Palecek, and Shusta 2018). Advances in microfluidic systems, which allow these
characteristics to be present, have provided a better alternative for BBB modelling (Aday et al. 2016;
Oddo et al. 2019). Recent studies combining human primary cells with iPSC-derived cells have shown
that co-culture of endothelial cells, mural cells and astrocytes generates a self-organized vascular

network with perfusable lumens (Campisi et al. 2018; Vila Cuenca et al. 2021; Orlova et al. 2022).

To study genetic neurovascular disorders in vitro it would be necessary to develop a fully iPSC-derived
model, where mutations can be introduced and studied in an isogenic manner in the different cell
types. However, few iPSC-models have been developed and none of them have included endothelial
cells, mural cells and astrocytes and rather focus only on a set of cells like endothelial cells, pericytes
or neuronal progenitors (Jamieson et al. 2019; Vatine et al. 2019b). To overcome this problem we
decided to use our fully characterized differentiated cells and co-culture them in 3D conformation

using microfluidic chips.

Similarly to previous reports, our BBB in vitro model self-organized into vascular networks with
perfusable lumens and secreted extracellular matrix (ECM) proteins (Belair et al. 2015; Campisi et al.
2018; Vila Cuenca et al. 2021). Moreover, our endothelial cells showed presence of adherens and tight
junctions not only confirmed by the expression of PECAM1 and TJP1 but also by ultrastructural analysis
via electron microscopy. Furthermore, endothelial cells also showed a typical vessel topology,
secreting Collagen-IV towards the outside of the vessel and Podocalyxin towards the lumen. Due to
the 3D conformation of the microfluidic chip we could also observe cell-cell interactions, where

smooth muscle cells and astrocytic end feet are in close contact with the endothelial cells.
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To explore and assess the applicability of the BBB model for therapeutic screening we developed a
rescue paradigm using lipid nanoparticles (LNPs). In the past years, LNPs carrying mRNA have been
used to treat infectious disease and cancer (Hou et al. 2021). Since BEC form the inner layer of the
vasculature, there has been an emerging interest over the past years in optimizing LNP selectivity for
ECs (Paunovska et al. 2018; G. W. Liu et al. 2023). To see if we can target our endothelial cells in 3D,
we treated FOXF2 deficient cultures with LNPs containing mouse Foxf2 mRNA. LNP treatment not only
efficiently targeted the endothelium but also rescued FOXF2-related phenotypes, such as the TJP1
downregulation, CAV1 upregulation and upregulated endocytic uptake. These results demonstrate
that our model can be used to screen and test endothelium targeted therapeutics. Nevertheless, it
would also be interesting to test other therapeutics which can cross the BBB and therefore target other
cell types. Recent studies have shown that therapeutics connected to transferrin-binding ‘brain-
shuttles’ can effectively cross the BBB (Logan et al. 2021; van Lengerich et al. 2023), which would be

interesting also to test in our in vitro model.

Taken together, we developed a human in vitro BBB model which presents several advantages
compared to the currently available models. First, our model is composed of fully iPSCs derived somatic
cells, which have been thoroughly characterized. Second, combination of our iPSCs model with
CRISPR/Cas-based genome editing enables studying disease phenotypes in an isogenic manner.
Nevertheless, several improvements and characterizations could still be added. First, it has been
shown that shear stress increases endothelial BBB phenotype (Chistiakov, Orekhov, and Bobryshev
2017; Cucullo et al. 2011), and therefore the addition of physiological flow would resemble more in
vivo conditions. Second, the NVU has a complex cellular composition, and addition of other cell types
like neurons, microglia and monocytes could improve recapitulation of the NVU in vitro and study cell
crosstalk and inflammatory responses. Third, it has been shown that coculture of endothelial cells with
pericytes and astrocytes upregulates several markers improving similarity to in vivo phenotypes
(Campisi et al. 2018), but we did not assess that aspect in our co-culture model. Therefore, further
characterization with proteomics and single cell sequencing would provide a confirmation of the co-
culture benefits and at the same time allow the study of cell-cell communication in vitro, which can be
essential to elucidate important mechanisms involved in formation of a healthy or diseased BBB. Lastly,
it would also be informative to perform some electrophysiological measurements to see if the cell

