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Abstract

Cerebral small vessel disease (cSVD) is responsible for 1 out of every 4 strokes and contributes to half
of the cases of dementia. Despite its burden to society, there are currently no treatments available.
Genetics are a major risk factor with variants linked to an increased risk of sporadic ¢SVD and
monogenic cSVD with varying penetrance. There is a substantial overlap of imaging features between
sporadic and monogenic cases of cSVD and variants in the same genes have been associated with both
types of cSVD. However, disease mechanisms of both sporadic and monogenic cSVD remain to be
elucidated. Data from patients and mouse models indicate that reduced cerebral blood flow and
dysfunction of the blood-brain barrier (BBB) as well as the neurovascular unit (NVU) seem to be
implicated with cSVD progression.

Investigation of cSVD has been hindered by the inability to visualize the affected small arterioles and
capillaries in patients. As a result, animal models of monogenic cSVD have yielded several insights in
cSVD research. While visualization of small vessels is possible in animal models, drugs developed using
these systems can have limited translatability. Recently, patient-derived human induced pluripotent
stem cells (hiPSCs) have been used to model CADASIL, a form of monogenic cSVD caused by NOTCH3
mutations. Moreover, significant advancements have been made towards 3D in vitro NVU modeling
using hiPSCs. A major advantage of hiPSC models is their applicability to examine the human and cell-
specific mechanisms responsible for the disease and serve as a reliable drug-screening platform.

Several mutations linked to both sporadic and monogenic ¢cSVD have been identified in COL4A1
(collagen IV type al) and COL4A2 (collagen IV type a2). These two proteins combine to form a collagen
IV heterotrimer that is the main constituent of the basement membrane (BM) providing necessary
scaffolding and conferring structural stability to the NVU. The mechanisms by which mutationsin these
genes cause cSVD remains unknown.

In this thesis, 3 monogenic cSVD mutations in COL4A1 (COL4A1 KO, (c.*35C>A), and COL4A1¢75R) that
differentially impact the protein were inserted into wild-type hiPSCs using CRISPR/Cas9 genome
editing, resulting in 3 isogenic lines. Two of the mutations affect the expression of COL4A1 in opposite
directions. The 3™ mutation is a missense mutation predicted to impact folding of the heterotrimer.
Edited cell lines were rigorously quality controlled to confirm the genome remained unaffected by
deleterious side effects of genome editing. COL4A1 KO was confirmed by gPCR and
immunofluorescence in endothelial cells (ECs). Unexpectedly, the TEER of KO ECs was increased in one
clone coinciding with increased integrin B1 and junction proteins measured by qPCR. However, the
increased TEER was not reproduced by two other KO clones. The (c.*35C>A) mutant expressed
significantly higher levels of COL4A1 mRNA in pericytes but not in other NVU (neurovascular unit) cell
types suggesting pericytes may have a relevant contribution to PADMAL, the subtype of cSVD caused
by this mutation. Lastly, ECs from the COL4A1%7>°f mutant were observed to secrete collagen IV when
cultured as 3D vessel-like tubes indicating that heterotrimer formation occurs in this mutant.

Taken together, this work has established a platform to study COL4A1 monogenic cSVD in an in vitro
human NVU model in both 2D and 3D. The CRISPR/Cas9 genome editing and quality control workflow
was used to generate multiple cell lines for each mutation. The expression of COL4Al was
characterized in each mutant to establish the validity of these cell lines as a disease model for
monogenic cSVD. Further experiments are needed to determine reproducibility of observed
phenotypes as well as the suitability of the system to investigate underlying disease mechanisms.



Chapter 1 Introduction

1.1 Cerebral Small Vessel Disease

Cerebral small vessel disease (cSVD) is an umbrella term used to classify a wide range of pathologies
affecting the small arteries, arterioles, capillaries, and venules of the brain. Roughly one out of four
ischemic strokes and nearly all hemorrhagic strokes are caused by cSVD (Wardlaw et al., 2019). In
addition to directly impacting the brain’s small vasculature, cSVD is a contributor to about half of the
cases of dementia (Shi & Wardlaw, 2016; Wardlaw et al., 2019). Manifestations of cSVD are commonly
discovered through incidental MRI findings (Chojdak-tukasiewicz et al., 2021). There are several
predictive risk factors for cSVD, with age being the largest. Cerebral microbleeds affect over one third
of people in their 80s and by age 90 nearly every individual will display MRI white matter
hyperintensities (Chojdak-tukasiewicz et al., 2021). With an aging population there is a substantial
burden on society causing a strong medical need to further investigate causes and potential clinical
treatments for cSVD.

1.1.1 Typical imaging features of cSVD

Patients diagnosed with cSVD exhibit various imaging irregularities that were standardized by the
publication of the STRIVE (Standards for Reporting Vascular changes on nEuroimaging) protocol in
2013 (Wardlaw et al., 2013). The defined radiological phenotypes comprise recent subcortical infarcts
near a penetrating arteriole, white matter hyperintensities, lacunas of presumed vascular origin,
widened perivascular space, cerebral microbleeds, and brain atrophy not related to prior stroke or
head injury. White matter hyperintensities are characterized by hyperintense signal on T2 weighted
images that differs from CSF signal. Lacunas are round or ovoid fluid-filled cavities with signal similar
to CSF. Widened perivascular spaces are fluid-filled spaces following the course of penetrating vessels.
Lastly, cerebral microbleeds are characterized by a 2-5mm diameter void of signal (Chojdak-
tukasiewicz et al., 2021; Wardlaw et al., 2019). (Figure 1.1)

Recent small subcortical White matter
infarct hyperintensity

Lacune Perivascular space Cerebral microbleed

Figure 1.1 Examples of clinical cSVD features defined by STRIVE. Adapted with permission from (Wardlaw et

al., 2013). © 2013 Elsevier Ltd. All rights reserved.
Most cSVD events are subclinical and it is estimated that about 10 brain changes occur for every
symptomatic stroke (E. Smith et al., 2017). Although silent, these cSVD MRI features confer an
increased risk of future stroke and dementia (Pasi & Cordonnier, 2020). In fact, presence of individual
features correlates with an increased risk of both ischemic and hemorrhagic stroke, depression,
dementia, and mortality and a combination of multiple features further strengthens the association
(Rensma et al., 2018).

1.1.2 Risk factors for cSVD

Since it is well established that cSVD is a predicative risk factor of stroke, dementia, and overall
mortality, it is important to identify risk factors for cSVD itself. Age is the largest yet unmodifiable risk
factor. Hypertension and salt intake increase the incidence of white matter hyperintensities (Heye et
al., 2016) and are considered very strong yet modifiable risk factors for cSVD. Lowering blood pressure
reduces stroke and cognitive decline (Benavente et al., 2013). Controlling this and other modifiable
risk factors such as smoking, obesity, and dyslipidemia can help prevent or lessen the burden of cSVD
(Qian Li et al., 2018). Nevertheless, family history studies suggest that sporadic cSVD is highly heritable.
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Moreover, types of monogenic cSVD disease are expected to help bridge the gap between genetics
and clinical cSVD by enabling generation of powerful genetic models to investigate the cellular and
molecular changes in the disease (Choi, 2015).

1.1.3 Monogenic forms of cSVD

In addition to an association between family history and incidence of cSVD, there are several types of
inherited monogenic cSVD that are responsible for around 5% of all strokes (Choi, 2015). Caused by
mutations in NOTCH3, CADASIL is the most prevalent form of monogenic cSVD and very closely mirrors
the progression and pathology of sporadic cSVD (di Donato et al., 2017). Rare variants in COL4A1,
COL4A2, HTRA1, TREX1, FOXF2, FOXC1, APP, ADA2, a-GAL, and CTSA have also been identified as
causes of monogenic cSVD (Choi, 2015; Joutel & Faraci, 2014; Rannikmée et al., 2020; Rost et al., 2016).

CADASIL stands for cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. Patients display a variety of symptoms ranging from psychiatric disorders,
migraines, subcortical ischemic events, and cognitive impairment (di Donato et al., 2017). CADASIL
pathology is hallmarked by deposition of granular osmiophilic material (GOM) on small vessels and
vascular smooth muscle cell degeneration (Mizuno et al., 2020). Accumulation of fibrous ECM
(extracellular matrix) proteins in the tunica media is also frequently observed. Several NOTCH3
mutations have been reported in CADASIL patients, most of which affect one of the 34 cysteine
residues in the epidermal growth factor-like repeat (EGFr) (Papakonstantinou et al., 2019). Mutations
that affect one of the first 6 residues are markedly more severe causing onset of stroke an average 12
years before mutations affecting residues 7-34 (Rutten et al., 2019). Other cysteine-sparring missense
mutations in NOTCH3 have been identified. Only a subset of these mutations cause GOM (Muifio et
al.,, 2017).

CARASIL  (cerebral autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy) is the recessive form of CADASIL. Differing from CADASIL, mutations in high-
temperature requirement A serine peptidase 1 (HTRA1) are responsible for CARASIL. These patients
have homozygous mutations that impair or abolish the protease activity. HTRA1 normally suppresses
TGFB (transforming growth factor beta) signaling and without this inhibition, rampant TGFp signaling
is thought to lead to the manifestation of CARASIL (Hara et al., 2009).

Caused by mutations in CTSA, the gene encoding cathepsin-A, CARASAL (cathepsin A-related
arteriopathy with strokes and leukoencephalopathy) is a very rare monogenic cSVD. One of the
functions of cathepsin-A is to degrade endothelin-1 and there is some evidence also linking endothelin-
| to CARASAL (Bugiani et al., 2016).

Patients found to have mutations in FOXC1 display all of the typical cSVD MRI features and suffer from
frequent ischemic episodes. FOXC1 is highly expressed in pericytes which are crucial for maintenance
of the blood-brain-barrier (BBB) (Choi, 2015). Moreover, GWAS studies have implicated single
nucleotide polymorphisms that influence FOXC1 transcript levels in cSVD (French et al., 2014). A
paralogue to FOXC1, the transcription factor FOXF2 has also been linked to cSVD stroke in a GWAS
study (Chauhan et al., 2016). FOXF2 -/- mice exhibit a leaky BBB (Reyahi et al., 2015). It is believed that
PITX2, an interaction partner of FOXC1 and independent risk locus for atrial fibrillation and
cardioembolic stroke, may be involved in a shared mechanism for FOXC1 and FOXF2 cSVD (Choi, 2015).
However, this link remains to be fully elucidated.

Frame shift mutations in the C-terminus of TREX1 (3’ repair exonuclease ) have been associated with
vascular retinopathy and cerebral leukodystrophy (Rice et al., 2015). Patients typically exhibit punctate
white matter lesions and suffer from neurological deficits, migraine, cognitive impairment, psychiatric
disturbances, and sometimes seizures (Stam et al., 2016). Fabry disease is an X-linked lysosomal
storage disorder triggered by mutations in a-GAL that block activity of the enzyme a-galactosidase A.
Without activity of this enzyme, glycosphingolipids accumulate across multiple tissues (Rosenberg &
Pascual, 2020). White matter hyperintensities are frequently present in Fabry’s disease patients (Rost
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et al., 2016) and incidence of stroke is much higher than in the average population, with ischemic
strokes occurring more frequently than hemorrhagic strokes (Sims et al., 2009). Patients with a loss of
function mutation in ADA2 (adenosine deaminase 2) suffer from early-onset lacunar strokes and
systemic vasculopathy (Zhou et al., 2014). Variants in mitochondrial DNA have also been implicated in
a monogenic form of cSVD termed MELAS (mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes) (Dunn et al., 2022). A distinct type of cSVD called cerebral amyloid angiopathy or
CAA is categorized by the deposition of beta-amyloid fibrils around cerebral vessels leading to typical
manifestations of cSVD such as cerebral microbleeds and white matter hyperintensities (Viswanathan
& Greenberg, 2011). CAA can occur sporadically, but mutations in APP, such as E22Q, have been
causally linked to the disease (Kamp et al., 2014).

Type IV collagen is a component of the extracellular matrix in most tissues in the human body. COL4A1
and COL4A2 form one of the three possible type IV collagen heterotrimers and several mutations
causing multi-system disorders have been identified (Meuwissen et al., 2015). Most pathogenic
COL4A1 and COL4A2 mutations affect glycine residues in the collagenous domain and inhibit correct
heterotrimer formation (Jeanne & Gould, 2017; Kuo et al.,, 2012). However, there have been
documented haploinsufficiency mutations (Lemmens et al., 2013) as well as 3’-UTR mutations affecting
collagen IV expression levels (Qing Li et al., 2022; Monkare et al., 2021; Sakai et al., 2020; Saskin et al.,
2018; Siitonen et al., 2017; Verdura et al., 2016; Y. Zhao et al., 2019).

1.1.4 Sporadic vs monogenic cSVD

While there seem to be subtle differences that can be teased out between different monogenic forms
of cSVD (Giau et al., 2019; Whittaker et al., 2022), there is a significant overlap of imaging pathology
and clinical symptoms between monogenic and sporadic cSVD (Marini et al., 2020). Mounting evidence
suggests that common variants in monogenic cSVD genes such as COL4A2, HTRA1, and NOTCH3 are
also associated with sporadic cSVD (Rannikmée et al., 2020; Whittaker et al., 2022). However, the exact
mechanisms of both sporadic and monogenic cSVD are incompletely understood (Choi, 2015; Giau et
al., 2019; Tan et al., 2017).

1.1.5 Proposed mechanisms of cSVD

Reduced cerebral blood flow or ability for arterioles and capillaries to dilate in response to increased
neural activity otherwise known as neurovascular coupling, is thought to contribute to cSVD (Wardlaw
etal., 2019). For example, CADASIL patients exhibit lower neurovascular coupling in response to similar
neural activity patterns detected by ASL-fMRI (Huneau et al., 2018). Studies have linked reactive
oxygen species (ROS) to cerebral vascular dysfunction (de Silva & Miller, 2016), and there has been
interest in targeting the activity of NADPH oxidases as a treatment for vascular disease (Drummond et
al., 2011).

Breakdown of the blood-brain-barrier (BBB) and dysfunction of the neurovascular unit (NVU) have
been implicated in the progression of cSVD pathology (Joutel & Faraci, 2014; Wardlaw, 2010; Wardlaw
et al.,, 2019). Contrast enhanced MRI has demonstrated that cSVD patients exhibit higher BBB
permeability even in otherwise normal white matter regions (Topakian et al., 2010). Moreover,
increased BBB permeability was also observed in patients with lacunar stroke compared to patients
with cortical stroke (Wardlaw et al., 2008).

1.1.6 Experimental cSVD models

MRI techniques allowing researchers to quantify BBB permeability in cSVD patients are constantly
being improved, (Thrippleton et al., 2019) but direct visualization of the small arterioles and capillaries
(50-400 um in diameter) is not currently feasible (Chojdak-tukasiewicz et al., 2021). Consequently,
post-mortem studies have been invaluable to elucidate disease pathology (Midller et al., 2017).
However, these end stage studies do not provide insights into the progression of the disease and there
is a need for alternative model systems to study the progression of cSVD. Monogenic cSVD animal
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models can help elucidate disease mechanisms that may be convergent between sporadic and
monogenic cSVD (Joutel & Faraci, 2014). Recently, patient-derived iPSCs have been used to model
hereditary cSVD (Y. Yamamoto et al., 2020) and significant advancements have been made in the
development of BBB models using human iPSCs (Delsing et al., 2020; Workman & Svendsen, 2020).

1.2 The blood-brain-barrier (BBB)

The blood-brain-barrier (BBB) was first described at the beginning of the 20" century. While
investigating potential chemotherapeutic agents, Ehrlich discovered that dyes failed to stain the brain
despite diffusing into nearly every other tissue (Ehrlich, 1906). Lewandowski continued Ehrlich’s
experiments and demonstrated that Prussian blue reagents did not cross from the blood into the brain
and formulated the first concept of the BBB he termed Bluthirnschranke (Lewandowski, 1900). Our
understanding of the BBB has greatly evolved over the last century. The microvasculature of the CNS
(central nervous system) is composed of highly specialized nonfenestrated continuous vessels
designed to precisely regulate the influx and efflux of molecules in the brain (Daneman & Prat, 2015).
Brain microvascular endothelial cells that compose this microvasculature have specialized cell-cell
junctions, exhibit low rates of transcytosis, and have unique transport systems. All of which contribute
to a highly selective BBB (Daneman & Prat, 2015).

1.2.1 Specialized tight junctions seal cell-cell edges of BBB endothelial cells

Brain microvascular endothelial cells (BMECs) express adherens junction proteins (Campbell et al.,
2017) and an enrichment of tight junction proteins (Wallez & Huber, 2008) that interact with the actin
cytoskeleton and mediate cell-cell adhesion by effectively sealing the gaps between adjacent
endothelial cells. This prevents unwarranted paracellular transport into the brain and even restricts
the diffusion of small ions such as Na+ and CI- (Abbott et al., 2006). There are several characterized
tight junction proteins including claudins, occludin, tricellulin, zonula occludens protein-1,2, and 3, and
junctional adhesion molecules (JAMs)(Abbott et al., 2006; Furuse, 2010).

Occludin, an approximately 65 kDa protein comprised of 4 transmembrane domains and 2 extracellular
loops, was the first integral membrane tight junction protein reported (Furuse et al., 1993). Its carboxy
terminal cytoplasmic region has been demonstrated to bind to zonula occludens proteins 1, 2, and 3
(Furuse, 2010). Similar to occludin, expression of claudins 3, 5, and 12 are found in the BBB
endothelium and these tight junction proteins have 4 transmembrane domains and 2 extracellular
loops (Abbott et al., 2006). Claudin tight junctions, and especially claudin-5, are integral for normal
tight junction function evidenced by a claudin-5 knockout mouse model that has a reported BBB
leakage limited to small molecules less than 800 daltons (Nitta et al., 2003). Typical tight junctions
between two adjacent cells close the cell-cell junction like a molecular zipper but inevitably there will
be regions in which 3 cell membranes come into contact. In these regions, the protein tricellulin is
enriched and tricellular tight junctions (tTJs) are formed (Furuse, 2010). Tricellulin contains a carboxy
terminus with sequence similarity to occludin and it also been binds to zonula occludens 1 (Riazuddin
et al., 2006). At tTJs, tricellulin orients perpendicular to zonula occludens 1 and forms a pillar at these
tricellular contacts sealing the remaining gaps (Higashi & Miller, 2017). Zonula occludens-1,2, and 3
(20-1, Z0-2, and Z0-3) lie just below the plasma membrane and contain PDZ domains that interact
with tight junction integral membrane proteins such as claudins, JAMs, occludin, and tricellulin
anchoring them to the actin cytoskeleton (Furuse, 2010). One study found that depletion of both ZO-
1 and Z0O-2 in mouse epithelial cells disrupted normal tight junction formation but reintroduction of
exogenous Z0-1 or ZO-2 but not ZO-3 rescued the phenotype (Umeda et al., 2006). Junctional adhesion
molecules (JAM-A, JAM-B, and JAM-C) and endothelial selective adhesion molecule (ESAM) are
immunoglobulin superfamily membrane proteins present at brain endothelial cell tight junctions and



also bind with ZO-1 through their PDZ binding domain (Stamatovic et al., 2016). Figure 1.2 illustrates
the organization of TJs in BMECs.
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Figure 1.2 Overview of tight and adherens junctions in brain capillaries. Tight junctions and adherens
junctions block paracellular transport of most molecules. Claudins and occludin are the integral
membrane TJ proteins at bicellular tight junctions (bTJ). Tricellulin seals the gaps where 3 cells meet to
form a tricellular tight junction (tTJ). Zonula occludens proteins anchor the integral membrane junction
proteins to the actin cytoskeleton. Adapted with permission from (Brunner et al., 2021). © 2021 Elsevier
B.V.