types have a synchronized activity.
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4.3 A broad approach to investigate the role of FOXF2 in mouse and human, in

vivo and in vitro

FOXF2 encodes a transcription factor which is mainly expressed in endothelial cells and pericytes in
human and mouse (Vanlandewijck et al. 2018; Kalucka et al. 2020; A. C. Yang et al. 2021). It has been
shown that Foxf2 induces the expression of BBB specific markers (He et al. 2020) and regulates the
interaction between endothelial cells and pericytes (Wu, Li, and You 2021). Furthermore, common
genetic variants which induce a reduction of FOXF2 are associated with stroke and cSVD (Chauhan et
al. 2016a; Malik et al. 2018; J. R. Ryu et al. 2022) and global inactivation in mice leads to BBB

impairment (Reyahi et al. 2015).

To uncover the cell-autonomous effects of FOXF2 in endothelial cells and pericytes and understand
how it might be implicated in BBB impairment, we had to develop different models. For the in vivo
study, we generated cell-specific deletion of Foxf2 in endothelial cells and pericytes. For that, we
crossed our conditional Foxf2 fl/fl mice with Cre-specific promoters, for the endothelial cells Cdh5-
creERT and for the pericytes Pdgfrb-CreERT2, which allowed cell specific deletion at a defined time
point. For the in vitro study, we generated a FOXF2-KO in human iPSCs, which could be further

differentiated into endothelial cells or pericytes.

4.4 The need of cell-specific proteomics and transcriptomics for in vivo studies

To better understand the role of Foxf2 in endothelial cells and pericytes we need to study them
separately. While in vitro studies allow that relatively easily, they might lack phenotypes provided by
the in vivo environment. Therefore, there is a need for developing isolation protocols which allow
visualization and characterization of specific cell types. Recent developments in transcriptomics have
enabled the study of different cell types at single cell resolution, including endothelial cells and
pericytes from mouse brain (Aldridge and Teichmann 2020; Kalucka et al. 2020; Bjgrnholm et al. 2023).
However, proteomic profiles from individual cell types, including endothelial cells and pericytes are

still missing.

Analysis of the cell-specific proteomics, together with transcriptomic analysis, is necessary for
understanding the molecular pathways implicated in pathological dysfunction for several reasons.
First, protein abundance levels may poorly correlate with mRNA levels due to intermediate processes
like protein synthesis and degradation that are not captured during transcriptomic analysis (Maier,
Guell, and Serrano 2009; Vogel and Marcotte 2012; Carlyle et al. 2017; D. Wang et al. 2019). Second,
proteins are closer to cellular functions and biosynthetic output compared to mRNA (Bludau and
Aebersold 2020). Third, transcriptomics analysis cannot capture internalized molecules or those bound

to the cell surface.
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Since Foxf2 is mainly expressed in endothelial cells and pericytes to study their cell-autonomous effect
in each cell type we would need to combine the available transcriptomic protocols with the
development of new specific protocols for proteomic analysis. Due to a lack of specific markers for
pericytes (Armulik, Genové, and Betsholtz 2011b) and the limited protein amount, we could not
develop a protocol which would allow the isolation of pericytes for proteomic analysis. However, we
managed to develop a brain endothelial cell (BEC) enrichment protocol compatible with mass
spectrometry. The multilevel characterization and validation of our MS-compatible mouse BEC
enrichment protocol and a study to understand BEC proteome changes during aging do not form part
of this thesis (Todorov-Volgyi & Gonzalez-Gallego, in revision) but allowed us to apply the same

protocol to study the effects of FOXF2 deletion in endothelial cells.