1.2.2 BBB specific reduction of transcytosis and leukocyte adhesion molecules (LAMs)

Unlike the endothelium in most organs, BMECs allow extremely low levels of passive diffusion and
exhibit reduced expression of leukocyte adhesion molecules (LAMs) such as ICAM1 (intracellular
adhesion molecule 1) preventing an excessive number of immune cells from entering the brain
(Siegenthaler et al., 2013). Caveolae and clathrin mediated transcytosis represent the known types of
transcytosis in the BBB endothelium (Ayloo & Gu, 2019). However, caveolae-mediated transcytosis is
severely reduced in BMECs achieved by expression of Mfsd2a that efficiently reduces the number of
caveolin-|l vesicles (Andreone et al., 2017; Ben-Zvi et al., 2014). Clathrin mediated transcytosis is
required for some receptor mediated transport (RMT) such as the transferrin and insulin receptors
(Villasefior et al., 2019).

1.2.3 Specialized transport systems of the BBB

The BBB is highly impermeable to passive transport and alternative transport routes are necessary in
order to supply the brain with nutrients and molecules necessary for its function (Daneman & Prat,
2015; Sweeney et al., 2019). Carrier mediated transport (CMT), receptor mediated transport (RMT),
active efflux, and ion transport represent the transport systems utilized by the BBB to precisely control
molecular transfer between the circulating blood and the brain (Sweeney et al., 2019). CMT employs
proteins that permit highly specific transport of molecules such as glucose, amino acids, and
nucleosides (Curley & Cady, 2018). Responsible for transport of glucose into the brain, GLUT-1,
encoded by SLC2A1, is one of the most characterized CMT transporters (Sweeney et al., 2019).
Concentration of glucose is higher in the blood than the CNS and this gradient drives glucose into the
brain through GLUT-1 carrier proteins (Mann et al., 2003). Most circulating proteins such as albumin,
fibrinogen, thrombin, and growth factors are prevented from entering the CNS. Conversely, other
molecules such as iron, insulin, and leptin are actively trafficked into the brain via RMT through
transferrin receptors (TfR), insulin receptors (IR), and leptin receptors respectively (A. Jones & Shusta,
2007; Sweeney et al., 2019). Other RMT proteins regulate the efflux of specific proteins out of the
brain. For example, LRP1 (LDL receptor related protein 1) typically localizes on the abluminal side of
the BBB, binds amyloid beta, and mediates its clearance from the brain (Zhao et al., 2015). ABC efflux
transporters utilize ATP hydrolysis to actively drive molecular transport, are highly expressed in BMECs,
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and are critical for clearing the brain of toxins, drugs, and xenobiotics (Qosa et al., 2015). ABC efflux
proteins are capable of transporting drugs with diverse structure and varying size ranging from
morphine (285 Da) to cyclosporine-A (1200 Da) (Qosa et al., 2015). Several ion pumps reside on the
BBB endothelium and are responsible for maintaining proper CNS function by controlling
concentration gradients, regulating pH, and mediating vasodilation (Sweeney et al., 2019; Zlokovic,
2008).

1.2.3 The neurovascular unit (NVU)

Many defining characteristics of BMECs are induced by other brain cell types (Sweeney et al., 2019). In
2001, at the first Stroke Progress review group, the term neurovascular unit (NVU) was coined to
describe the entire structure composed of several cell types with a specialized basement membrane
(BM) that is responsible for the formation and maintenance of a healthy BBB (ladecola, 2017). Figure
1.3 shows the structure of the NVU.
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Figure 1.3 The Neurovascular Unit (NVU). Endothelial cells form a lumen that separates blood from the brain. The BM
encases the endothelial cells providing support. Pericytes are embedded in the BM and tightly attach to endothelial
cells. Finally, astrocytes extend endfeet to contact the BM of the NVU. Adapted with permission from (Neumaier et al.,
2021).

1.2.3.1 Astrocytes

Astrocytes are the most abundant cell type in the brain performing several functions ranging from
maintaining ion homeostasis, regulating the pH, recycling neurotransmitters, CNS repair after injury,
relaying signals from neurons to vessels, and maintaining the BBB (Blanchette & Daneman, 2015; Kadry
et al., 2020). At the BBB, Astrocytes extend polarized processes towards the vessels and contact the
BM (Profaci et al., 2020). These endfeet ensheathing the microvasculature express a high density of
orthogonal array of particles (OAPs) containing the astroglial water channel aquaporin-4 (AQP4) and
the Kird.1 potassium channel (Abbott et al., 2006). AQP4 channels facilitate the influx of CSF through
the brain parenchyma, aid in the clearance of solutes from the interstitial fluid, and have even been
shown to clear amyloid B from the brain (lliff et al., 2012).

Astrocytes have been demonstrated to mediate cerebral blood flow changes in capillaries through a
signaling cascade that begins with ATP being released from firing neurons triggering an influx of Ca2+
in the astrocytes eventually leading to the downstream release of the vasodilator PGE; onto pericytes
inducing vasodilation via the EP4receptor (Mishra et al., 2016).

Co-culturing astrocytes with endothelial cells in vitro enhances barrier properties of endothelial cells
(Dehouck et al., 1990). Many factors secreted by astrocytes act directly on endothelial cells including
transforming growth factor B (TGFp), glial-derived neurotrophic factor (GDNF), retinoid acid (RA), basic
fibroblast growth factor (bFGF), angiopoietin 1 (Ang-1), sonic hedgehog (SHH), src-supressed C-kinase



substrate (SSeCKS), and apolipoprotein (APOE) (Abbott et al., 2006; Blanchette & Daneman, 2015;
Daneman & Prat, 2015).

Astrocytic secreted SHH increases expression of tight junctions and decreases LAM intercellular
adhesion molecule-1 (ICAM1) (Alvarez et al., 2011). SSeCKs expressing astrocytes exhibit increased
Ang-1 expression and reduced vascular endothelial growth factor (VEGF) both of which result in a
decreased endothelial cell permeability (Lee et al., 2003). GDNF, was first described as an astrocyte
secreted neuroprotective factor (Henderson et al., 1994; Lin et al., 1993) but can also induce tighter
barrier formation in porcine brain endothelial cells (Igarashi et al., 1999). RA is implicated as a regulator
of numerous pathways including Wnt, Hh, and FGF suggesting that it could be an upstream regulator
controlling several pathways important for normal BBB function (Daneman & Prat, 2015; Halilagic et
al., 2007; Paschaki et al., 2012). APOE has three known isoforms (APOE 2, 3, and 4) (Mahley et al.,
2009), and studies suggest that APOE4 but not 2 or 3 impair normal BBB function (Bell et al., 2012;
Jackson et al.,, 2021). Astrocytes produce and deposit brain-specific laminin into the NVU BM.
Specifically these isoforms maintain normal NVU pericyte physiology and inhibit their differentiation
into contractile pericytes (Yao et al., 2014).

1.2.3.2 Mural cells

Mural cells are centrally located within the NVU and directly contact the endothelial cells of the brain
vasculature (ladecola, 2017). Cerebral arteries and penetrating arterioles are wrapped by vascular
smooth muscle cells (vSMCs) that provide support by stiffening the vessels and contract or relax to
control the rate of blood flow in response to neural activity (Hill et al., 2015; Profaci et al., 2020; Smyth
et al., 2018). As cerebral microvessels become smaller, pericytes gradually replace vSMCs to form peg
and socket connections with BMECs in capillaries, pre-capillary arterioles, and post-capillary venules
(ladecola, 2017; Sweeney et al., 2016). Transitional pericytes, termed ensheathing pericytes, have
been reported between cerebral arterioles and capillaries and display the typical “bump on a log”
pericyte morphology but express vSMC markers a-SMA (alpha smooth muscle actin) and SMMHC
(smooth muscle myosin heavy chain) along with pericyte markers NG2, desmin, and CD13 (Grant et
al., 2019; Ratelade et al., 2020; Smyth et al., 2018).

Pericytes are found throughout the vasculature but are most common in the CNS where they cover
approximately 30% of the abluminal surface (Armulik et al., 2011). Embedded in the same basement
membrane, they make connections with BMECS through N-cadherin and connexins (Kadry et al., 2020).
Similar to astrocytes, pericytes perform several functions that include regulating BBB permeability,
angiogenesis, entrance of immune cells into the brain, control of cerebral blood flow, and CNS
clearance (Sweeney et al., 2016).

Angiogenic endothelial cells recruit pericytes to the vessel wall by secreting platelet-derived growth
factor B (PDGF-BB) into the extracellular matrix (Andrae et al., 2008; Armulik et al., 2011). PDGF-BB
binds to the PDGFRP (platelet-derived growth factor receptor beta) expressed on pericyte lumens
beginning signaling cascades that promote pericyte migration, proliferation, and survival (Sweeney et
al., 2016; Winkler et al., 2011). PDGF-BB/ PDGFRp signaling is required for normal pericyte recruitment
and deleting the retention motif of PDGF-BB is sufficient to severely inhibit pericyte recruitment to
microvessels in mice (Lindblom et al., 2003).

A pericyte deficient PDGFR -/- mouse model was reported to exhibit increased BBB permeability to
biotin (0.5kDa) attributed to an increase of transcytosis (Daneman & Prat, 2015). Moreover, TJ protein
expression was not altered but fewer properly sealed TJs were observed (Daneman & Prat, 2015).
Pericyte deficient mice exhibit a redistribution of AQP4 away from astrocyte endfeet suggesting a role
in astrocyte polarization (Armulik et al., 2011). Additionally, pericytes deposit basement membrane
proteins fibronectin, nidogen, and laminin aiding the maturation of newly formed vessels (Stratman et
al.,, 2009). Recently, it was demonstrated that pericyte-secreted vitronectin interacts with the a5



integrin receptor on endothelial cells to inhibit transcytosis and maintain BBB integrity (Ayloo et al.,
2022).

There is bidirectional TGFB signaling between BMECs and pericytes as they both secrete TGFB and
express the TGFPBR2 (transforming growth factor, beta receptor 2) (Winkler et al., 2011). Endothelial
secreted TGFp activates the ALK5 Smad2/3 pathway in pericytes preventing proliferation, enhancing
contractile protein expression, and promoting secretion of extracellular matrix proteins (Sieczkiewicz
& Herman, 2003; van Geest et al., 2010). In BMECs, TGFp signaling works in convergence with NOTCH
signaling to upregulate the expression of N-cadherin securing pericyte-endothelial attachment (F. Li et
al., 2011; Winkler et al., 2011). Inhibition of endothelial cell-pericyte TGFB signaling increases BBB
permeability and disrupts organization of ZO-1 and occludin TJs (Dohgu et al., 2005; Walshe et al.,
2009). Recently, studies have begun to elucidate the role of pericytes in neurovascular coupling.
Pericytes express receptors for the vasoactive compounds catecholamines, endothelin-1, vasopressin,
and angiotensin I, and a subset of pericytes express contractile proteins (Hamilton, 2010). Moreover,
Hall et al. (2014) found that pericyte covered capillaries in mice dilated in response to whisker
stimulation before arterioles and accounted for 80% of the blood flow increase in the capillary bed.

1.2.4 The endothelial glycocalyx is the first line of defense of the BBB

Located on the luminal side of the BBB, the endothelial glycocalyx is a negatively charged matrix
coating composed of proteoglycans, glycosaminoglycans (GAGs), and associated plasma proteins (lba
& Levy, 2019). Proteoglycans are the core proteins of the glycocalyx anchored to endothelial cells
through transmembrane connections (Reed et al., 2019). One or more GAGs, such as heparan sulfate
(HS), chondroitin sulfate (CS), keratan sulfate (KS), and hyaluronic acid (HA), are then covalently
attached to the proteoglycans (F. Zhao et al., 2021). Considered a vasculoprotective lining for vessels,
the endothelial glycocalyx has a dynamically changing thickness (Reitsma et al., 2007) that more
densely covers the brain capillaries than lung and heart capillaries (Ando et al., 2018). In a rat model,
when the glycocalyx was destroyed with hyaluronidase there was a more permeable BBB (Zhu et al.,
2018). The endothelial glycocalyx is the first line of defense of the BBB blocking leukocytes,
erythrocytes, platelets, and other blood-borne molecules from colliding with the endothelium wall (F.
Zhao et al., 2021). Taken together, the endothelial glycocalyx regulates BBB permeability and is an
essential component of the NVU (Haeren et al., 2018).

1.2.5 The components and function of the NVU basement membrane

The BM is a specialized extracellular matrix located centrally within the NVU on the abluminal side of
endothelial cells and surrounding pericytes (Xu et al., 2019). A distinction can be made between the
endothelial basement membrane separating BMECs and pericytes and the parenchymal basement
membrane covering the opposite side of pericytes (Yao, 2019). The NVU BM has a thickness of
approximately 50-100 nm and is a highly organized mesh primarily consisting of collagen IV, laminin,
nidogen, heparin sulfate proteoglycans (HSPGS), and fibronectin (Reed et al., 2019; Yurchenco, 2011).
Many functions are attributed to the NVU BM including providing structural support and stability of
the cerebral microvessels, serving as a growth factor reservoir, and mediating matrix-cell signaling
through interactions with integrins and dystroglycans (Baeten & Akassoglou, 2011; S. Kim et al., 2011;
Yurchenco, 2011).

1.2.5.1 Laminin

Laminins are large 400-900 KDa heterotrimeric T-shaped proteins composed of an a, B, and y chain
that are essential to the assembly of the basement membrane (Reed et al., 2019; Yao, 2017). Each
laminin subunit contains various globular domains, rod-like repeats, and coiled-coil domains (Yao,
2017,2019). There are 5 a, 4 B, and 3 y chains that combine at their coiled-coil domains to form several
different laminin isoforms (Aumailley et al., 2005; Yao, 2017). Laminin isoforms are differentially
expressed by each NVU cell type (Reed et al., 2019). Endothelial cells and pericytes produce laminin
isoforms 411 (a4B1yl) and 511 (a5B1y1) (Gautam et al., 2016; Sixt et al., 2001) while astrocytes
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produce laminin 211 (a2B1y1) and 111 (al1B1lyl) (Jucker et al., 1996; Sixt et al., 2001) effectively
generating a differential distribution of laminin between the parenchymal and endothelial BMs (Yao,
2019). Laminin is a critical component of the basement membrane required for BBB maintenance and
removal of astrocytic laminin causes breakdown of the BBB and intracranial hemorrhaging in mice
(Menezes et al., 2014; Yao et al., 2014). Conversely, mice deficient for pericyte-derived laminin only
show BBB defects late in life (Yao, 2019). Moreover, laminins 411 and 511 derived by endothelial cells
are able to compensate for each other in single KO mouse models (Kang & Yao, 2020).

1.2.5.2 Nidogen

There are two identified nidogen isoforms (nidogen-1 and nidogen-2) that are large glycoproteins
containing 3 globular domains (Reed et al., 2019). They are produced by endothelial cells, mural cells,
and to a lesser extent by astrocytes (Vanlandewijck et al., 2018). In the BM, nidogens bind to collagen
IV and laminins bridging them together to confer additional stability (Yurchenco, 2011). While ablation
of both nidogen-1 and -2 in mice results in perinatal lethality (Bader et al., 2005), single KO of nidogen
1 causes thinning of the BM (Dong et al., 2002) and a nidogen 2 KO has no overt phenotype
(Schymeinsky et al., 2002) suggesting a mutual compensating mechanism. Moreover, nidogen-1 is
important for astrocyte attachment in vitro (Grimpe et al., 1999).

1.2.5.3 Perlecan

Heparan sulfate proteoglycan 2 (HSPG2), also known as perlecan, is a large (>200 nm) HSPG in the BM
generated by endothelial cells and pericytes (Farach-Carson et al., 2014; M. Thomsen et al., 2017). Like
nidogens, perlecan crosslinks the laminin and collagen IV networks (Behrens et al., 2012). Perlecan has
an additional function in mediating matrix-cell signaling as it is known to bind VEGF, FGF, TGF, and
hedgehog (Farach-Carson & Carson, 2007; Whitelock et al., 2008).

1.2.5.4 Agrin

Agrin is another large HSPG found in the NVU BM (Barber & Lieth, 1997; Reed et al., 2019) that is
synthesized by neurons, glia, and vascular cells (Kang & Yao, 2020). The accumulation of agrin around
the cerebral microvasculature coincides with the formation of the BBB and agrin stabilizes VE-cadherin
and Z0-1 junctions in mouse brain ECs (Barber & Lieth, 1997; Kroger & Schroder, 2002; Steiner et al.,
2014). A conditional endothelial agrin KO displayed lower levels of AQP4 coinciding with elevated
amyloid beta in the brain (Rauch et al., 2011).

1.3 Type IV collagen

Type IV collagen, a helical protein composed of three collagen IV a chains, is the most abundant protein
in the NVU BM (Xu et al., 2019; Yao, 2019). Collagen IV a chains are large peptides 400 nm in length
with an N-terminal 7S domain, triple helix domain composed of collagenous Gly-X-Y repeats with 21-
26 non-collagenous interruptions, and a C-terminal NC1 (non-collagenous) domain (Chioran et al.,
2017; Khoshnoodi et al., 2008). To date, there have been six a chains identified (COL4A1-6) with each
exhibiting variable expression throughout the body (Hudson et al., 1993). These genes are arranged in
3 pairs with COL4A1 and COL4A2 on chromosome 13, COL4A3 and COL4A4 on chromosome 2, and
COL4A5 and COL4A6 on chromosome X, all of which have bidirectional promoters to regulate
transcription (Khoshnoodi et al., 2008; Sado et al., 1998). These chains can combine to form 3 different
type IV collagen heterotrimers alala2, a3a4a5, and a5a5a6 (Khoshnoodi et al., 2008; Sado et al.,
1998). COL4A1 and COL4A2 are the only ubiquitously expressed alpha chains and constitute the
predominant isoform of type IV collagen in the NVU BM (Sado et al., 1998; Xu et al., 2019). Type IV
collagen is synthesized in the brain by endothelial cells, mural cells, and astrocytes (Vanlandewijck et
al., 2018) and provides essential structure to the BM as a molecular scaffolding for other ECM
molecules and mediates cell-matrix signaling through integrin binding (Fidler et al., 2017; Reed et al.,
2019).
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1.3.1 Heterotrimer formation

During translation of an a chain, proline residues within the Gly-X-Y repeats undergo an enzymatic cis-
trans isomerization catalyzed by peptidyl-prolyl isomerase (PPI) (J. Davis et al., 1989). This
isomerization generates a slight turn in the triple helix domain allowing it to form a more stable triple
helix (Chioran et al., 2017). Heterotrimer formation occurs intracellularly and is initiated by
interactions between NC1 domains (Boutaud et al., 2000). Protein disulfide isomerase catalyze
disulfide bonds between respective NC1 domains solidifying their connection allowing the triple helix
domains to begin twisting around each other to form the triple helix in a zipper-like fashion (Chioran
et al., 2017; R. Wilson et al., 1998). Through hydrophobic interactions, the small nonpolar glycine
residues within the Gly-X-Y motifs are guided towards the center of the forming triple helix (Chioran
etal., 2017). The non-collagenous interruptions of the Gly-X-Y motifs confer flexibility to the triple helix
and serve as binding sites for integrins (Chioran et al., 2017; Khoshnoodi et al., 2008). A type IV collagen
heterotrimer is illustrated in Figure 1.4.

Chain selection
7S domain Triple helix domain NC1 domain

I i | |
‘/ Interruption al
Type IV Collagen

ol Heterotrimer

a2

Figure 1.4 Collagen IV heterotrimer alala2. Interactions between the NC1 domains of two al and one a2 chains initiate heterotrimer formation.
Subsequently, a triple helix is coiled beginning from the NC1 domains and ending before the 7S domains. Adapted with permission from (Xiao et al., 2015).
© 2015 American Society for Biochemistry and Molecular Biology.

1.3.2 Posttranslational modifications

Collagen IV heterotrimers are subjected to several post-translational modifications before being
secreted to the extracellular space (Myllyharju, 2005). Prolines are hydroxylated by proline-4-
hydroxylase (P4H) and prolyl 3-hydroxylase 2 (P3H2) (Holster et al., 2007; Pokidysheva et al., 2014).
Hydroxylation of prolines within the Gly-X-Y motifs was demonstrated to increase the thermal stability
of the protomer (Erdmann & Wennemers, 2010; Yu et al., 2011). While approximately 80% of proline
hydroxylation is attributed to P4H (Holster et al., 2007), P3H2 hydroxylation importantly blocks the
interaction between embryonic collagen IV and the maternal platelet-specific glycoprotein VI (GPVI)
preventing platelet aggregation and thrombosis (Pokidysheva et al., 2014). Moreover, P3H2
hydroxylation facilitates collagen IV interactions with nidogen -1 and -2 (Montgomery et al., 2018).
Lysine residues in the Y position of Gly-X-Y motifs are hydroxylated by the lysyl hydroxylases 1, 2, and
3 (LH1-3) and glycosylated through LH3 activity (Sipild et al., 2007; Valtavaara et al., 1998). Lysyl
hydroxylation is required for extracellular cross-linking of the collagen IV network (Saito & Marumo,
2010). Only LH3 has galactosyltransferase and glucosyltransferase activity (Sipild et al., 2007) and is
required for normal collagen IV synthesis and secretion (Rautavuoma et al., 2004; Saito & Marumo,
2010). Additionally, glycosylation has been shown to influence the strength of collagen IV binding to
integrins (Stawikowski et al., 2014).

1.3.3 Collagen IV trafficking and secretion

Inside the ER, the collagen specific chaperone heat shock protein 47 (HSP47) recognizes Gly-X-Arg-Gly
motifs and binds to and stabilizes collagen IV protomers (Chioran et al., 2017; Koide et al., 2002). A salt
bridge between the arginine in a Pro-Arg-Gly triplet and the highly conserved Asp385 of HSP47 form
the connection between the protomer and the HSP47 (Widmera et al., 2012). HSP47 remains bound
until it reaches the cis-Golgi apparatus where it dissociates because its binding affinity is reduced at
the lower pH (Chioran et al., 2017; Oecal et al., 2016). Following dissociation, HSP47 is recycled back
to the ER by its canonical RDEL retrieval signal (Ragg, 2007).
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The enormous size of collagen IV heterotrimers (400 nm) necessitates specialized coat protein complex
Il (COPII) vesicles to transport the protein (Chioran et al., 2017). The size of classical COPII vesicles is
between 60 and 90nm (Chioran et al., 2017), but TANGO1 (transport and Golgi organization protein 1)
forms a ring structure in COPII vesicles delaying their budding from the ER increasing their size before
binding to HSP47 and mediating collagen IV loading into the vesicle (Ishikawa et al., 2016; Raote et al.,
2017). Removal of TANGO1 in both mice and Drosophila melanogaster severely inhibit the secretion
of collagen and other large molecules resulting in activation of the unfolded protein response (UPR)
and ER stress (M. Liu et al., 2017; D. Wilson et al., 2011). After reaching the Golgi complex, collagen IV
heterotrimers are secreted (Chioran et al., 2017).

1.4 Assembly and function of the NVU BM

Assembly of the NVU BM begins with secreted laminin heterotrimers that self-assemble at their N-
terminal domains in a calcium dependent manner to form an organized lattice structure that is
subsequently anchored to the cell surface through interactions between the laminin long arms and
integrin and dystroglycan cellular receptors (Hohenester & Yurchenco, 2013; Jayadev & Sherwood,
2017; LeBleu et al., 2007).

Collagen IV heterotrimers, like laminin, are formed intracellularly and then secreted (Khoshnoodi et
al., 2008). Driven by the higher chloride ion concentration in the extracellular space, the Arg76-Asp78
salt bridge is disrupted allowing the dimerization of two NC1 domains (Brown et al., 2017; Cummings
et al., 2016). Following initial NC1 oligomerization, peroxidasin forms sulfilimine cross links further
stabilizing the newly formed dimer (Bhave et al.,, 2012; Vanacore et al., 2009). Tetramers are
spontaneously formed by four N-terminal 7S regions containing overlaps stabilized through disulfide
and non-disulfide crosslinking (Brown et al., 2017; Duncan et al., 1983). Lateral associations are also
formed within the collagen IV lattice (Yurchenco & Ruben, 1987). lllustrated in Figure 1.5, the collagen
IV mesh network is deposited on the previously formed laminin lattice and secured through
interactions with perlecan, agrin, and nidogen linking the two networks together to form a structurally
sound and mature basement membrane (Behrens et al., 2012; Hohenester & Yurchenco, 2013; Joutel
et al.,, 2016).

Figure 1.5 Structure and formation of the
NVU BM. Initially laminin forms an
organized lattice structure and is anchored
to the cell surface through integrins and
dystroglycans. Collagen IV heterotrimers
associate via their NC1 domains and 7S
domains to form a chicken-wire mesh that is
deposited on top of the laminin grid. Other
ECM molecules such as nidogens, perlecan,
and agrin further strengthen the association
between the collagen and laminin networks.
Adapted with permission from Hohenester
& Yurchenco, 2013). Copyright © 2012
Landes Bioscience.
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1.4.1 Mechanical properties of the BM

Inferring from its structure, the most obvious BBB basement membrane function is to provide
structural support for cerebral microvessels of the NVU (Khalilgharibi & Mao, 2021). The mechanical
attributes of the basement membrane, however, are not limited to imparting physical support but also
contribute to cell growth and differentiation (Janmey et al., 2013). For example, merely changing the
rigidity of the substrate, mesenchymal stem cells (MSCs) can be directed into any one of the 3 germ
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layers in vitro (Engler et al., 2007). Furthermore, matrix stiffness directly impacts capillary angiogenesis
through transcriptional regulation of VEGFR2 (vascular endothelial growth factor receptor 2)
(Mammoto et al., 2009).

Integrins, located on the cell surface and linked with cytoskeletal elements, bind to ECM molecules
such as laminin and collagen IV and can respond to external forces such as blood flow but also passively
detect the BM stiffness by transferring forces directly to the cytoskeleton (Kechagia et al., 2019).
Moreover, changes in matrix stiffness are associated with diseases such as cancer, fibrosis,
atherosclerosis (Janmey et al., 2013), and cSVD (Lemmens et al., 2013).

1.4.2 Cell signaling mediated by the BM

Dystroglycans are one of the two main types of receptors mediating cell-cell and cell-matrix
interactions and adhesion (Baeten & Akassoglou, 2011). They are composed of an alpha and beta
subunit translated from the same gene before being cleaved (Moore & Winder, 2010). Neurons,
astrocytes, and endothelial cells express dystroglycans (Moore & Winder, 2010; Zaccaria et al., 2001).
A high affinity for laminin allows dystroglycans to guide AQP4 localization in astrocytes (Tham et al.,
2016).

Integrins are the other major adhesion protein and receptor facilitating cell-cell and cell-matrix
interactions (Baeten & Akassoglou, 2011). In vertebrates there are 18 alpha and 8 beta integrin
subunits that combine to form 24 known heterodimer combinations (Barczyk et al., 2010). The integrin
heterodimer contains an extracellular domain that binds to ligands, a transmembrane domain, and an
intracellular cytoplasmic tail that connects with the cytoskeleton and facilitates intracellular signaling
(Edwards & Bix, 2019). Integrins can exist in multiple states (e.g. on, at rest, and off) that are
represented by conformational changes that differentially expose the binding domain (Edwards & Bix,
2019). Integrins possess the capability of inside-out and outside-in signaling that can integrate and
respond to both mechanical and chemical cues (S. Kim et al., 2011). Inside-out integrin signaling is
initiated through the binding of talin, a protein connected to the actin cytoskeleton, and sometimes
also kindlin, to distinct locations on the cytoplasmic tail of the beta subunit (Moser et al., 2008). These
binding events produce extracellular conformational changes exposing the ligand binding epitope
(Kechagia et al., 2019). Additionally, the intracellular signaling causes integrins to co-localize and form
focal adhesion complexes (Kechagia et al., 2019).

ECM ligand binding to cell-surface integrins has profound effects on cell signaling including cell
proliferation, apoptosis, migration, and differentiation (Baeten & Akassoglou, 2011). Outside-in
signaling events are highly specific to the ligand/integrin pair and can involve several different signaling
pathways including focal adhesion kinase (FAK), Ras/ERK (MAPK), and small GTPases (Miranti &
Brugge, 2002). There is an abundance of crosstalk between integrins and other cellular receptors
(Miranti & Brugge, 2002). For example, VEGF, EGF, and PDGF receptors can all be transactivated by
integrins (Baeten & Akassoglou, 2011; Moro et al., 1998; Sundberg & Rubin, 1996; J. Wang et al., 2001).
Integrins have also been demonstrated to activate latent forms of growth factors such TGFB (Annes et
al., 2003).

There is increasing evidence that integrins substantially influence cell-cell junctions. Activation of av3
integrin with fibronectin has reportedly disrupted VE-cadherin adherens junctions (J. Wang & Milner,
2006). Conversely, B1 integrin signaling was shown to be essential for normal VE-cadherin localization
and microvessel stability (H. Yamamoto et al., 2015). Moreover, TIMP1 (tissue inhibitor of
metalloproteinase-1) was recently demonstrated to form a ternary complex with CD63 and integrin f1
essential for maintaining barrier properties (Tang et al., 2020). This complex activates integrin B1 to
trigger downstream FAK signaling that stabilizes actin and cell-cell junctions (Tang et al., 2020).
Inhibiting this pathway depleted expression of tight junction proteins claudin-5, occludin, and ZO-1
and reorganized VE-cadherin away from cell junctions (Tang et al., 2020). Similar studies have blocked
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integrin B1 signaling in brain endothelial cells in vitro on collagen IV and laminin substrates observing
a reduction and reorganization of TJs (Izawa et al., 2018; Osada et al., 2011).

1.4.3 The role of MMPs in basement membrane remodeling

The basement membrane is a dynamic structure that can be remodeled throughout life (Bonnans et
al., 2014). Every BM protein can be degraded by one of the 23 identified matrix metalloproteinases
(MMPs) (Bonnans et al., 2014; P. Lu et al., 2011). Following ischemic stroke, MMPs are reported to
increase and correlate with aggravated neuronal injury (Heo et al., 1999). There are 4 tissue inhibitors
of MMPs (TIMP1-4) that primarily regulate MMP activity through inhibition and are crucial to
maintaining the balance between ECM production and degradation (Ries, 2014).

1.5 COL4A1 and COL4A2 mutations in pathology

Since the collagen IV heterotrimer alala?2 is ubiquitously expressed, several diseases and disorders
are caused by mutations affecting COL4A1 or COL4A2. These include ocular disorders, brain diseases,
kidney glomerular disorders, myopathy, and in rare cases Raynaud’s syndrome and arrhythmia
(Gatseva et al., 2019; Rannikmée et al., 2020). The location and nature of COL4A1 and 2 mutations are
variable and largely determine disease type and progression (Gatseva et al., 2019). Approximately 80%
of COL4A1 and COL4A2 mutations affect glycine residues within the Gly-X-Y motif (Gatseva et al.,
2019). HANAC syndrome (Hereditary Angiopathy, Nephropathy, Aneurysms, and Muscle Cramps) is
associated with glycine missense mutations within the CB3[IV] region of the collagen IV triple helix
domain and is associated with retinal tortuosity, kidney defects, muscle cramps, Raynaud’s, and
sometimes cSVD (Plaisier et al., 2007, 2010). The CB3[IV] region contains the binding sites for several
integrins (a1B1, a2B1, and a3B1) and disruption of collagen IV-integrin binding may contribute to the
progression of HANAC syndrome (Khoshnoodi et al., 2008; Plaisier et al., 2010). Other mutations such
as nonsense frameshift mutations (Lemmens et al., 2013) as well as several 3’-UTR mutations have also
been identified (Qing Li et al., 2022; M6nkére et al., 2022; Sakai et al., 2020; Saskin et al., 2018; Siitonen
etal.,2017; Verdura et al., 2016; Y. Zhao et al., 2019). The frameshift mutations described in Lemmens
et al. (2013) cause haploinsufficiency of COL4A1 in patients and result in highly penetrant cSVD with
porencephaly, ICH, microbleeds, and WMH. Mutations in the 3’-UTR disrupt binding of miR-29 and
prevent the downregulation of COL4A1 (Verdura et al., 2016). Consequently, patients with COL4A1 3’-
UTR mutations exhibit higher expression of COL4A1 and develop a subtype of cSVD called PADMAL
(pontine autosomal dominant microangiopathy with leukoencephalopathy) (Verdura et al., 2016).

1.5.1 Proposed cSVD mechanisms of COL4A1 and COL4A2 mutations

The exact mechanisms causing monogenic COL4A1 and COL4A2 cSVD are incompletely understood,
but there are several proposed non-mutually exclusive mechanisms (Kuo et al., 2012). One of these is
an intracellular accumulation of misfolded protomers (Jeanne et al., 2015; Jeanne & Gould, 2017;
Murray et al., 2014). Murray et al. (2014) used the chemical chaperone 4-PBA to reduce the amount
of intracellular collagen accumulation in cSVD patient cells harboring the COL4A2%7%%° mutation. ER-
stress and apoptosis were reduced when intracellular accumulation was attenuated (Murray et al.,
2014). Moreover, a study investigating mutations in the C. elegans orthologues to COL4A1 and
COL4A2, EMB-9 and TET-2 respectively, suggested that the severity of phenotype was correlated with
the amount of intracellular accumulation (Gupta et al.,, 1997). A genotype-phenotype study
investigating several COL4A1 and COL4A2 mutations in mice and patients revealed that the most
frequent mutations, glycine substitutions in the triple helix domain, have a position dependent effect
on the cerebral phenotype (Jeanne & Gould, 2017). Figure 1.6 shows the position, relative amount of
intracellular accumulation, and the frequency of ICH in mice harboring different mutations. Glycine
mutations within the triple helix domain closer to the NC1 domain resulted in more intracellular
accumulation and ICH compared to mutations closer the 7S domain (Jeanne & Gould, 2017). Only the
in-frame COL4A1°*%l mutation, an exon skipping mutation, fluctuated from the correlation.
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Figure 1.6 Mutation position dependent effect on intracellular accumulation and correlation to ICH. (Left) Intracellular accumulation correlates
with mutation position within the triple helix domain. (Right) Increased intracellular accumulation corresponds to more widespread ICH. Adapted
with permission from (Jeanne & Gould, 2017). Copyright © 2022 Elsevier B.V.

Interestingly, this correlation was only predictive for cerebral phenotypes as the COL4A1%39 mutation
caused the most severe myopathy (Jeanne & Gould, 2017).

In the same study, Jeanne and Gould (2017) also investigated patients with mutations in COL4A1 and
COI4A2 revealing corroborating results that more severe cerebral phenotypes are associated with
more C-terminally positioned glycine mutations within the triple helix domain. Moreover, this
correlation was also restricted to cerebral phenotypes as mutations in exons 24, 25, and 31 caused
more severe aneurysms, nephropathy, myopathy, and a diagnosis of HANAC syndrome (Jeanne &
Gould, 2017).

Deficiency of deposited collagen IV heterotrimers or an incorporation of mutant heterotrimers are
other proposed cSVD disease mechanisms (Gatseva et al., 2019; Kuo et al., 2012). Patients with
haploinsufficiency mutations exhibit a remarkable 100-fold thickening of skin capillary BM indicating
an alternative disease mechanism to intracellular accumulation and ER stress (Lemmens et al., 2013).
However, in mice, COL4A1 and COL4A2 are dispensable for normal BM deposition but are required to
provide stability allowing the BM to resist mechanical stress (P6schl et al., 2004).

Incorporation of mutant heterotrimers causing a dominant negative effect could account for disease
phenotypes. Patients with heterozygous glycine mutations in COL4A1, assuming random combination,
would generate 25% WT heterotrimers, 50% single mutant heterotrimers, and 25% double mutant
heterotrimers. (Figure 1.7) Patients with heterozygous COL4A2 mutations would generate equal
amounts of normal and mutant heterotrimers. It is unclear, and likely mutation dependent which
heterotrimer combinations are secreted. Incorporation of single or double mutant heterotrimers could
both cause a dominant negative effect by disrupting the normal suprastructure of the BM (Kuo et al.,
2012; Mao et al., 2015).