4.5 The BBB in vitro model phenocopies in vivo Foxf2 phenotypes

To demonstrate the applicability of iPSC-derived cells cultured in 2D and our newly developed 3D in
vitro model of the BBB to study genetic vascular diseases we decided to focus on FOXF2 deletion. For
that, we performed correlative in vivo and in vitro experiments comparing FOXF2 deficient endothelial

cells (iEC) with endothelial-specific Foxf2 deficient mice.

Similar to global Foxf2 inactivation (Reyahi et al. 2015), endothelial-specific Foxf2 inactivation during
adulthood induced endothelial thickening, elongated tight junctions, downregulation of Tjpl and
increased caveolae. The 3D in vitro model phenocopies the downregulation of TIP1, malformation of
tight junctions with the formation of protrusions and the upregulation of CAV1. Additionally, in vitro
disease modelling allowed us to assess endocytic uptake and transendothelial electrical resistance
(TEER), which are challenging in vivo. FOXF2-KO cultures presented with a downregulation of TEER and
an upregulation of endocytic uptake, in line with the down- and upregulation of TJP1 and CAV1

correspondingly.

Taken together, this demonstrates not only an alignment of Foxf2 deficient mouse and human models
in the regulatory mechanisms but also proves that in vitro models can be used to study genetic

neurovascular diseases.

4.6 Endothelial Foxf2 deficiency impairs BBB integrity

Morphological characterization of BBB integrity using fluorescent tracers of different size in vivo
revealed barrier leakage upon Foxf2 deletion in endothelial cells for tracers between 1-40KDa.
Furthermore, Evans blue injection and albumin staining showed an increase of focal albumin leakage
areas in endothelial Foxf2 deficient mice when compared to wild type. Correlative electron microscopy
of those positive areas revealed microhemorrhages with extravasation of erythrocytes in the
parenchyma, glial edema and neuronal lysis. This phenotype is comparable to the phenotype
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previously reported for mice in which Foxf2 is globally inactivated during adulthood (Reyahi et al.
2015). Using our in vitro system, FOXF2 deficient endothelial cells also showed a reduced
transendothelial electrical resistance, which would be consistent with a BBB leakage in vivo. However,
we did not test fluorescent tracers of different size in or 3D in vitro model parallel to the in vivo studies,
which could be interesting and provide insights on BBB impairment as well as provide further

characterization of the in vitro model.

To investigate the susceptibility of endothelial Foxf2 loss to cerebral ischemia we subjected our mice
to experimental stroke using endovascular filament-mediated middle cerebral artery occlusion
(fMCAO0). Endothelial Foxf2 deficient mice presented larger infarct size and albumin leakage, suggesting

a role of Foxf2 in BBB breakdown.

Enrichment analysis of significantly dysregulated proteins in human deficient FOXF2 endothelial cells
revealed endocytosis and cell adhesion among the most affected biological processes. Among the
enriched endocytosis proteins we found several members of the caveolin and clathrin-coated vesicles
as well as proteins involved in the intracellular protein, specifically in the Golgi vesicle transport. This
could explain the upregulation of endocytic uptake in FOXF2-KO cultures as well as the vascular defects
in vivo (Andreone et al. 2017; Zhou et al. 2021). Among the enriched cell adhesion proteins we found
proteins involved in the formation of tight junctions, cell-cell junctions, cell-matrix adhesion and
cytoskeleton reorganization, which could suggest a cell structure reorganization in FOXF2 deficient
endothelial cells. Moreover, the reduction in cell adhesion proteins could explain the reduced TEER in
human deficient FOXF2 cells and correlate with the in vivo BBB impairment (Zlokovic 2011; Abdullahi,
Tripathi, and Ronaldson 2018). Similarly, isolated BEC from endothelial Foxf2 deficient mice also
showed a downregulation of tight junctions and upregulation of endocytosis proteins, giving one more
time a correlation between human and mouse findings and supporting the idea of Foxf2 being involved

in the maintenance of the BBB.
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4.7 Endothelial Foxf2 deficiency dysregulates vessel remodeling

To further investigate whether the cytoskeleton reorganization, downregulation of cell-adhesion, or
increased BBB leakage relate to anatomical differences we analyzed the whole brain vasculature using
light-sheet microscopy. VesSAP-based quantification (Todorov et al. 2020) revealed a significant
reduction of parenchymal microvessel density in several anatomic regions in endothelial specific
deficient Foxf2 mice, suggesting a role of endothelial Foxf2 in microvessel remodeling during

adulthood.