Recently, Ratelade et al. reported a hypermuscularized region between the arterioles and capillaries
in the COL4A1%%® mouse mutant. This hypermuscularization increased contractility and blood
pressure upstream suggesting a novel mechanism for COL4A1 mutation related ICH (Ratelade et al.,
2020). Interestingly, a genetic reduction of Notch3 attenuated the phenotype (Ratelade et al., 2020).
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1.6 In vivo and in vitro models to study monogenic collagen IV cSVD

Collagen IV and its orthologues have been demonstrated to be essential to BM stability and function
in many model organisms including mice, drosophila, zebrafish, and C. elegans (Borchiellini et al., 1996;
Fidler et al., 2014; Gupta et al., 1997; P6schl et al., 2004). Insights from drosophila melanogaster helped
determine that TANGO1 associates with ER exit sites forming a ring-like structure in COPII vesicles (M
Liu et al., 2017) and notch signaling is required for collagen type IV secretion (Gross et al., 2021).
Several mutations in the C. elegans orthologues to COL4A1 and COL4A2 helped reveal that glycine
substitutions were generally more severe than null mutations (Gupta et al., 1997). Additionally, mouse
models have yielded several insights into collagen IV cSVD (Jeanne et al., 2015; Jeanne & Gould, 2017;
Kuo et al., 2012; Péschl et al., 2004; Ratelade et al., 2020). COL4A1%%*4! mice exhibit subcortical ICH,
arteriolar tortuosity, and porencephaly. All of which are clinical features in human patients with
COL4A1 mutations (Gould et al., 2005, 2006). Mutant pups suffer cerebral hemorrhaging during birth
that is prevented through surgical delivery suggesting caesarian sections be performed for human
patients with collagen IV mutations (Gould et al., 2006). Furthermore, the COL4A1%%® mouse model
closely mimics the human HANAC syndrome exhibiting retinal tortuosity defects, albuminuria and
hematuria in newborns, glomerular cysts, and muscular defects (Chen et al., 2016; Guiraud et al., 2017;
Trouillet et al., 2017). Ratelade et al. (2018) demonstrated the retinal arterial lesion load and retinal
SMC degeneration strongly correlates with incidence of subcortical macrohemorrhages proposing that
retinal screening could be a viable tool to diagnose ICH risk in human patients.

Individual mouse models can recapitulate some aspects of COL4A1/2 monogenic cSVD and are helpful
tools to elucidate disease mechanisms. However, genetic background is a major contributor to disease
progression (Kuo et al., 2012). Interestingly, the COL4A12®4! resulted in retinal arterial tortuosity in a
C57B6 background but not CASTB6 (Gould et al., 2006). Furthermore, the COL4A1%*! mutation
expressed in a B6 and B6129F1 background but not a CASTB6 background resulted in severe ICH
(Jeanne et al., 2015). Ocular anterior segment dysgenesis (ASD) caused by the COL4A12** mutation in
C57B6 mice was not present when crossed into a 129 or CAST background and it was discovered that
aregion on chromosome 1 was a genetic modifier responsible for this observation (Gould et al., 2007).
Given that the COL4A1%%! mutation, a significant deletion more severe than glycine substitutions,
causes severe phenotypes in a B6 background but not in other backgrounds, it is doubtful that a single
mouse model in a single genetic background will recapitulate the complex mechanisms of human
monogenic COL4A1/2 cSVD (Hainsworth & Markus, 2008). Therefore, other experimental models such
as human in vitro models are necessary tools providing insights available models cannot offer.
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1.6.1 Primary and immortalized cell lines for in vitro modeling

Regardless of the design of an in vitro BBB model, the cell types must be selected. Primary cells have
been used in BBB models with primary rat cells (ECs, astrocytes, and pericytes) (Nakagawa et al., 2009),
mouse cells (ECs and astrocytes) (Coisne et al., 2005), bovine cells (ECs, glia, and pericytes)
(Vandenhaute et al., 2011), porcine cells (ECs, astrocytes, and pericytes) (L. Thomsen et al., 2015), and
human BMECs (Bernas et al., 2010).

However, primary cells can be hard to isolate and are not always readily available creating a need for
other cell types in in vitro BBB models (Helms et al., 2015). Immortalized cell lines are a potential
substitute as multiple mouse and human endothelial immortalized cell lines have been investigated
within in vitro BBB models (Burek et al., 2012; Omidi et al., 2003; Prudhomme et al., 1996; Sano et al.,
2010; Stins et al., 2001). The murine immortalized brain endothelial cell line, b.End3, does not form a
tight barrier and is deemed unsuitable for BBB permeability studies (Omidi et al., 2003). A comparative
analysis of the four immortalized human brain endothelial cells lines hCMEC/D3, hBMEC, TY10, and
BB19 determined that the hBMEC line formed the most impermeable barrier and showed the highest
tight junction expression (Eigenmann et al., 2013). However, co-culture systems do no further induce
BBB properties with this line (Eigenmann et al., 2013). The hCMEC/D3 line is the most widely used and
characterized line (Helms et al., 2015). It has provided valuable insights in drug uptake, active
transport, and inflammatory response studies but lacks consistent TJs and barrier properties (Weksler
et al., 2013).

1.6.2 Induced pluripotent stem cells for disease modeling

The discovery of mouse induced pluripotent stem cells (iPSCs) (Takahashi & Yamanaka, 2006) and
subsequently human iPSCs (Takahashi et al., 2007) provide an alluring alternative for renewable and
inherently customizable BBB models. These cells have the capacity to differentiate into cells from all 3
of the germ layers (Takahashi & Yamanaka, 2006). Reprogramming cells is merely dependent on
expression of the Yamanaka factors (Oct-4, Sox2, c-Myc, and KIf4) and can be accomplished with both
integrative and non-integrative viral methods, RNA delivery, and protein delivery (Ban et al., 2011,
Gonzalez et al., 2011; Haridhasapavalan et al., 2020).

Human iPSCs (hiPSCs) are nearly indistinguishable from embryonic stem cells (ESCs) yet they
circumvent ethical issues connected to ESCs. HiPSCs can self-renew indefinitely providing an unlimited
cellular source (C. Liu et al., 2018). Moreover, patient specific hiPSCs can be generated to directly study
disease mechanisms in disease relevant cell types (C. Liu et al., 2018). Studies with patient-specific
iPSCs have recapitulated animal model phenotypes for several diseases (Sterneckert et al., 2014).
Furthermore, CRISPR/Cas9 can generate disease causing mutations or correct mutations in patient
iPSCs (Hockemeyer & Jaenisch, 2016). Additionally, hiPSCs overcome human-animal differences and
provide a route for more translatable drug screening (Rowe & Daley, 2019). Despite their exciting
potential, there are a few drawbacks to hiPSC disease modeling. Intrinsic to every in vitro disease
model, is the absence of a full organism making it difficult to mimic complicated disease pathology
(Pen & Jensen, 2017). With the advent of organoids and 3D culturing systems, researchers are
attempting to overcome this pitfall (Campisi et al., 2018; C. Liu et al., 2018; Rowe & Daley, 2019).
Concerns about the genomic stability, epigenetic memory, and difficult iPSC maintenance remain
concerns for hiPSC disease modeling but thorough quality controls can address most of these problems
(Tapia & Scholer, 2016).

1.6.2.1 Differentiation of brain endothelial cells

Successful differentiation of brain-like endothelial cells is critical for in vitro BBB modeling. The four
most commonly used methods for differentiating ECs are co-culturing with stromal cells or neural cell
types, embryoid body formation, 2D monoculture, and transdifferentiation through expression of
transcription factors such as ETV2 (Williams & Wu, 2019). The first brain endothelial differentiation
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was published by Lippmann et al. in 2012, where endothelial cells and neural cells were simultaneously
differentiated in a 2D monolayer followed by a purification of the endothelial cell population through
a matrix selection (Lippmann et al., 2012). Addition of retinoic acid increased TJ expression and TEER
in ECs generated from this protocol that was further enhanced by co-culture with astrocytes and
pericytes (Lippmann et al.,, 2014). Several alternative brain EC protocols have been subsequently
published. The use of E6, a derivative of E8 iPSC maintenance media lacking growth factors that
maintain pluripotency, allowed bypassing the iPSC expansion phase and substantially shortened the
Lippmann protocol from 13 to 8 days (Hollmann et al., 2017). Differentiation under hypoxic conditions
(5% 0,) markedly increased the expression of VE-cadherin, PECAM-1, Glut-1, P-gp, and VEGF-A (Park
et al., 2019). Moreover, a fully defined, serum free protocol was recently established that limits batch
to batch variability produced by undefined media components (Neal et al., 2019). Activation of WNT
signaling with CHIR99021, a small molecule inhibitor of glycogen synthase kinase-3 (GSK-3), during EC
differentiation has been illustrated to rapidly induce BBB properties in differentiated cells (Gastfriend
et al., 2021; Lian et al., 2014; Qian et al., 2017). A key advancement in iPSC-EC differentiation was the
application of CD31+ MACS sorting to purify endothelial cell populations (Gastfriend et al., 2021; Praca
et al., 2019). The differentiation of arterial and venous subtypes of endothelial cells was another
significant development (Rosa et al., 2019).

Despite the considerable advancements made in generation of brain ECs, there have been reports that
cells produced by these protocols express common epithelial genes such as claudin-7 and other TJs
(Delsing et al., 2018; Vatine et al., 2019). Based on transcriptomic data, T. Lu et al. (2021) claims that
cells generated by the Lippmann protocol have been misidentified as brain ECs and more closely
resemble epithelial cells. The EC differentiation used in our lab differs substantially from the Lippmann
protocol. In our unpublished protocol, hiPSCs are first induced towards mesoderm with a fully defined
but proprietary induction medium (possibly containing CHIR99021) and then through the addition of
VEGF and forskolin are pushed towards an EC fate. Instead of a matrix selection, the cells are MACS
sorted for endothelial-specific marker CD144. However, iPSC-derived ECs display a more mature BBB
phenotype in 3D cultures systems especially when co-cultured with other brain cell types (Campisi et
al., 2018; Vatine et al., 2019). Brain-like EC differentiations will continue to improve but the physical
context of differentiated ECs is arguably as important for inducing and maintaining BBB properties.

1.6.2.2 Differentiation of mural cells

There is a spectrum of cells that transition from classical vSMC to pericytes along the arterioles to the
capillaries (Ratelade et al., 2020). Pericyte specific markers have not been identified requiring
simultaneous expression of several markers such as NG2, CD13, and PDGFRp to classify pericytes (Jeske
et al., 2020; Ratelade et al., 2020). Moreover, forebrain pericytes are thought to arise from a neural
crest lineage while midbrain, brainstem, and spinal cord pericytes are derived from mesoderm
(Etchevers et al., 2001; Korn et al., 2002; Reyahi et al., 2015). However, the precise lineage of brain
pericytes is still debated. Several pericyte differentiation protocols from iPSCs begin with an induction
towards mesoderm followed by subculturing cells negative for CD31 in pericyte selective conditions
(Dar et al., 2012; Kusuma et al., 2013; Orlova et al., 2014). An alternative mesoderm directed protocol
first generates mesenchymoangioblasts that are further directed to SMCs (calponin high, MYH11 high,
NG2 low), arterial pericytes (NG2 high, SMA high, MYH11 absent), and capillary pericytes (NG2 high,
SMA low, MYH11 absent) depending on the cocktail of factors added to the media (Kumar et al., 2017).
Differentiation protocols deriving pericytes from neural crest have also been described (Faal et al.,
2019; Jeske et al., 2020; Stebbins et al., 2019). Following generation of a neural crest stem cells and
activation of Wnt signaling with CHIR99021, serum directs the cells towards a pericyte cell fate that
can induce BBB characteristics in human iPSC-BMECs (Faal et al., 2019).

The other mural type found in the brain, vSMCs (vascular smooth muscle cells), are predominantly
derived from mesoderm but also to a certain extent from neural crest (Stephenson et al., 2020) and
there are published vSMC protocols from each lineage (Stephenson et al., 2020). Patsch et al. (2015)
described a mesoderm induction protocol capable of producing both ECs and vSMCs. The progenitor
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cells were pushed towards a vSMC fate with PDGF-BB and activin A. The vSMCs from this protocol were
shown to be very similar to their primary counterparts through transcriptomic and metabolomic
analysis (Patsch et al., 2015). Cheung et al. (2014) described a protocol to induce the differentiation of
vSMCs from neural ectoderm, lateral plate mesoderm, and paraxial mesoderm. Cells derived from each
lineage where indistinguishable by expression of calponin and MYH11 but demonstrated slight
differences in response to IL-1B and TIMP and MMP activation (Cheung et al., 2012, 2014).

1.6.2.3 Differentiation of astrocytes

Human astrocytes have a long developmental process that continues after birth (Robertson, 2014)
making it difficult to generate iPSC-derived astrocytes in a timely manner (Delsing et al., 2020).
Successfully differentiated astrocytes typically are shown to express GFAP, CD44, S1008, and vimentin
and can perform astrocyte specific tasks such as glutamate uptake (Delsing et al., 2020). Inducible
factors NFIA and Sox9 have been used to decrease the differentiation time of astrocytes, but this labor-
intensive process still requires at least one month (X. Li et al., 2018). Other differentiation protocols
generate neural precursor cells and transform them into astrocytes by culturing them with EGF
(epidermal growth factor) and FGF (fibroblast growth factor) (Krencik et al., 2011). Some
differentiation protocols rely on the use of serum to induce an astrocytic fate from a pool of neural
precursor cells (Y. Li et al., 2015; TCW et al., 2017; Yan et al., 2013). Altering the seeding density and
substrate resulted in classical star-shaped astrocytes and an upregulation of astrocyte markers from
the TCW protocol (Voulgaris et al., 2022). However, serum induces major transcriptomic changes in
hiPSC-derived astrocytes that reflects an inflammatory response and activated cell phenotype (Perriot
etal., 2018). Perriot et al. (2018) published a serum-free protocol using LIF (Leukemia inhibitory factor)
to direct NPCs to glial precursors and CNTF (ciliary neurotrophic factor) to generate mature astrocytes.
Importantly, all subtypes of astrocytes can extend their endfeet to the NVU (Tabata, 2015) meaning
that hiPSC-astrocytes likely have the capacity to serve a functional role in an in vitro BBB model (Delsing
et al., 2020).

1.6.3 In vitro BBB models

The simplest in vitro BBB model is the transwell system where a porous semipermeable membrane
separates the simulated luminal and abluminal side of the BBB (Naik & Cucullo, 2012). Both
compartments are filled with media and the porous membrane allows diffusion of most molecules but
not cells between compartments (Naik & Cucullo, 2012). ECs are typically seeded on top of the porous
membrane and astrocytes and/or mural cells are seeded on the bottom of the well (non-contact) or
on the reverse side of the porous membrane (contact) (Wolff et al., 2015). Transwell systems are ideal
for kinetic transport studies and permeability assays because of the fixed media volumes in each
compartment (Sivandzade & Cucullo, 2018). However, the 2D configuration is non-physiological and
lacks complexity (Sivandzade & Cucullo, 2018).

1.6.3.2 Organoids

Organoids are self-organized cell aggregates that overcome the two-dimensional limitation of
transwell systems (Pacitti et al., 2019). BBB spheroids have been generated by combining primary ECs,
pericytes, and astrocytes resulting in a layered organoid with astrocytes in the middle, followed by the
pericytes, and finally the endothelial cells on the outside (Urich et al., 2013). These spheroids express
Als, Tls, active efflux pumps, and can perform receptor mediated transport of angio-pep2
demonstrating their usefulness for drug screening (Bergmann et al., 2018; Cho et al., 2017). However,
these organoids develop a necrotic core due to a lack of oxygen and nutrients at the center, lack the
physiological relevance of blood flow, and are not consistently reproducible (Bhalerao et al., 2020;
Pacitti et al., 2019).
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1.6.3.3 The DIV (dynamic in vitro) BBB model

In the DIV BBB model, ECs are grown inside of hollowed out porous polypropylene fibers and other
desired cell types such as astrocytes and mural cells are grown on the outer surface of these fibers
(Naik & Cucullo, 2012). These artificial capillaries can be subjected to an adjustable flow (Naik &
Cucullo, 2012). Stanness et al. (1996) used this system to co-culture primary bovine ECs with rat
astrocytes showing that flow prolongs cell survival. Inflammatory response, drug transport, and TEER
measurements can be made with this system (Cucullo et al., 2008; Naik & Cucullo, 2012; Stanness et
al., 1996). Nevertheless, a large number of cells are needed, the system is not designed for high
throughput, visualization of cells is impossible, and specialized technical skills are required (Naik &
Cucullo, 2012).

1.6.3.4 3D cell embedded ECM BBB models

An alternative BBB model can be generated by suspending cells in an ECM scaffold that self-
polymerizes providing quasi physiological cues and chemical gradients necessary for cell-cell
communication (Naik & Cucullo, 2012). However, it has been demonstrated that matrix stiffness
directly impacts cell differentiation (Engler et al., 2007) and endothelial cell angiogenesis (Mammoto
et al., 2009). Consequently, the absence of even a minor ECM component could significantly alter the
physiology and architecture of the cells (Naik & Cucullo, 2012). Without a complete understanding of
the brain ECM it is exceedingly difficult to use this BBB model in translatable research (Bhalerao et al.,
2020).

1.6.3.5 Microfluidic systems adapted to BBB modeling

The recent intersection of microfluidic devices and BBB in vitro models has given researchers a unique
opportunity. Microfluidic devices are typically made from polydimethylsiloxane (PDSM) and the
dimensions can be tailored to create physiological dimensions (Sivandzade & Cucullo, 2018). Most
microfluidic devices can be attached to a pump and subjected to flow (Delsing et al., 2020). Several in
vitro BBB models using microfluidic devices have been recently published (Campisi et al., 2018;
DeStefano et al., 2017; Jamieson et al., 2019; Linville et al., 2019; Park et al., 2019; Vatine et al., 2019).
The Searson group observed that monoculture hBMECs resisted orientating in the direction of flow
compared to human umbilical vein endothelial cells in a microfluidic setup (Ye et al., 2014). They
speculated this is a characteristic of brain capillary ECs and subsequently showed the same phenotype
in iPSC-derived ECs (DeStefano et al., 2017). In another study, Campisi et al. (2018) embedded ECs in a
gel inside a microfluidic device and the ECs self-organized into tubes that decreased in size when
pericytes and/or astrocytes were added. The application of microfluidic chips to BBB in vitro modeling
provides several benefits but has some disadvantages. Brain capillaries have a diameter of
approximately 5 um (Popel & Johnson, 2005) which is difficult to mimic in vitro. There are also
documented gene expression differences between regions along the vascular tree further complicating
whether arteries, capillaries, or veins are modeled in a specific microfluidic device (A. Yang et al., 2022).
Moreover, microfluidic devices are frequently not compatible with TEER measurements (Sivandzade
& Cucullo, 2018). Furthermore, unique designs complicate comparing across studies and fabrication of
microfluidic devices requires specialized knowledge (Delsing et al., 2020; Sivandzade & Cucullo, 2018).

1.6.4 Functional assays to assess BBB characteristics in in vitro BBB models

The resistance across an EC layer is called TEER (transendothelial electrical resistance) and is a good
indicator of barrier strength (Srinivasan et al., 2015). TEER measurements provide real-time
information about the cell barrier (Naik & Cucullo, 2012; Sivandzade & Cucullo, 2018). One of the most
common methods to measure TEER is with chopstick electrodes where one electrode is manually
placed in the upper compartment and the other in the lower compartment before applying a 12.5 Hz
alternating current. The resistance is then calculated by Ohm’s law (Srinivasan et al., 2015). This
method yields inconsistent results dependent on electrode position and systematically overestimates
TEER (Srinivasan et al., 2015; Vigh et al., 2021). Impedance spectroscopy is a more accurate alternative
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TEER measurement that applies a sweeping range of alternating currents through the cell layer and
measures the amplitude and phase shift of the resulting current (Benson et al., 2013). The impedance
spectrum is calculated from these values and contains the resistance and capacitance of the cell layer
(Benson et al., 2013). Nanoanalytics has developed the cellZscope for performing TEER measurements
with impedance spectroscopy. Its design ensures the electrodes are always in the same position for
each measurement.

Permeability assays provide complementary data to TEER measurements by measuring the uptake and
diffusion of small molecules such as sodium fluorescein or dextran across the endothelial barrier (Naik
& Cucullo, 2012; Neuhaus et al., 2006; Sivandzade & Cucullo, 2018). There is limited human in vivo data
concerning the permeability of the human BBB (Workman & Svendsen, 2020), but values obtained
from permeability assays are comparable to in vivo data measured in rat microvessels (Delsing et al.,
2020; Yuan et al., 2009). It is common to perform gPCR and western blot in addition to TEER and
permeability assays to investigate correlations between the assays and barrier related proteins such
as Z0-1, Cld-5, Occludin, and Cav-1 (Sivandzade & Cucullo, 2018).

1.7. The importance of genome editing and impact of CRISPR

Genome editing technology is crucial to investigating disease-causing mutations but also extremely
valuable for basic biological scientific research. Prior to the dawn of CRISPR/Cas9 genome editing, zinc
finger nucleases (ZFN), transcription activator—like effector nucleases (TALENSs), and to some extent
meganucleases were utilized for targeted genomic editing (Riordan et al., 2015). ZFNs were the first
widely available genome editing tool developed by linking zinc finger proteins (ZFP) recognizing specific
3-4bp DNA sequences to the cleavage domain of the nonspecific endonuclease Fokl (Y. Kim et al.,
1996). DNA cleavage by Fokl occurs when the bound ZFP binds the recognized DNA sequence (Y. Kim
et al., 1996; Santiago et al., 2008; Urnov et al., 2005). Novel DNA binding domains called transcription
activator—like effectors (TALEs) recognizing individual bases were discovered in plant pathogens
(Christian et al., 2010), and like ZFPs, TALEs were coupled to the cleavage domain of Fokl generating
TALENSs that can target any DNA sequence (Christian et al., 2010). Meganucleases recognize long DNA
sequences over 12 bp and have been used to generate DNA double strand breaks (DSBs) (Rouet et al.,
1994) but their use even before CRISPR/Cas9 was not widespread (Paques & Duchateau, 2007).

These genome editing systems could generate targeted DNA DSBs. However, they must be specifically
tailored for each target, requiring in most cases the engineering of a novel protein (Riordan et al.,
2015). CRISPR/Cas9 revolutionized genome editing by having the capability to target nearly any DNA
sequence with the same protein by solely interchanging bases on the guide RNA (Riordan et al., 2015).
This widely accessible method has become the gold-standard for genome editing.

1.7.1 Discovery of CRISPR in the archaea and bacteria immune system

Francisco Mojica discovered clustered, regularly, interspaced, palindromic repeats (CRISPR) in the
archaea Haloferax mediterranei in 1992 (Mojica & Rodriguez-Valera, 2016). Similar repeat palindromic
sequences were subsequently identified in other archaea and several species of bacteria (Mojica et al.,
2000). The first CRISPR associated proteins (Cas) were discovered a couple of years later adjacent to
CRISPR loci (Jansen et al., 2002). Mojica and his team provided the first evidence suggesting that
CRISPR could confer adaptive immunity against foreign invaders (Mojica et al., 2005). Based on
computational analysis, it was hypothesized that CRISPR and its associated proteins function as a
defense mechanism against invading phages (Makarova et al., 2006; Mojica et al., 2005). In 2007, it
was discovered that bacteria integrated new spacer sequences into their CRISPR regions following a
viral challenge derived from the invader (Barrangou et al., 2007). CRISPR RNAs (crRNAs) are
transcribed, cleaved, and then complexed with Cas proteins guiding the complex towards invading
phages (Brouns et al., 2008).

There are Il CRISPR/Cas systems within archaea and bacteria. Type | and Il systems rely on protospacer
adjacent motifs (PAMs) near the target sequence that prevent Cas proteins from recognizing and
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cutting their own CRISPR RNA (Shah et al., 2013). Type | and Ill systems rely on several Cas proteins to
process crRNAs and generate anti-viral defense (Hatoum-Aslan et al.,, 2011; Nam et al., 2012).
Conversely, type Il systems only require a single Cas protein and crRNA to target DNA sequences
allowing them to be easily engineered and adapted as a genome editing tool (Doudna & Charpentier,
2014).

1.7.2 Applications of the CRISPR/Cas9 system

The type Il CRISPR/Cas9 system in Streptococcus pyogenes only requires a trans-activating crRNA
(tracrRNA) and crRNA duplex to direct Cas9 to a target (Deltcheva et al., 2011; Jinek et al., 2012).
Furthermore, a single engineered RNA chimera (sgRNA) can be generated to fulfill the role of a crRNA
(Jinek et al., 2012). In addition to complementary base pairing of the sgRNA, there must be a
contiguous PAM sequence present (NGG for Cas9) (Jinek et al., 2012). Cas9 contains an HNH cleavage
domain that cleaves the sequence complementary to the sgRNA and an RuvC cleavage domain
responsible for cleaving the opposite strand (linek et al., 2012; Riordan et al., 2015). The structure of
the Cas9/sgRNA complex is shown in Figure 1.8. Mutations that inactivate one of the cleavage domains
create a Cas9 nickase that generates only single strand DNA breaks and inactivating both cleavage
domains produces a dead cas9 (dCas9) that is essentially a DNA binding protein (Doudna &
Charpentier, 2014; Gasiunas et al., 2012; Jinek et al., 2012).

Designing a new sgRNA following Watson-Crick base pairing rules, can effectively target any 20bp DNA

Nuclease
domains
o
RuvC o7 .
Nontarget oF
. &
‘ .
* 5 I ““erllllll:3’
'. 3/ EE——
Target TT == ==.3gRNA
HNH
Distal Proximal

Figure 1.8 Structure and function of the Cas9 sgRNA Complex. The Cas9/sgRNA complex can peel back double stranded DNA to patrol
for sequences complementary to the sgRNA. Once the sgRNA binds to a complementary sequence in the presence of a PAM, the nuclease
domains, HNH and RuvC, become active and each nick one strand of DNA to generate a DSB. Adapted with permission from (Richardson
etal., 2016). © 2016 Nature America, Inc. All rights reserved.

sequence adjacent to a PAM (Doudna & Charpentier, 2014). With this versatility CRISPR/Cas9 has
become a widely used tool for generating gene KOs (knock-outs) and Kls (knock-ins) across several
species both in vivo and in vitro (Hsu et al., 2014). Mismatches between DNA and the sgRNA, especially
in the PAM distal region, can occasionally be tolerated and unintended off-target editing can occur
(Hsu et al., 2013). Aiming to reduce off-target activity, several Cas9 variants have been reported to
increase on-target specificity (Pickar-Oliver & Gersbach, 2019). The R691A Cas9 variant (HiFi Cas9)
increases specificity without sacrificing on-target efficacy when delivered as a ribonucleoprotein (RNP)
complex (Vakulskas et al., 2018). Moreover, alternative Cas proteins have been discovered and
engineered with different PAM requirements awarding researchers flexibility to target more regions
of the genome (J. Hu et al., 2018; Kleinstiver et al., 2015). Furthermore, inactivated Cas proteins can
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be linked to gene repressors (Yeo et al., 2018), activators (Gilbert et al., 2013), and base editing
enzymes (Komor et al., 2016).

1.7.3 Modes of CRISPR/Cas9 delivery for genome editing

There are 3 primary approaches to deliver Cas9 and an sgRNA to a cell: DNA, mRNA, and protein (Yip,
2020). A plasmid containing instructions for Cas9 and sgRNA expression can be delivered into cells or
an organism of choice (Yip, 2020). This is inexpensive and feasible for most molecular biology labs.
However, plasmid delivery results in sustained expression of Cas9 increasing the likelihood of off-target
effects (Wu et al., 2014), and toxicity commonly results from exogenous DNA vectors (Xue & Greene,
2021). Delivery of CRISPR machinery via mRNA causes faster, more transient expression (Yip, 2020)
attenuating the risk of off-target editing (Wu et al.,, 2014). RNP (ribonucleoprotein) delivery of
Cas9/sgRNA complexes causes the most immediate and transient editing, further reducing off-target
effects (Yip, 2020).

1.7.4 DNA repair after Cas9 mediated DSB

Cas9 generates a targeted DNA DSB with blunt ends that activates DNA repair mechanisms (Pickar-
Oliver & Gersbach, 2019). The primary DNA repair mechanisms are non-homologous end joining
(NHEJ), microhomology-mediated end joining (MMEJ), and homology directed repair (HDR) (Yeh et al.,
2019).

NHEJ is considered the default pathway occurring in every cell cycle and cell type (Pickar-Oliver &
Gersbach, 2019; Riordan et al., 2015), and begins when the Ku70/Ku80 complex binds to the broken
DNA ends serving as the scaffolding for DNA-PKcs, XRCC4, DNA ligase IV, and XLF (A. Davis et al., 2014,
Spagnolo et al., 2006). This error-prone mechanism will frequently generate Indels (insertions and/or
deletions) that can disrupt gene expression by causing a frameshift that introduces a premature
termination codon (Pickar-Oliver & Gersbach, 2019).

MMEJ repair plays an important role comparable to NHEJ (Shen et al., 2018). As the name indicates,
MMEJ occurs when there is a micro-homology between the 2 sides of the DSB (Yeh et al., 2019). There
is some evidence that MMEJ can be used to generate certain KI mutations without a donor template
(Allen et al., 2019; Shen et al., 2018). However, this is sequence dependent and a majority of mutations
cannot be generated through undirected MMEJ.

Specific Kl gene editing experiments exploit the HDR pathway (Pickar-Oliver & Gersbach, 2019). Several
HDR pathways have been described (canonical HR, synthesis-dependent strand annealing, break-
induced replication, and single-strand annealing) (Yeh et al., 2019). Single-strand annealing (SSA) is
very similar to MMEJ but requires larger regions of homology of over 200bp in mammalian cells (Liskay
et al., 1987). Unlike SSA, both break-induced replication (BIR) and synthesis-dependent strand
annealing (SDSA) are rad-51 dependent processes (Yeh et al., 2019). In SDSA, a D-loop forms when the
unbroken double stranded DNA opens. This is followed by the broken strand annealing to the exposed
homologous region of the unbroken DNA strand in a process called strand invasion (McVey et al.,
2016). Next, polymerase & synthesizes DNA from the repair template and the newly synthesized DNA
then shares homology and can bind with the other strand of the DSB (Yeh et al., 2019). BIR occurs as a
last resort to repair the DSB when the second DSB cannot be located (Yeh et al.,, 2019) and is
characterized by error prone polymerases that synthesize the missing DNA sequence from the break
to the chromosome end (Verma & Greenberg, 2016). NHEJ and HDR DNA repair pathways after
CRISPR/Cas9 editing are illustrated in Figure 1.9.
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Figure 1.9 Leveraging DNA
repair pathways for genome
editing. Following a DSB, DNA
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1.7.5 Improving HDR efficiency

The HDR pathway is less commonly recruited compared to NHEJ and MMEJ making HDR Kl generation
exceedingly inefficient in some cases (Pickar-Oliver & Gersbach, 2019). Methods to increase rates of
HDR have been extensively investigated (Aird et al., 2018; Z. Hu et al., 2018; Riesenberg et al., 2019;
Riesenberg & Maricic, 2018; Skarnes et al., 2019). Delivery of a repair template tethered to a Cas9
sgRNA complex increases the rate of HDR rates either by proximity of the repair template to the DSB
or through increased nuclear localization (Aird et al., 2018). The ligase inhibitor SCR7 inhibits other
DNA repair pathways to favor HDR (Z. Hu et al., 2018). Although, SCR7 does not consistently improve
rates of HDR (Skarnes et al., 2019), and it is debated whether SCR7 inhibits NHEJ specific ligase IV or
the MMEIJ ligases | and Ill (Greco et al., 2016). Inhibitors of DNA-PKcs such as M3814 and NU7026 block
DNA-PKcs kinase activity preventing NHEJ (Riesenberg et al., 2019; Riesenberg & Maricic, 2018). A
commercially available small molecule with an undisclosed structure and mechanism called “Alt-R HDR
Enhancer” increased HDR rates in hiPSCs (Skarnes et al., 2019). In this study, HDR was further increased
by cold-shocking following transfection and utilizing asymmetrically designed repair templates
(Skarnes et al., 2019).

Many studies have focused on optimizing repair template design to increase HDR (Liang et al., 2017;
Richardson et al., 2016; Skarnes et al., 2019; Y. Wang et al., 2018). Cas9 releases the 3’ end of the non-
target strand (the strand containing the PAM) before the opposite strand inclining Richardson et al.
(2016) to design repair ssODNs asymmetrically matching the target sequence and complementary to
the strand that is released first. Richardson and colleagues designed repair ssODNs with longer
homology arms on the PAM proximal side than the PAM distal side matching the target strand
sequence and demonstrated this rational design produced higher HDR editing rates (Richardson et al.,
2016).Y. Wanget al. (2018) reported asymmetric repair ssODNs matching the target strand with longer
overhangs on the PAM-distal side but not the PAM-proximal side resulted in higher HDR rates. These
inconsistent reports indicate that the effect of repair template design on HDR editing may be locus
dependent.

The design of the sgRNAs can considerably impact the HDR editing outcome. The location of the sgRNA
relative to the mutation largely determines the percentage of homozygous, heterozygous, and wild
type editing outcomes (Paquet et al., 2016). Since many disease-causing mutations are heterozygous
in patients, Paquet et al. (2016) demonstrated there is an optimal window approximately 10bp from
the cut-site that heterozygous mutations can be efficiently incorporated with homozygous
incorporation being favored closer to the cut site and wild type outcomes at more distant locations.
Furthermore, mutations that do not block the sgRNA or PAM are frequently incorporated with
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extremely low rates of HDR (Paquet et al., 2016). Due to PAM constraints, it is not always feasible to
design an sgRNA that is blocked from re-cutting by a disease mutation. Silent protein coding mutations
can be implemented in coding regions to effectively block sgRNAs, but in non-coding regions this is not
possible. However, a two-step editing strategy called CORRECT can be executed (Kwart et al., 2017).
The first step of CORRECT incorporates both the intended KI mutation and a designed blocking
mutation either modifying the PAM or the sgRNA binding sequence. In the 2™ step, either a different
Cas enzyme or sgRNA that recognizes the new sequence is used. The KI mutation is preserved but the
initial blocking mutation is removed now blocking cutting activity of Cas/sgRNA in the 2" step (Kwart
et al,, 2017; Paquet et al., 2016).

1.7.6 Quality controls in iPSCs after genome editing

Although versatile, CRISPR/Cas9 can cause unwanted effects. Editing at off-target locations with a
similar sequence to the target sequence has been reported (Hsu et al., 2013; Zhang et al., 2015). Whole
genome sequencing can be performed after editing as an unbiased detection method for off-target
effects but it is relatively expensive (Veres et al., 2014). Because Cas9 nuclease activity is sgRNA and
PAM dependent, off-target sites can be predicted in silico with computer algorithms and regions with
high probability of off-target editing can be sequenced in edited cell lines or organisms (Heigwer et al.,
2014; Ran et al., 2013; Singh et al., 2015).

Previously undetected on-target effects (OnTEs) have recently been reported by our lab and others
(Simkin et al., 2022; Weisheit et al., 2020, 2021). Single cell human iPSC clones edited with apparent
homozygous mutations were frequently shown to be hemizygous (Weisheit et al., 2020). Single allele
insertions, deletions, and complex rearrangements were detected that initially escaped detection
through standard genotyping PCRs and Sanger sequencing (Weisheit et al., 2020). We developed a
guantitative genotyping PCR (qgPCR) that adds a fluorescent probe to the genotyping PCR to quantify
the number of alleles around the edited locus to ensure all alleles remain intact (Weisheit et al., 2021).
Furthermore, we found that Cas9 induced regions of LOH that affected less than 6Kb and up to entire
chromosome arms (Weisheit et al., 2020). Genotyping nearby heterozygous SNPs on both sides of the
cut site after editing can exclude LOH (Weisheit et al., 2021). Genome wide SNP analysis with SNP
microarrays can be used to detect large copy number variations, chromosomal aberrations, and LOH
when nearby heterozygous SNPs cannot be identified (Weisheit et al., 2020, 2021).

1.8 Aims of the thesis

Several COL4A1l and COL4A2 mutations have been identified to cause monogenic cSVD. Animal
models, especially mouse models, have yielded valuable information regarding collagen IV related
cSVD progression. However, such animal models do not fully recapitulate human biology. With the
recent discovery of hiPSCs, there are novel opportunities to derive human models of cSVD. The advent
of CRISPR/Cas9 genome editing technology has made it feasible to generate disease causing mutations
in hiPSCs or alternatively to correct disease mutations directly in patient derived cells. A hiPSC model
of collagen IV cSVD recapitulating human disease biology on a cellular level could provide new insights
into human disease formation and may also provide a platform to study cell type specific contributions
to the disease. While the mechanisms of how COL4A1 and COL4A2 mutations cause cSVD are
incompletely understood, current hypotheses postulate non-mutually exclusive contributions that
include intracellular accumulation from improperly folded heterotrimers causing ER stress, insufficient
collagen IV deposition in the BM causing instability or impaired matrix-cell signaling, and/or integration
of mutant heterotrimers in the BM thereby altering physiological functions of the BM.

The goal of this thesis is to generate and characterize human cSVD models caused by monogenic
COL4A1 mutations, following 3 major aims:

First, using CRISPR/Cas9 genome editing at the Col4A1 locus, | aimed to generate a set of isogenic
COL4A1 mutant hiPSC lines. These included homozygous and heterozygous KO lines carrying a
haploinsufficiency frameshift mutation (ClinVar: VCV000161440.4) generated via NHEJ, and lines with
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a COL4A1%75°R missense mutation (ClinVar: VCV000161974.16) as well as the 3’-UTR (c.*35C>A) miR-
29 binding site mutation (ClinVar: VCV000689432.1) generated using HDR. Each line was generated
from the same hiPSC WT line so they will share the same isogenic control.

Second, | aimed to perform necessary CRISPR/Cas9 editing quality controls on all four generated cell
lines, to exclude deleterious side effects of CRISPR/Cas9 genome editing. | excluded OnTEs and a
common type of trisomy by quantifying the number of alleles by ggPCR at the edited loci and a
common triplicated region in hiPSCs on chromosome 20. Nearby SNP genotyping ruled out LOH and
sequencing predicted off-target regions excluded the most likely off-target effects. DNA fingerprinting
ensured the correct WT line was edited, and finally molecular karyotyping determined there are no
large chromosomal aberrations present in the edited lines.