Further supporting this data, enrichment analysis of significantly downregulated proteins in Foxf2
deficient BECs revealed endothelial cell development among the most affected biological processes.
Furthermore, key regulators of angiogenesis like Itgh1, Cdh5 and Tie2 were likewise downregulated,
In addition, proteomic analysis of human FOXF2 deficient ECs revealed several angiogenesis, cell
migration and vessel sprouting related proteins to be downregulated, further suggesting the
importance of FOXF2 in the regulation of these processes. In line with these data, in vitro proliferation
assays showed a downregulation in EC proliferation in FOXF2 deficient human ECs. Taken together,
molecular and in vitro data identify Foxf2 as a key regulator of vessel remodeling, however some
further in vitro experiments, like angiogenic sprouting (Tetzlaff and Fischer 2018; Kannan, Schain, and
Lane 2022) or angiogenic tube formation measurements (Arnaoutova and Kleinman 2010; DeCicco-

Skinner et al. 2014), would be necessary to understand better the underlying mechanism.

4.8 Endothelial Foxf2 deficiency attenuates Tie2-mediated Nos3 signaling via

Foxol inhibition

To better understand the molecular changes induced by Foxf2 deletion in endothelial cells we run our
optimized BEC enrichment protocol (Todorov-Volgyi & Gonzalez-Gallego, in revision) in endothelial
Foxf2 deficient mice. Enrichment analysis of significant dysregulated proteins revealed NO metabolism
among the most affected biological processes. The Tie2-Pi3k-Akt1 signaling pathway contributes to the
phosphorylation of Nos3 and further NO production (Michell et al. 1999). Among our dysregulated
proteins we found Tie2, Nos3 to be significant downregulated in endothelial Foxf2 deficient mice both
at protein and mRNA level. In line with those results, we found a downregulation of TIE2, NOS3 and
AKT phosphorylation in human FOXF2 deficient endothelial cells, showing one more time an alignment

between mouse and human Foxf2 regulatory mechanisms.

NO production is involved in cerebral blood flow (CBF) regulation and vessel dilation through a cGMP-
mediated signal transduction pathway (Y. Zhao, Vanhoutte, and Leung 2015). In vivo analysis of

cerebral blood flow revealed that endothelial Foxf2 deficient mice present with attenuated functional
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hyperemia. Complementing these results, human FOXF2 deficient cells showed a downregulation in

NO production.

Foxol is a target gene of the Tie2-Pi3k-Akt phosphorylation signaling pathway (Leligdowicz et al. 2018).
As would be expected from the downregulation of Tie2 signaling in FOXF2 deficient human endothelial
cells, we also found a downregulation of FOXO1 phosphorylation in these cells, which is in lie with an
attenuated signaling pathway upon FOXF2 deficiency. Recent studies have identified Foxol as a target
gene of Foxf2 in palate development (Xu et al. 2020) and further found Nos3 to be inhibited by Foxo1
(Potente et al. 2005). In line with those reports, we found Foxol to be upregulated and Nos3 to be
downregulated in our endothelial specific Foxf2 deficient mice. Furthermore, we found a strong
correlation between Foxf2 and Foxol mRNA expression as well as Foxf2 and Nos3, suggesting a

regulatory effect of Foxf2 on the Tie2-mediated Nos3 signaling pathway via Foxo1l inhibition.

Despite the fact, that we established a link between Foxf2 and Foxol based on mRNA and protein
levels a direct interaction between the two transcription factors is still missing. Therefore, experiments
on ChipSeq to determine the binding partners of Foxf2 would be essential to further understand how

Foxf2 regulates the Tie2-Nos3 signaling pathway.