Third, | aimed to differentiate these iPSCs into the cell types of the NVU and characterize collagen IV
expression, expecting that COL4A1 is reduced in the frameshift mutations, similar to WT levels in the
COL4A1°%7%R mutant, and elevated in the (c.*35C>A) mutant. Finally, using 2D transwell and 3D
microfluidic in vitro models of the BBB, | investigated potential phenotypes of cSVD such as barrier
permeability and collagen IV secretion.

26



Chapter 2 Materials and Methods

2.1 hiPSC lines

hiPSC experiments were performed according to all of the relevant guidelines and regulations. Female
WT hiPSC line A18944 was purchased from Thermo Fisher (#A18945) and used to generate single cell
clones with COLA1 KO, COL4A1¢7%5R  and COL4A1 (c.*35C>A) mutations.

2.2 hiPSC maintenance

hiPSCs were maintained with essential 8 flex medium (E8F, Thermo Fisher #A2858501) on 6-well plates
(Corning #353046) coated with vitronectin (VTN, Thermo Fisher #A14700). VTN was diluted 1:100 with
in Dulbecco’s phosphate buffered saline without Calcium/Magnesium (PBS, Sigma-Aldrich #D8537)
before 1 ml of VTN solution was added to each well. The coating solution was left for at least 1 hour at
room temperature. The cells were grown as colonies at 37 °C and 5% CO, and split twice per week. To
split hiPSCs, cells were washed with 1ml PBS before incubating them in PBS with 0.5 mM UltraPure
EDTA (Thermo Fisher #15575020). The PBS/EDTA was aspirated and the cells were washed off of the
plate with 3 ml of DMEM/F-12 (Thermo Fisher #11320074). Using a Pasteur pipette (Carl Roth,
#EAG66.1), the cell solution was triturated to break up large clumps and then the cells were transferred
to a new VTN-coated plate in E8F medium.

Freezing hiPSCs was performed by detaching the cells with PBS/EDTA as described above before
washing them off with cold freezing media composed of 45% E8F, 45% fetal bovine serum (FBS, Thermo
Fisher #10500064), 10% DMSO (Sigma-Aldrich #D2650) with 10 pM rock inhibitor Y27632 (RI,
Selleckchem #51049). Cell suspensions were briefly triturated as described above and transferred to
cryovials (Carl Roth #X549.1) and stored at -80 °C. After 24 hours, the cryovials were placed in a liquid
nitrogen tank at -140 °C. To thaw hiPSCs, the cryovials were rapidly warmed in a 37 °C water bath until
just thawed. The cell suspension was transferred to a 15 ml conical tube (VWR #525-0061) with 9 ml
of room temperature DMEM/F-12, and the solution was centrifuged at 1000 rpm (162 g) for 4 minutes.
The supernatant was aspirated and the cells were resuspended as colonies (not as single cells) in 2 ml
E8F containing 10 uM Rl and plated onto 6-well plates coated with VTN.

2.3 Design of CRISPR/Cas9 sgRNAs

All sgRNAs were designed using the online CRISPOR tool (http://crispor.tefor-net/) (Concordet &
Haeussler, 2018). The sgRNAs that were tested in HEK293 cells were cloned into the MLM3636 plasmid
(a gift from K. Joung, Addgene 43860). Guides selected for hiPSC editing were ordered from or IDT as
an Alt-R™ CRISPR-Cas9 sgRNA or Synthego as a CRISPRevolution sgRNA EZ Kit. See Table 2.1 for sgRNA
sequences.
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Locus Name | Location in COL4A1l | Sequence (5’-3’) RNP manufacturer

COL4A1 KO 5rv Exon 29 CCAGGTCGCCCGGGATTTAA NA
COL4A1 KO 15rv Exon 28 ATTGGATTTCCAGGGCCCCC IDT
COL4A1 KO 23 rv Exon 29 ATGGGGCCACCGGGGACTCC NA
COL4A1 KO 25 fw Exon 29 CCATTAAATCCCGGGCGACC NA
COL4A1 KO 40 rv Exon 29 ACGGCTTACCTGGAGACATG NA
COL4A1 KO 115 fw Exon 28 GGGAAAGCCTCGGTCTCCTG NA
COL4A1G735R | 45 ry Exon 30 CGGCATTCCTGGCACACCCG Synthego
(c.*35C>A) 57 rv Exon 52 ACTCAGCTAATGTCACAACA Synthego
(c.*35C>A) 4rv Exon 52 CTGACTCAGCTAATGTCACA Synthego

Table 2.1 Location and sequence of sgRNAs
2.4 Testing sgRNA activity in HEK293 cells

The cutting efficiency of each COL4A1 KO sgRNA was tested by transfecting HEK293 cells with the
MLM3636 plasmid cloned with one of the sgRNAs and pCas9_GFP (a gift from K. Musunuru, Addgene
#44719). Transfections were performed by adding 2.4 pl X-tremeGENE™ 9 DNA Transfection Reagent
(Sigma-Aldrich #6365779001) to 100 pl DMEM (Thermo Fisher #31966021) and incubating for 5
minutes at room temperature. Separately, 0.8 ug Cas9 plasmid and 0.4 pg sgRNA plasmid were mixed
and 100 pl of the X-tremeGENE™ 9/DMEM mixture was added and incubated for 20 minutes at room
temperature. Subsequently, 100 pl of this solution was added dropwise and distributed evenly across
a 12-well (Corning #3513) of HEK293 cells. After approximately 24 hours, the cells were visually
analyzed for GFP expression to ensure the transfection was successful. Two days after transfection,
the HEK293 cells were pelleted and the gDNA was extracted with a NucleoSpin Tissue Kit (Macherey-
Nagel #740952.250). Genotyping PCRs were performed using OL2092/0L2093 for sgRNAs in exon 28
and 0OL2094/0L2095 for sgRNAs in exon 29. These were Sanger sequenced and the cutting efficiency
was estimated by TIDE (https://tide.nki.nl/) (Brinkman et al., 2014).

2.5 Design of repair template single-stranded oligodeoxynucleotides (ssODNs)

Repair templates were designed manually. The standard design for the ssODNs was 50 bp around the
cut site or intended mutation and containing the sequence of the PAM strand so that it does not
contain the complementary sequence of the sgRNA to prevent unwanted binding. Several asymmetric
and non-PAM strand ssODNs were also designed and all used ssODNs are show in Table 2.2. ssODNs
were ordered as Ultramers from IDT.
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ssODN Sequence (5’-3’)

TCTACCGGGACTCAAAGGTTTGCCAGGTCTTCCCGGCATTCCTGGCACAC

G755R ;
COL4Al SYMmetric | coaGGGAGAAGGGGAGCATTGGGGTACCAGGCGTTCCTGGAGAACATGGA
COLAALSTSS® A tric | AACGCCTGGTACCCCARTGCTCCCCTTCTCCCTGGGTGTGCCAGGARTGE

SYMMETrC | ~eGGAAGACCTGGCAAACCTTTGAGTCCCGGTAGACCAACTCCAGGCTCT

AACGCCTGGTACCCCAATGCTCCCCTTCTCTCTAGGTGTGCCAGGAATGC
CGGGAAGACCTGGCAAACCTTTGAGTCCCGGTAGACCAACTCCAGGCTCT

COL4A167>R DSM

ATGAGAAGAACATAATGAAGCCTGACTCAGCTAATGTCACAACATGGTGA

. )
(c.*35C>A) Symmetric TACTTCTTCTTCTTTTTGTTAACAGCAACGAACCCTAGAAATATATCCTG

£3505A) A tri TTCGTTGCTGTTAACAAAAAGAAGAAGAAGTATCACCATGTTGTGACATT
(c. ) Asymmetric | aGerGAGTCAGGCTTCATTATGTTCTTCTCATACAGACTTGGCAGCGGCT

(c.*35C>A) 1t step AGTCTGTATGAGAAGAACATAATGAAGCCTGACTCAGCTAATGTCACAGG
CORRECT GTGGTGATACTTCTTCTTCTTTTTGTTAACAGCAACGAACCCTAGAAATA

Table 2.2 Sequences of ssODNs. PAM sequences are underlined, location but not necessarily sequence of sgRNAs
are shown in bold, red indicates the intended mutation, and blue indicates blocking mutations.

2.6 Electroporation of hiPSCs

Two days before electroporation, a 6-well plate was coated with Geltrex (Thermo Fisher #A1413302)
diluted 1:150 in DMEM/F12 at 37 °C for at least 1 hour. HiPSCs were detached using Accutase (Thermo
Fisher #A1110501) for 5 minutes at 37 °C. The enzymatic detachment was stopped with DMEM/F-12
and the cells were triturated into single cells. The cell suspension was collected and the cells were
mixed 1:1 with trypan blue (Sigma-Aldrich #T8154) to stain dead cells and the live cells were counted
with a Neubauer chamber (Wagner & Munz GmbH #7178 05). Subsequently, 250K cells were
transferred to a 15 ml conical tube and centrifuged for 4 minutes at 100 rpm (162g). The supernatant
was aspirated and the cells were resuspended and plated on a 6-well Geltrex-coated plate in StemFlex
media (SF, Gibco # A3349301) with 10 uM RI.

The electroporation was performed either with a BTX Gemini X2 electroporation system (BTX #45-
2006) or a Lonza 4D nucleofector system composed of a 4D nucleofector core unit (Lonza #AAF-1003B)
and a 4D nucleofector X-unit (Lonza #AAF-1003X). The protocols for each respective system are similar
but have key differences. The procedure for electroporating with the Lonza 4D nucleofector system is
described below and Table 2.3 details where the electroporation using the BTX Gemini X2 differs. The
hiPSCs were detached with Accutase for 5 minutes and the cell suspension is collected as described
earlier in this section. The cells were counted and 200k cells were set aside. Meanwhile, 30 pmol of
Cas9 (Alt-R® S.p. Cas9 Nuclease V3, IDT #1081058 or Alt-R® S.p. HiFi Cas9 Nuclease V3, IDT #1081060)
and 60 pmol of sgRNA were added together and mixed by slowly pipetting 2 to 3 times strictly avoiding
air bubbles. The Cas9/sgRNA complex was incubated 10 to 20 minutes at room temperature. The
hiPSCs set aside were then centrifuged at 162g for 4 minutes and resuspended in P3 Primary cell
solution (Lonza #PBP3-00675) composed of 16.4 pl of the nucleofector solution and 3.6 ul of the P3
supplement. The cell suspension was pipetted onto the Cas9/sgRNA complex mixture after incubation.
If an ssODN was used, 120 pmol was added on top. The mixture was pipetted up and down to mix and
20 ul was added to the cuvette (Lonza #V4XP-3032) and it was placed in the Lonza 4D nucleofector X-
unit. The program CA137 was applied to the cells and then 100 pl of SF and 1X RevitaCell (Thermo
Fisher #A2644501) was added on top of the cells and they recovered for 10 minutes at room
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temperature in the cuvette before being plated into a Geltrex-coated 12-well plate with SF and 1X
RevitaCell. The following day, the media was changed to provide fresh SF with 1X RevitaCell.

Parameter Lonza 4D nucleofector BTX Gemini X2 electroporation system
Cells electroporated 200k 400k
Resuspension
20 pl 40 pl
volume " K

. . BTX ™ High Perf
P3 Primary cell solution (Lonza press™ High Ferformance

Buffer #PBP3-00675) Electroporation Solution (VWR #732-
1285)
EIecf/:)olzcr?r::tlon 20 pl 20l
Cuvette 16-well Nucleocuvette™ Strip 1mm cuvette (Fisher Scientific
(Lonza #V4XP-3032) #15437270)
Safety dome NA BTX #45-2021
Cas9 amount 30 pmol 60 pmol
sgRNA amount 60 pmol 120 pmol
ssODN amount 120 pmol 240 pmol
Recovery time 10 minutes before plated Directly plated after electroporation
Electroporation CA137 Two 20 ms pulses of 95V or 110V
parameters
Table 2.3 Differences between Lonza 4D nucleofector and BTX Gemini X2 electroporation system
protocols

2.7 Single cell clone generation and isolation

Approximately 3 to 4 days after electroporation, the hiPSCs were dissociated from the 12-well plate
with Accutase for 10 minutes to ensure complete single cell generation. The cells were triturated to
form single cells and collected. After counting the cells, they were plated onto Geltrex-coated 10 cm
plates (Thermo Fisher #150350) at a density between 500-2k cells/plate in SF with 1X RevitaCell. The
plated single cells grew into colonies after roughly 7 to 8 days. At which point, the colonies were
mechanically isolated and transferred to a well of a 96-well plate (Corning # 5380522) coated with
Geltrex in SF with 10 uM RL.

2.8 Single cell clone screening

2.8.1 Replica plating and cell lysis

In order to collect gDNA for clone screening while keeping the clones in culture, a replica split was
performed. For each 96-well plate of clones, a new 96-well plate was coated with Geltrex. The clones
were incubated with 40 pl of Accutase at 37 °C for 10 minutes that was stopped with the addition of
100 pl SF with 10 uM RI. The cells were washed off of the plate and approximately 20-30 pl of the cell
suspension from each well was transferred to the newly Geltrex-coated 96-well plate in 100 ul SF with
10 uM Rl at the same position. Subsequently, the rest of the cell material was centrifuged in the original
96-well plate at 4000 rpm (2500 g) for 12 minutes. These cell pellets were lysed by adding 25 pl of lysis
buffer (Table 2.4) on each pellet and placing the plate on a rotational shaker at 150 rpm for at least 10
minutes at room temperature. After incubation, the cells pellets were washed from the plate and
transferred to a 96-well PCR plate (Brand #781374) and incubated at 55 °C for 4 hours followed by 95
°C for 10 minutes to inactivate the proteinase K.
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Volume for Jumpstart Buffer 10X Volume (ml)

Lysis Buffer -

1 plate (ul) 1M Tris pH8.3 (Carl Roth #0188.3) 3

Proteinase K (NEB #P8107S) 41.25 1M KCI (AppliChem #A3582) 15
Ultrapure H,0 (Thermo Fisher #10977035) 2431 1M MgCl (Carl Roth # KK36.1) 0.45

0.1% Gelatin (Sigma-Aldrich #ESO06B) 3
Jumpstart Buffer 10X 275 MilliQ H,0 855
Table 2.4 Lysis buffer composition Total 30

Table 2.5 Jumpstart 10X buffer composition
2.8.2 Genotyping PCR

Following cell lysis, a genotyping PCR was performed to amplify the edited region. For each mutation,
there was a different genotyping PCR with the primer combinations for each listed in Table 2.6. The
genotyping PCR was performed by combining 10 pl of the genotyping PCR master mix (Table 2.7) to
2.5 pl of cell lysate and running the genotyping PCR program (Table 2.8).

Locus Primer name Genotyping PCR master mix For 1 plate (ul)
coLaa1 Ko | orwardprimer | 0L2092 OneTaq® Quick-Load® 2X Master Mix (NEB 687.5
Reverse primer 0OL2093 #M0482L)
COLaaqc7sse | Forward primer 0L2096 Ultrapure H,0 (Thermo Fisher #10977035) 407
Reverse prl.mer OL2097 Forward primer (100 uM) 2.75
C.*35C>A) Forward primer 0oL2421 :
(. Reverse primer 0L2422 Reverse primer (100 uM) 2.75

Table 2.6 Genotyping PCR primer combinations Table 2.7 Genotyping PCR master mix composition

Time

Step Temperature (°C) (minutes:seconds) Cycles
Initial Denaturation 95 02:00 1
Denaturation 95 00:30
Annealing 59 00:30 35
Extension 68 00:30
Final Extension 68 02:00 1
Hold 10 oo 1

Table 2.8 Genotyping PCR program

2.8.3 RFLP clone screening assay and clonal expansion

To identify edited clones, the genotyping PCR product of each clone was digested with a restriction
enzyme to screen for either a loss or a gain of a restriction site indicative of successful editing. The
RFLP assay was performed by mixing 5 ul of the RFLP master mix (Table 2.9) with 5 pl of the genotyping
PCR master mix followed by incubation at the temperature given in Table 2.10. The cleavage products
were separated by electrophoresis on a 2% agarose (Serva, #11406.02) gel and examined. The PCR
products of edited clones identified in the RFLP assay were Sanger sequenced at GATC/Eurofins or
Microsynth Seqlab GmbH.

RFLP master mix For 1 plate (pl)
CutSmart buffer (NEB #B7204S) —
(Pasl Buffer 10X Thermo Fisher 110
#B27 was used for Pasl)
Restriction Enzyme (Table 2.10) 13.75
Ultrapure H,0 (Thermo Fisher #10977035) 426.25

Table 2.9 RFLP master mix composition
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Mutation Unedited | Heterozygous | Homozygous

Locus screened Enzyme Incubation | Gain/Loss (bp) (bp) (bp)
Apal (NEB 12 hours,
COL4A1 KO Indels #R01145) 25 °C Loss 263/62 325/263/62 325
Pasl
COL4A16755R | (Thermo 3 hours .
G755R ’
COL4Al1 KI Fisher 55 °C Gain 155/144 | 155/144/92/63 92/63
#ER1861)
(c.*35C>A) | Hphl (NEB 3 hours, .
*
(c.*35C>A) KI HRO1585) 37°C Gain 351 351/191/160 191/160
ACA>GGG Nlalll 3 hours
(c.*35C>A) CORRECT (NEB 37°C ! Gain 351 351/196/155 196/155

2 step KI #R0125S)
Table 2.10 Design parameters of RFLP assays

Edited clones with a confirmed genotype from Sanger sequencing were expanded from a 96-well plate
to a 12-well plate and finally to a 6-well. Briefly, clones were washed with PBS in the 96-well plate and
then incubated with 40 pl PBS/EDTA (0.5mM) for 5 minutes at room temperature. Without aspirating
the PBS/EDTA, the cells were washed off with ESF with 10 uM RI and transferred to a 12-well VTN-
coated plate in ESF medium with 10 uM RI. Once the cells became nearly confluent in the 12-well well,
they were split according to the maintenance protocol (Section 2.2) into a 6-well VTN-coated plate. If
there was a substantial amount of spontaneous differentiation present in the 12-well well, the
incubation with PBS/EDTA was shortened. Once transferred to a 6-well plate, if spontaneous
differentiation persisted, it could be manually removed with a pipette tip under the microscope.
Finally, the cells were frozen according to Section 2.2. During freezing, around 20% of the cell
suspension from a nearly confluent 6-well was collected, pelleted by centrifugation at 162g for 4
minutes, the supernatant was removed, and the pellet was stored at -20 °C for gDNA extraction.

2.9 Quality controls of CRISPR/Cas9 edited hiPSCs

Before beginning any of the quality control assays, the gDNA was extracted from the cell pellets of the
clones to be tested using the NucleoSpin Tissue Kit according to manufacturer’s instructions. After
measuring the concentration of the extracted gDNA with a spectrophotometer, the QC assays were
performed.

2.9.1 BCL2L1 assay

One of the most common deleterious outcomes from genome editing and single cell clone generation
observed was a triplication of the BCL2L1 locus that confers a growth advantage to the hiPSCs. To
determine whether this has occurred in an edited clone, a qgPCR is performed to quantify the number
of BCL2L1 alleles present in the gDNA. The composition of each qgPCR reaction is given in Table 2.11.
The 20x qgPCR assay is composed

qgPCR master mix Volume . .

(1) of the genotyping primers (0.5
2x PrimeTime Gene Expression Master Mix (IDT #1055772) 7.5 pmol/ul) and the PrimeTime Eco
20x human TERT TagMan Copy Number Reference Assay 0.75
(Thermo Fisher #4403316) . Probe (0.25 pmol/ul) for BCL2L1
20x qgPCR assay 0.75 given in Table 2.13. The gDNA
Ultrapure H,0 (Thermo Fisher #10977035) 3 was first diluted with Ultrapure
gDNA (20 ng/ul) 3

H,O to 50 ng/ul and the
concentration was re-measured

Table 2.11 qgPCR reaction composition
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before being diluted to 20 ng/ul and used in the ggPCR assay. The qgPCR reaction was performed using
a StepOne Plus Real-Time PCR system (Thermo Fisher #4376600) with the program in Table 2.12. The
Ct values were normalized to the human TERT that served as the internal control and the values were
compared to the unedited WT and karyotyped clones as well as positive control clones that were
shown to have an additional copy of BCL2L1 in previous qgPCR experiments. Duplicates were
performed for each sample and averaged.

Step Temperature . Time Cycles
(°C) (minutes:seconds)
Polymerase activation 95 05:00 1
Denaturation 95 00:15
Annealing/extension 60 01:00 40
Hold 10 oo 1

Table 2.12 qgPCR program

2.9.2 OnTE qgPCR assay

CRISPR/Cas9 editing can cause deleterious deletions, insertions, or complex rearrangements at the on-
target allele that escape standard genotyping by PCR and Sanger sequencing (Weisheit et al., 2020).
To quantify the number of intact on-target alleles, a qgPCR was performed with the genotyping primers
and a fluorescent probe designed according to (Weisheit et al., 2021). The same qgPCR master mix and
ggPCR program with a StepOne Plus Real-Time PCR system used for the BCL2L1 assay was used for the
OnTE qgPCR. Different genotyping primers and probes were used for each edited locus (Table 2.13).
Normalizations and quantifications were performed the same as for the BCL2L1 qgPCR.

Locus Primers Probe
BCL2L1_F
BCL2L1 BCLZLl_R 56-FAM/TGTGGAAGA/ZEN/GAACAGGACTGAGGC/3IABKFQ
0L2092
COL4A1 KO 012093 56-FAM/AATTCCAGC/ZEN/TCACCGGGATACCAC/3IABKFQ
0L2096
COL4A16G755R 012097 56-FAM/TGGCAAACC/ZEN/TTTGAGTCCCGGTAG/3IABKFQ
0oL2421
(c.*35C>A) 012422 56-FAM/TTCTCATAC/ZEN/AGACTTGGCAGCGGC/3IABKFQ

Table 2.13 Primer and probe combinations for qgPCR BCL2L1 and OnTE assays

2.9.3 Off-target analysis

Using the online CRISPOR tool (http://crispor.tefor.net/), the top 5 off-target regions from the CFD and
the MIT database were exported for each sgRNA. Primers were designed with the online Primer3Plus
tool (https://www.primer3plus.com/) to amplify the region around each off-target sequence. PCRs for
each off-target were performed with the reagents in the ratios given in Table 2.14 with 100 ng of gDNA
and the PCR program in Table 2.8. For PCRs that did not initially amplify the correct product, the
annealing temperature was adjusted until the expected product was amplified. After optimization, the
off-target regions were amplified in the edited clones and Sanger sequenced. See Table 2.15 for off-
target primers for each sgRNA.
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OneTaq® PCR master mix Amount for 50 l

reaction
OneTag® Quick-Load® 2X Master Mix (NEB #M0482L) 25 pl
Forward primer (10 uM) 1l
Reverse primer (10 uM) 1ul
gDNA 100 ng
Ultrapure H,O (Thermo Fisher #10977035) To 50 pl
Table 2.14 OneTaq® PCR master mix composition
Off-target COL4A1 KO COL4A16G755R (c.*35C>A) (c.*35C>A)
sgRNA 15 rv sgRNA 45 rv sgRNA 57 rv sgRNA 4 rv
CFD 1 0L2301/0L2302 0L2921/0L2922 0L2747/0L2748 0L2824/0L2825
CFD 2 0L2303/0L2304 0L2923/0L2924 0L2749/0L2750 0L2826/0L2827
CFD 3 0L2305/0L2306 0L2925/0L2926 0L2751/0L2752 0L2840/0L2841
CFD 4 0L2307/0L2308 0L2927/0L2928 0L2753/0L2754 0L2844/0L2845
CFD 5 0L2309/0L2310 0L2929/0L2930 0OL2755/0L2756 0L2832/0L2833
MIT 1 0L2311/0L2312 Same as CFD 4 0L2792/0L2793 Same as CFD 2
MIT 2 0L2313/0L2314 0L2931/0L2932 0L2759/0L2760 0L2834/0L2835
MIT 3 0L2315/0L2316 0L2933/0L2934 0L2794/0L2795 Same as CFD 3
MIT 4 0L2317/0L2318 0L2935/0L2936 0L2796/0L2797 0L2836/0L2837
MIT 5 0L2319/0L2320 0L2937/0L2938 0L2765/0L2766 0L2838/0L2839

Table 2.15 Primer combinations used to amplify off-target regions

2.9.4 LOH analysis

We recently reported that CRISPR/Cas9 editing can result in regions of LOH on either side of the sgRNA
cut site (Weisheit et al., 2020). To verify this has not occurred in edited cell lines, SNP genotyping was
employed to ensure nearby heterozygous SNPs have maintained their zygosity according to Weisheit
et al. (2021). In the unedited WT line, SNPs rs12864958 and rs617478 were identified to be
heterozygous. The region around these SNPs was amplified with OL2378/0L2379 for rs12864958 and
0L2380/0L2381 for rs617478 and subsequently Sanger sequenced in edited clones. See Table 2.16 for
the distance from the edit to each SNP.

rs12864958 rs617478

COL4A1 KO -53 Kb 34 Kb
COL4A167>5R -49 Kb 38 Kb
(c.*35C>A) -20 Kb 67 Kb

Table 2.16 Distance of SNPs from each mutation

2.9.5 DNA Fingerprinting

To verify single cell clones were generated from the correct cell line, the VNTR (variable number
tandem repeat) D1S80 was amplified by PCR. To this end, primers OL1240/0L1241 were used to make
20 ul of OneTag® PCR master mix according the ratios of Table 2.14 and the PCR was performed with
the parameters from Table 2.8 adjusted to a 70°C annealing temperature and 60 second extension
time. The PCR product bands were separated by electrophoresis using a 2% agarose gel and the size
and band patterns were examined and compared to the unedited cell line.
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2.9.6 Molecular karyotyping

Freshly extracted gDNA was diluted to 60 ng/ul using the buffer provided in the NucleoSpin Tissue Kit
and sent to Life&Brain GmbH (only COL4A1 KO clone P2H5) or HelmholtzZentrum Miinchen for
karyotyping analysis with a SNP microarray.

2.9.7 Pluripotency analysis

COL4A1 KO hiPSC clones were analyzed by immunofluorescence for the expression of the pluripotency
markers Tra-160, SSEA4, Nanog, and Oct-4. First, coverslips (VWR # 630-2190) were acid-etched by
incubating them overnight in 30% HCI (Carl Roth # X896.2) on a rotational shaker. The coverslips were
washed 3 times with ddH,0 and stored in 100% ethanol (VWR # 20.821.310). After acid-etching, hiPSCs
were split with EDTA in small colonies according the Section 2.2 and plated on the acid-etched cover
slips coated with VTN in E8F medium. One to two days later while the hiPSCs were still colonies, the
cells were fixed for 10 minutes at room temperature with 4% PFA (Morphisto #1.176.201.000). Cells
were then stained for the pluripotency markers Tra-160, SSEA4, Nanog, and Oct-4 according to Section
2.13.

2.10 Endothelial cell differentiation and culturing

This differentiation protocol was developed in collaboration with Tom Webb, University of Leicester,
UK. The day before beginning the differentiation, hiPSCs were detached with Accutase and plated as
single cells in SF with 10 uM Rl on a Geltrex-coated 6-well plate according to the split preceding the
electroporation in Section 2.6 but at a density of 350k cells per 6-well. The next day, as close to 24
hours as possible, the media was changed to 3 ml/well of mesoderm induction media (MIM, StemCell
#05220). On Day 2, the medium was again exchanged for 3 ml/well of fresh MIM. On Days 3 and 4, the
cells were fed with 3 ml/well of Albumin Polyvinylalcohol Essential Lipids 2 media (APEL2, StemCell
#05270) supplemented with 200 ng/ul VEGFes (Peprotech # 100-20) and 2 uM forskolin (Peprotech
#6652995).

The cells were MACS (magnetic-activated cell sorting) sorted for CD144 (VE-cadherin) on day 5. Before
beginning, MACS buffer was prepared and stored at 4 °C (Table 2.17) and 6-well plates were coated
with collagen IV from human placenta (Sigma-Aldrich #C-5533). To this end, collagen IV was first
dissolved in H,0 to make a stock solution of 600 pug/ml and then diluted 1:40 in PBS for coating. 1 ml
of collagen IV coating solution was applied to each 6-well well and incubated at 37 °C for at least 1
hour. To begin the MACS, cells were washed with PBS and then incubated with Accutase for 10 minutes
at 37 °C. Endothelial cell growth medium 2 (ECM2, Promocell #C-22011) was added on top to stop the
Accutase and the cells were washed off and triturated to generate single cells. The cells were collected
in a 15 ml conical tube and centrifuged at 162g for 4 minutes. After centrifugation, the supernatant
was aspirated and the cell pellet was resuspended in 80 pul of ECM2 before adding 20 ul of magnetic
CD144 MicroBeads (Miltenyi #130-097-857) and mixing. The cell suspension was then incubated for
15 minutes at 4 °C. Meanwhile, an LS column (Miltenyi #130-042-401) was secured to a MACS®
MultiStand (Miltenyi #130-042-303) and washed with 3 ml of MACS buffer. After incubation, 1 ml of
MACS buffer was added to the cell suspension before it was centrifuged at 162g for 4 minutes. The
supernatant was removed and the cell pellet was resuspended in 1 ml of MACS buffer and it was
subsequently loaded onto the LS column. The LS column was washed 3 times with 3 ml of MACS buffer
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before removing the column from the MACS® MultiStand and placing it over a 15 ml conical tube. At
which point, 5 ml of MACS buffer was applied to the column and the plunger was used to forcefully
flush the solution through the column to remove the cells. The number of cells were counted as in
Section 2.6 and the cell suspension was centrifuged for 4 minutes at 162g. Following aspiration of the
supernatant, the cells were resuspended in ECM2 with VEGF16s (50 ng/ul) and plated on collagen IV at
a density of 350k cells per 6-well well.

MACS buffer Amount for 1 sample
PBS without calcium or magnesium (Sigma-
Aldrich #D8537)
BSA (Bovine serum albumin) fraction V
(7.5%) (Thermo Fisher #15260037)

UltraPure EDTA (Thermo Fisher #15575020) 100 pl
Table 2.17 Composition of MACS buffer

21.67 ml

3.33ml

To split endothelial cells, the cells were washed with PBS and then incubated with Trypsin/EDTA
(0.05%, Thermo Fisher #25300054) for 2 to 3 minutes at room temperature until just before the cells
detach from the plate. The incubation time depends on the cell line and density of the endothelial
cells. The Trypsin/EDTA was then aspirated and the cells were washed off with ECM2 with VEGFs (50
ng/ul) and plated in a 6-well well with either collagen IV, fibronectin, or gelatin coating in ECM2
medium with VEGFes (50 ng/ul). For each coating, the protein was diluted to the concentration in
Table 2.18 and 1 ml of coating solution was added per 6-well well and incubated at 37 °C for at least
one hour. Endothelial cells were fed ECM2 with VEGFi¢s (50 ng/ul) 1-2 times per week as needed. If
ascorbic acid was added, L-ascorbic-acid-2-phosphate (Sigma-Aldrich #A8960) was dissolved in H,0 to
50 mg/ml and then added 1:1000 to the media with a final concentration of 50 pg/ml. To freeze
endothelial cells, they were detached with Trypsin/EDTA as described above and then washed off with
ECM freeze medium (90% ECM2, 10% DMSO) and transferred to cryovials that were stored at -80° C
for 24 hours and subsequently at -140 °C. Thawing endothelial cells was performed as described in
Section 2.2 but the cells were resuspended in ECM2 with VEGF65 (50 ng/pl) and plated onto a collagen
IV-coated 6-well well.

Coating Stock solution Coating solution

Collagen IV (Sigma-Aldrich #C-5533) | 200 ﬁgém' n 15 pg/ml in PBS
2

Fibronectin (Sigma #F4759) 1 mg/ml 10 pg/ml in PBS

Gelatin (Millipore #ES-006-B ) 0.1% H,0 0.1% in H,0

Table 2.18 Concentrations of different coatings used for endothelial cell cultures

2.11 Pericyte differentiation and culturing

The pericyte differentiation is based on the protocol published by Orlova et al. (2014). It exactly follows
the endothelial cell protocol for the first 5 days up to the MACS sorting. However, the CD144 (-) fraction
was collected and counted. The cells were centrifuged for 4 minutes at 162g and plated on gelatin-
coated 6-wells (coated according to Table 2.18) in ECM2 medium at a density of 200k cells/well. The
cells were grown for 3-4 days until they became 80-90% confluent and then split by washing with PBS
before applying 1 ml of TryplE (Thermo Fisher #12604013) and incubating at room temperature for 2
minutes. The TryplE was aspirated and the cells were washed off with DMEM, high glucose, pyruvate
(Thermo Fisher #41966052) containing 10% fetal bovine serum (FBS, Thermo Fisher #10500064), 2
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ng/mL of TGFR3 (Peprotech #100-36E), and 4 ng/mL of PDGF-BB (Peprotech #100-14B). The cells were
transferred at a ratio of 1:1 to a gelatin-coated 6-well with DMEM, high glucose, pyruvate with 10%
FBS, 2 ng/mL of TGFR3, and 4 ng/mL of PDGF-BB. After 3 days, the medium was changed to DMEM,
high glucose, pyruvate with 10% FBS. Pericytes were fed fresh DMEM, high glucose, pyruvate with 10%
FBS 1-2 times per week as needed. Splitting pericytes was performed the same as described above but
at the desired ratio and without the addition of TGF83 and PDGF-BB. Pericytes were frozen by splitting
them as described but washing them off in pericyte freezing media (DMEM, high glucose, pyruvate
with 10% FBS and 10% DMSO) and storing them at -80° C for 24 hours and subsequently at -140 °C.
Thawing pericytes was performed as described in Section 2.2 but the cells were resuspended in DMEM,
high glucose, pyruvate with 10% FBS and plated onto a gelatin-coated 6-well well. However, survival
after a freeze-thaw cycle was typically poor.

2.12 Smooth muscle cell differentiation and culturing

The smooth muscle cell differentiation was developed in collaboration with Tom Webb, University of
Leicester, UK. The hiPSCs were split on Geltrex at a density of 350k/well exactly the same as in the
endothelial cell differentiation. On the first 3 days, the media was changed to 3 ml of MIM per 6-well.
On days 5 and 7, the media is changed with 3 ml of APEL2 supplemented with 50 ng/pl VEGFiesand 25
ng/ul BMP4 (Peprotech #AF 120-05ET). The cells were split at 1:6 ratio on day 8. To this effect, the cells
were washed with PBS and then incubated with Trypsin/EDTA for 3-4 minutes until the cells begin to
detach. The Trypsin/EDTA was aspirated and the cells were washed off with smooth muscle cell growth
medium 2 (SMC2, Promocell #C-22062) containing 10 ng/mL PDGF-BB (Peprotech #100-14B) and 2
ng/mL TGFR1 (Peprotech #AF-100-21C). The cells were transferred in the same media into 6-well
collagen IV-coated plate. The cells were cultured at least until day 14 before being used for
experiments and fed 1-2 times per week with SMC2 medium containing 10 ng/mL PDGF-BB and 2
ng/mL TGFR1. Maintenance splitting of smooth muscles cells was performed exactly the same as the
split on day 8 but at the desired ratio. To freeze smooth muscle cells, they were first detached with
Trypsin/EDTA as described above and then washed off with smooth muscle cell freeze medium (SMC2
with 10% DMSO) and stored at -80° C for 24 hours and subsequently at -140 °C. Thawing smooth
muscle cells was performed as described in Section 2.2 but the cells were resuspended in SMC2 with
PDGF-BB (10 ng/mL) and TGFR1 (2 ng/mL) and plated onto collagen IV-coated 6-well wells.

2.13 Immunofluorescence stainings

Endothelial cells were split with Trypsin/EDTA (Section 2.10) onto acid-etched (Section 2.9.7) and
fibronectin coated coverslips in ECM2 medium supplemented with 50 ng/ul VEGFies. The cells were
grown until they became confluent at which point they were washed with PBS and fixed with 4% PFA
for 10 minutes at room temperature. For pluripotency stainings, cells were prepared and fixed
according to Section 2.9.7. Following fixation, cells were then washed 3 times for 5 minutes in PBS at
room temperature and incubated in blocking solution containing 3% donkey serum (Jackson
ImmunoResearch #017-000-121), 0.1% Triton-X-100 (Thermo Fisher #85111), and 0.02% NaNs (Sigma-
Aldrich #52889) for at least 1 hour at room temperature.. Next, cells were incubated overnight at 4 °C
in primary antibodies (Table 2.19) diluted in blocking solution. To remove excess antibody, cells were
washed 3 times for 5 minutes with PBS. Subsequently, cells were incubated with secondary antibodies
diluted in blocking solution (Table 2.20) and 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher
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#D1306) diluted 1:50,000 in blocking solution for 2 hours in the dark. Excess antibody was removed
again by washing 3 times for 5 minutes with PBS and the coverslips were mounted onto glass slides
(Thermo Fisher #J1800AMNZ) in Fluoromount-G (Thermo Fisher #00-4958-02). Endothelial cell
immunofluorescence staininings were imaged with a Zeiss LSM 880 confocal microscope using
Airyscan and a 40X objective on Zen block software and hiPSCs pluripotency stainings were imaged
with a fluorescence microscope (Zeiss Axio Observer Z.1). All 2D images were processed using Fiji
(Schindelin et al., 2012).