4.9 Tie2-Nos3 signaling rescue using Razuprotafib

To better understand the role of Foxf2 in the Tie2-Nos3 signaling pathway and the effects on
endothelial cells we decided to use a pharmacological intervention. We choose Razuprotafib (Raz), a
small inhibitor of the vascular endothelial protein tyrosine phosphatase (Ptprb) that has been shown
to stabilize the endothelium through Tie2 activation (Shen et al. 2014). Raz treatment of endothelial
Foxf2 deficient mice and endothelial FOXF2 deficient human endothelial cells restored several proteins
involved in the Tie2-Nos3 signaling, suggesting a restoration of the signaling pathway. As an example,
not only Tie2 and Nos3 were upregulated upon treatment but also Nosip, an inhibitor of Nos3 was
downregulated in mouse endothelial cells. In the same line, ANG2, an inhibitory ligand of TIE2 was
downregulated in human endothelial cells, suggesting disinhibition of Tie2 signaling and therefore

activation upon treatment.

Moreover, Raz treatment restored not only the deficit in functional hyperemia in adult mice but also
NO production in human endothelial cells. Furthermore, Raz treatment limited infarct size and
downregulated BBB leakage upon experimental stroke. Importantly, Raz treatment had no significant
effect on FOXF2 expression in human cells while TIE2 and NOS3 were upregulated in human and mouse
endothelial cells following Raz treatment. Taken together we could show that Raz treatment in both,

adult mice and human endothelial cells, rescues Foxf2-induced deficits of the Tie2-Nos3 signaling.
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4.10 Human FOXF2 deficient pericytes have increased proliferation rate

Despite FOXF2 being expressed in endothelial cells and pericytes to similar levels the main focus of this
thesis has been in great part on the effects in the endothelium. However, the thesis also includes some
experiments in FOXF2 deficient pericytes which helps better understanding the role of FOXF2 in this

cell type.

We performed proteomic analysis of human FOXF2 deficient pericytes and enrichment analysis
revealed cell adhesions and endocytosis among the most affected biological processes. Both processes
are highly regulated and crucial for the maintenance of the BBB and already suggest the importance
of FOXF2 in pericytes for a functional BBB. Moreover, several proteins related to cell proliferation and
cell division were upregulated, suggesting a more proliferative state of pericytes upon FOXF2 deletion.
Furthermore, we could see a higher proliferative rate of human FOXF2 deficient pericytes in vitro, in

line with previous reports when Foxf2 is globally inactivated in adult mice (Reyahi et al. 2015).

Despite having some data on FOXF2 deficient pericytes and Foxf2 deficient mice we do not have an
overall picture of the cell specific role of FOXF2 into this cell type. Further analysis of the proteomics
data in human pericytes as well as proteomic analysis of isolated vessels would be expected to provide
new insights into the role of Foxf2 in this cell type. in vivo studies on leakage, pericyte coverage,
cerebral blood flow, and vessel anatomy would be required to understand the role of Foxf2 pericytes
in BBB maintenance. Furthermore, since FOXF2 is mainly expressed in endothelial cells and pericytes
it would be interesting to study the crosstalk between both cell types in the presence and absence of
FOXF2 in each cell type, which could reveal key mechanisms by which FOXF2 regulates BBB

maintenance.
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5. Summary and outlook

In summary during this thesis we developed:

[

Optimization and characterization of differentiation protocols for endothelial cells, pericytes,
smooth muscle cells and astrocytes

A fully iPSC-derived 3D BBB in vitro model, in which endothelial cells express adherens and
tight junctions, are polarized and form perfusable lumens

A mouse BEC enrichment protocol compatible with mass spectrometry

An iPSCs line with FOXF2 deletion

Cell-specific deletion of Foxf2 for endothelial cells and pericytes in adult brain

Using these methods we found that:

[

The 3D in vitro model phenocopies SVD phenotypes induced by FOXF2 deficiency in
endothelial cells such as a downregulation of tight junctions, caveolae upregulation and barrier
dysfunction, illustrating the suitability of our human in vitro model for the investigation of
genetic neurovascular disorders.

The 3D in vitro model can be used to test therapeutic interventions in the endothelium since
LNP delivery of mouse Foxf2 rescued the vesicle and barrier deficits induced by FOXF deletion
Endothelial Foxf2 deficiency impairs BBB integrity in mouse and human. Specifically, we see a
downregulation of cell adhesion and upregulation of endocytosis proteins in Foxf2 deficient
mice. These mice further show an increase of focal leakage areas. Experimental stroke resulted
in larger infarct size. In human iPSCs, we likewise see a downregulation of cell adhesion and
upregulation of endocytosis proteins. Moreover, FOXF2 deficient endothelial cells have
reduced TEER when compared to WT.

Foxf2 deficiency in endothelial cells dysregulates vessel remodeling processes in mouse and
human. In mouse, whole brain vasculature analysis shows a significant reduction of
microvessel density in several regions. Furthermore, several regulators of angiogenesis are
downregulated at protein level. In human cells, proteomic analysis shows a downregulation of
proteins involved in angiogenesis, vessel sprouting and cell migration. Moreover, FOXF2
deficient endothelial cells have lower proliferation rates when compared to WT.

Foxf2 deficient endothelial cells present with attenuated Tie2-mediated Nos3 signaling in
mouse and human. Proteomic analysis of Foxf2 deficient BEC and human FOXF2 deficient
endothelial cells shows key proteins involved in the Tie2-mediated Nos3 signaling to be
dysregulated. Furthermore, Foxf2 deficient mice presents with attenuated functional

hyperemia and human cells with NO production downregulation.
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[0 Endothelial Foxf2 regulates Tie2-Nos3 pathway by Foxol inhibition. Foxf2 deletion in BEC
upregulates Foxol and downregulates Nos3 mRNA levels. Moreover, Foxf2 and Foxol mRNA
level strongly correlate in mouse.

[0 Razuprotafib rescues Tie2-mediated Nos3 signaling. Treatment with Raz restores several
proteins involved in the Tie2-Nos3 pathway isolated vessels from mice and human endothelial
cells. Furthermore, treatment with Razuprotafib rescues functional hyperemia and limits
infarct size in endothelial Foxf2 deficient mice and NO production in FOXF2 deficient
endothelial cells.

0 Human FOXF2 deficient pericytes have increased proliferation rate in in vitro studies.
Moreover, proteomic analysis shows several proteins involved in cell proliferation and division

to be upregulated.

There are some points that we did not address in this thesis that would need to be further investigated

to understand the cell-autonomous effect of Foxf2 in endothelial cells and pericytes.

Endothelial cells and pericytes are key components of the BBB and their crosstalk as well as coordinate
activity secures BBB maintenance during development and adulthood. Since Foxf2 is mainly expressed
in those cell types in the vasculature it would be interesting to further understand its implication in
crosstalk and functionality of both cell types. Therefore, single cell experiments with global,
endothelial-specific and pericyte-specific Foxf2 deletion would provide a better understanding if and
how Foxf2 regulates pericyte-endothelial communication. Using such an experimental design we could
also elucidate how pericytes change upon Foxf2 deletion in endothelial cells and vice versa. This type
of experiment could be done not only in mice but also in our in vitro model of the BBB, since

incorporation of different genotypes would be even more feasible here.

Since Foxf2 is a transcription factor it would be necessary to elucidate the target genes in endothelial
cells and pericytes. Such experiment would give us a better overview of which mechanisms is Foxf2
regulating in vivo during adulthood. Furthermore, since recent reports suggest that FOXF2 may
promote differentiation of iPSCs into brain endothelial cells, knowing its target genes might provide

insights to better understand endothelial cell differentiation and how to modulate it in vitro.
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