To stain 3D cultures, the cells were rinsed with 120 ul of PBS applied to the media ports. All solutions
were applied like a normal feed in Section 2.16. Cultures were then fixed with 4% PFA for 15 minutes
at room temperature. Excess PFA was washed away with PBS and the cultures were permeabalized
with 0.1% Triton-X-100 in H,O for 5 minutes at room temperature. Cultures were blocked with 2% BSA
blocking buffer in PBS for 30 minutes at room temperature and incubated with primary antibodies
diluted in 2% BSA blocking buffer overnight at 4 °C. PBS was used to wash the cultures twice for 10
minutes at room temperature followed by incubation with secondary antibodies (except for DAPI)
diluted in 2% BSA blocking buffer overnight at 4 °C in the dark. Two washes for 10 minutes with PBS
were then performed followed by incubation with DAPI (1:1000) in 2% BSA blocking buffer for 15
minutes at room temperature in the dark. Excess DAPI was removed with two 10 minute washes with
PBS and the cultures were imaged with the 10X and 40X objectives of a Zeiss LSM 880 confocal
microscope using Zen block software. Image analysis was done with Zen blue edition software.

Primary antibody | Species | Manufacturer Reference # Dilution 2D | Dilution 3D
NANOG Rabbit Cell Signaling 4903 1:500 NA

OCT-4 Rabbit Stemgent S090023 1:500 NA

SSEA4 Mouse | Abcam ab16287 1:500 NA
TRA-160 Mouse | Millipore MAB4360_2016625 | 1:500 NA

Z0-1 Mouse | Thermo Fisher 33-9100 1:150 NA

Type IV collagen Goat Southern Biotech | 1340-01 1:500 1:200
COL4A1 Rat Chondrex 7070 NA 1:60
COL4A2 Rat Chondrex 7071 1:100 NA

CD31 Rabbit Abcam ab32457 NA 1:200

Table 2.19 Primary antibodies

Secondary antibody Species | Manufacturer Reference # | Dilution 2D | Dilution 3D
Anti-mouse Alexa Fluor Plus 488 | Donkey | Thermo Fisher A32766 1:500 1:500
Anti-rabbit Alexa Fluor 647 Goat Thermo Fisher A27040 1:500 NA
Anti-goat Cy3 Donkey | Jackson Laboratories | 705-165-147 | 1:500 1:500
Anti-rat Alexa Fluor 647 Goat Thermo Fisher A21247 1:500 1:250

Table 2.20 Secondary antibodies

2.14 Gene expression analysis by qPCR

For qPCR experiments analyzing mRNA transcript levels, RNA was first extracted using a NucleoSpin
RNA/Protein Kit (Macherey-Nagel #740993) according to the manufacturer’s instructions. RNA was
then measured using a spectrophotometer and stored at -80 °C or directly used for cDNA synthesis.
For cDNA synthesis, a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher #4368814) without
RNAase inhibitor was used according to manufacturer’s instructions. Different amounts of cDNA were
synthesized for each experiment depending on amount of available RNA (Table 2.21). With the
exception of experiment #1 (6 ng/ul) the cDNA for every experiment was diluted to 1 ng/ul for gPCR.
The qPCR reactions were prepared according to Table 2.22 in a LightCycler 480 Multiwell Plate 384
(Roche #04729749001). The gPCR was performed in Roche LightCycler 480 according to the program
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in Table 2.23. The melting curves were examined to ensure a single product was amplified for each
primer combination and the Cp values for each reaction were then exported. Triplicates for each
condition were performed and the resulting Cp values were averaged before 2°® was calculated. This
value was normalized to the housekeeping gene.

# | Experiment Primers used cDNA

COL4A1 and COL4A2 in KO ECs (Figure 3.26) | COL4A1B:OL2806/ ngf:ig/%ﬁ’;llfﬂ?{'r;ﬁ;f’/omn"CO“‘AZ & | 250ng

ITGB1: OL3031/0L3032; TIMP1: OL3035/0L3036; FN1:
0L3039/0L3040; LAMC1: OL3043/0L3044; HSPG2: OL3047/0L3048;
2 | gPCR panel of KO ECs on gelatin (Figure 3.31) Cldn-5: OL3055/0L3056; ZO-1: OL3057/0L3058; Occludin: 200 ng
0L3059/0L3060; VE-Cadherin: OL3061/0L3062;
CD31:0L3063/0L3064; EMC7: OL3065/0L3066

: ) : Cldn-5: OL3055/0L3056; ZO-1: OL3057/0L3058; Occludin:
PCR TJs and AJs in KO ECs on fibronectin 4 4
3|9 k 0L3059/0L3060; VE-Cadherin: OL3061/0L3062; 100 ng
(Figure 3.31) CD31:0L3063/0L3064; EMC7: OL3065/0L3066
COL4A1 and COL4A2 expression of COL4A1 E: 0L2810/012811 ; COL4A2 G: OL2816/0L2817; EMC7:
. L L
4 | (c.*35C>A) Kl in neurovascualr cell types 0L3065/0L3066 85 ng
(Figure 3.33)
Comparison of co”agen IV in hiPSC-derived COL4A1 E: OL2810/0L2811 ; COL4A2 G: OL2816/0L2817; EMC7:
5 0L3065/0L3066 85ng

neurovascular cell types (Figure 3.34)
6 COL4A1 and COL4A2 in WT and COL4A1G755R COL4A1 E: 0L2810/0L2811 ; COL4A2 G: OL2816/0L2817; EMCT: 200
DSM Kl clone C3 (Figure 3.35) 0L3065/013066 ne
Table 2.21 Primers used and cDNA synthesized by experiment

gPCR master mix 1 reaction (ul)
QuantiNova SYBR Green PCR Master Mix (Qiagen #208054) 6
Forward primer (10uM) 0.24
Reverse primer (10puM) 0.24
Ultrapure H,0 (Thermo Fisher #10977035) 3.52
cDNA 2

Table 2.22 gPCR master mix composition

T t . .
Step em;;:a é)a ure Time (sec) Cycles Analysis mode
Denaturation 95 10 min 1 None
95 30 Quantification
Amplificati 40
mpTitication 60 1 min Acquisition mode: single at 60°C
95 10
Melting curve €0 :.lO 1 Melting curve
95 Continuous
(5 acquisitions/°C)
Cooling 40 Forever 1 None

Table 2.23 LightCycler 480 qPCR program

2.15 TEER measurements with cellZscope

Cell culture transwells for a 24-well plate (Corning #353095) were coated with either gelatin or
fibronectin as described in Section 2.10. In the bottom pot, 800 ul of ECM2 was added, the coated
transwell was placed in the pot, and 400 pl of ECM2 was added on top of the transwell. The CellZscope
was placed in the incubator and the reference program was run overnight to determine reference
values for that transwell/coating/medium combination (if not previously performed). After a reference
values were determined, endothelial cells were split with Trypsin/EDTA, collected in a 15 ml conical
tube and counted as previously described. In the bottom pot of the CellZscope from Nanoanalytics,
800 pl of fresh medium (ECM2 with 50 ng/ul VEGF165) was added. The coating solution was removed
from the transwell and it was placed in the pot. Then, 20k endothelial cells were diluted to 400 ul in
ECM2 with 50 ng/ul VEGF6s and added to the top of the transwell. The CellZscope was placed in the
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incubator and the measurement was started with the appropriate reference values. On the next day,
the media was changed to ECM2 without VEGFes.

2.16 Generation of 3D-cultures

This protocol was adapted from Campisi et al. (2018). Fibrinogen from bovine plasma (Sigma-Aldrich
#F8630) was dissolved in PBS without calcium and magnesium (Sigma-Aldrich #D8537) at a
concentration of 6 mg/ml, incubated at 37 °C for one hour and filtered with a 0.2 um pore filter (Integra
#156608) before being stored at -20 °C. Thrombin (Sigma-Aldrich #T7326) was dissolved in 0.1% BSA
in H,0 at a concentration of 100 U/ml and stored at -20°C.

On day 1, fibrinogen (6 mg/ml) and thrombin (100 U/ml) solution was thawed on ice. Then, 250 pl of
ECM2 medium was mixed with 22.5 ul of thrombin solution and kept on ice to create the suspension
medium. Endothelial cells were split with Trypsin/EDTA (Section 2.10) and collected in conical 15 ml
tubes. The cells were counted as previously described and 1.2M cells were centrifuged at 162g for 4
minutes. After the supernatant was aspirated, the cells were resuspended in 30 ul of suspension
medium (ECM2 + thrombin) and placed back on ice. Then 10 pl of cell suspension was combined with
20 pl of suspension media (containing no cells) to make the diluted cell suspension. Next 10 pl of
fibrinogen was mixed with 10 pl of diluted cell suspension and 10 pl of this fibrinogen-containing
solution was quickly injected into the middle port of an AIM Biotech 3D culture chip (Tebubio #DAX-
TrialKit). The injection was done quickly to avoid premature polymerization of the gel. After injection,
the gel polymerized for 15 minutes at room temperature and the reservoirs in the AIM chip holder
(Tebubio #Hol-2) were filled with sterile H,0. Fibronectin (Sigma #F4759) was diluted in ECM2 to 60
pg/ml and 15 pl was injected into each media port before the cultures were incubated for 1 hour at 37
°C. After incubation, 70 pl of ECM2 with 50 ng/pl VEGF1es was added to the left media ports and 50 pl
to the right media ports. Daily feeds were performed by aspirating the media from the ports without
directly applying suction to the channel followed by addition of 70 pl of medium to the left channels
and 50 pl to the right channels.

On day 3, the side channels were seeded with endothelial cells. To this effect, endothelial cells were
split from 2D 6-well plates with Trypsin/EDTA, collected, and counted as described above. The cells
were centrifuged at 162g for 4 minutes and resuspended in ECM2 with 50 ng/ul VEGFes at a
concentration of 1.5M cells/ml and placed on ice. The media was aspirated from the media ports and
30 pl of fresh medium was added to the left-side media ports before 10 pl of cell suspension was
injected into each side channel. The cell distribution was examined under the microscope and
additional cell suspension was added as needed before the chips were left at room temperature for 5
minutes for the cells to attach. Then, the media was removed from every port and 50 pl of fresh
medium was applied to every media port before 10 pl of cell suspension was injected to every left-side
port and the H,O was removed from the holder. After examining the cells under the microscope to
ensure enough cell suspension was added, the chips and holder were placed inside the incubator
upside down for 90 minutes so that the cells would attach to the top of the channel. Following
attachment, all media was aspirated and replaced with fresh medium like a normal feed described
above and sterile H,0O was added to the holder. The cells were then placed back in the incubator. On
day 4, seeding of the side channels was repeated if cell coverage was not complete. Otherwise, only a
normal feed was performed. From day 5 onward, the daily feeds were done with ECM2 without
VEGF6s supplementation.
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2.16.1 Perfusion of 3D-cultures

3D microfluidic cultures were generated and seeded as described above with the exception that the
gel ports were sealed with adhesive tape after polymerization. The day before perfusion, a yellow
perfusion set (lbidi #10965) was filled to the 2 ml mark in each syringe with ECM2 with 1:100 Penicillin-
streptomycin (Thermo Fisher #15140-122) and placed in the pump system (lbidi #10902). The media
was circulated overnight to remove air bubbles and equilibrate the media to the incubator. The next
day (day 5) Luer lock adapters (Sigma-Aldrich #LUC01) were filled with medium and carefully fitted into
the media ports to apply as little direct pressure to the culture as possible. Diagonal media ports were
then capped with a male Luer lock cap. The other diagonal media ports were connected to the yellow
perfusion set. Using the PumpControl software, the media was perfused with a pressure of 2 mbar for
the first day and 3 mbar on the following days.

2.17 List of primers

Primer ID | Name Sequence

BCL2L1_F BCL2L1 CNV assay F Set 1 GGTGGTTGACTTTCTCTCCTAC
BCL2L1_R BCL2L1 CNV assay R Set 1 TCTCCGATTCAGTCCCTTCT
0L1240 D1S80-F_IW GAAACTGGCCTCCAAACACTGCCCGCCG
OL1241 D1S80-R_IW GTCTTGTTGGAGATGCACGTGCCCCTTGC
012092 Col4A1_Ex28_fw1 AGTCACAGGTGGACCAAAGG
0L2093 Col4A1_Ex28_rvil CAAAGGGTGAACCAGGAAAA
0L2094 Col4A1_Ex29_fw1 AGAAGGGTCATGGAGGGAAT
0L2095 Col4A1_Ex29 _rvi GGCATCTCTGGGCAAGACTA
0L2096 Col4A1_Ex30_fw1 GGCCTCTAAGATTTGCATCG
0L2097 Col4A1_Ex30_rv1 TCTGTGCTTTGGGGATTTTC
oL2277 RPL22_Frw CACGAAGGAGGAGTGACTGG
0L2278 RPL22_Rev TGTGGCACACCACTGACATT
0L2301 Col4A1_gRNA15rv_CFD_OT1_F1_JAK | CAGTGAATGGGGTCAGGACT
0L2302 Col4A1_gRNA15rv_CFD_OT1_R1_JAK | AGGCCTGAAGTGCTCAGCTA
0L2303 Col4A1_gRNA15rv_CFD_OT2_F1_JAK | GTTATCGCCAGGAGCTGAAG
0L2304 Col4A1_gRNA15rv_CFD_OT2_R1_JAK | GGCTTAACAATCCGAAAGGA
0L2305 Col4A1_gRNA15rv_CFD_OT3_F1_JAK | TGCTCTGCCAGCAGAATAAA
0L2306 Col4A1_gRNA15rv_CFD_OT3_R1_JAK | CTCAGACTTCCAGCCTCCAG
0L2307 Col4A1_gRNA15rv_CFD_OT4_F1_JAK | AAGGGAATCAAATGGGGAGT
0L2308 Col4A1_gRNA15rv_CFD_OT4_R1_JAK | ACATAAACAGGCCCCTCCTC
0L2309 Col4A1_gRNA15rv_CFD_OT5_F1_JAK | TCCCTCCCTCCTTTTTGAGT
0L2310 Col4A1_gRNA15rv_CFD_OT5_R1_JAK | AGAAGGAGGACCCAAACCAT
oL2311 Col4A1_gRNA15rv_CFD_MIT1_F1_JAK | CCCGGAGTATTCATGGTACG
oL2312 Col4A1_gRNA15rv_CFD_MIT1_R1_JAK | TGTCAGGAATGCTTGAATGG
oL2313 Col4A1_gRNA15rv_CFD_MIT2_F1_JAK | GAATGGACCAGCCCTGACTA
oL2314 Col4A1_gRNA15rv_CFD_MIT2_R1_JAK | TGGGAGTTATCGTCGGAGTC
oL2315 Col4A1_gRNA15rv_CFD_MIT3_F1_JAK | CATGGTTAGCAAGTGCAGGA
oL2316 Col4A1_gRNA15rv_CFD_MIT3_R1_JAK | GTTGGCAGAGGACTCTGAGG
oL2317 Col4A1_gRNA15rv_CFD_MIT4_F1_JAK | CAGCTCTAGGTGGGCTTTGT
oL2318 Col4A1_gRNA15rv_CFD_MIT4_R1_JAK | GGGTCTTTTCCCCAAGTGAT
oL2319 Col4A1_gRNA15rv_CFD_MITS_F1_JAK | TCACTCTGGGGAAACACAAA
0L2320 Col4A1_gRNA15rv_CFD_MITS_R1_JAK | GAGTATGGGGAAATCCGACA
oL2378 rs12864958_F1_JAK GCTTCTGCTTCTGTGGCTCT
oL2379 rs12864958_R1_JAK TTCTTCCCTGGAGGTGAGTG
0L2380 rs617478_F1_JAK GGAACCAGAGCAGAGCAAAC
oL2381 rs617478_R1_JAK CCATGGATTTTTGGACCTTG
oL2421 miR-29_F1_JAK TGCCATTTGGTATGCCACTA
0oL2422 miR-29_R1_JAK CTGTGAGATGATGGCCAATG
oL2747 miR-29_gRNA57rv_CFD_OT1_F1_JAK | CAAATGTCACCACCCTCCCA
0L2748 miR-29_gRNA57rv_CFD_OT1_R1_JAK | GTCACTCGCTCCCCAAATCT
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0oL2749
0L2750
OoL2751
0OL2752
0oL2753
OL2754
0OL2755
0OL2756
0OL2759
0L2760
OL2765
0OL2766
0L2792
0oL2793
OoL2794
0OL2795
0OL2796
0L2797
0L2806
0OL2808
0L2810
oL2811
0L2816
0oL2817
oL2921
0L2922
0oL2923
0L2924
0L2925
0L2926
0oL2927
0L2928
0L2929
0L2930
OL2931
0L2932
0OL2933
0OL2934
0L2935
0L2936
0L2937
0OL2938
OL3031
0OL3032
0oL3035
0OL3036
0oL3039
0OL3040
0oL3043
0oL3044
oL3047
0oL3048
OL3055
OL3056
OL3057
OL3058
OL3059
OL3060
OL3061
0L3062
0oL3063
OL3064

miR-29_gRNA57rv_CFD_OT2_F1 JAK
miR-29_gRNA57rv_CFD_OT2_R1_JAK
miR-29_gRNA57rv_CFD_OT3_F1_JAK
miR-29_gRNA57rv_CFD_OT3_R1_JAK
miR-29_gRNAS57rv_CFD_OT4 F1 JAK
miR-29_gRNA57rv_CFD_OT4_R1 JAK
miR-29_gRNA57rv_CFD_OT5_F1 _JAK
miR-29_gRNA57rv_CFD_OT5_R1 JAK
miR-29_gRNA57rv_MIT_OT2_F1_JAK
miR-29_gRNA57rv_MIT_OT2_F1_JAK
miR-29_gRNA57rv_MIT_OT5_F1_JAK
miR-29_gRNA57rv_MIT_OT5_F1_JAK
miR-29_gRNA57rv_MIT_OT1_F2_JAK
miR-29_gRNA57rv_MIT_OT1_R2_JAK
miR-29_gRNA57rv_MIT_OT3_F2_JAK
miR-29_gRNA57rv_MIT_OT3_R2_JAK
miR-29_gRNA57rv_MIT_OT4_F2_JAK
miR-29_gRNA57rv_MIT_OT4_R2_JAK
Col4A1_gPCR_F2

Col4A1_gPCR_R2

Col4A1_gPCR_F3

Col4Al_gPCR_R4

Col4A2_gPCR_F2

Col4A2_gPCR_R2
G755R_gRNA45rv_CFD_OT1_F1_JAK
G755R_gRNA45rv_CFD_OT1_R1_JAK
G755R_gRNA45rv_CFD_OT2_F1_JAK
G755R_gRNA45rv_CFD_OT2_R1_JAK
G755R_gRNA45rv_CFD_OT3_F1 _JAK
G755R_gRNA45rv_CFD_OT3_R1_JAK
G755R_gRNA45rv_CFD_OT4_F1_JAK
G755R_gRNA45rv_CFD_OT4_R1_JAK
G755R_gRNA45rv_CFD_OT5_F1_JAK
G755R_gRNA45rv_CFD_OT5_R1_JAK
G755R_gRNA45rv_MIT_OT2_F1_JAK
G755R_gRNA45rv_MIT_OT2_R1_JAK
G755R_gRNA45rv_MIT_OT3_F1_JAK
G755R_gRNA45rv_MIT_OT3_R1_JAK
G755R_gRNA45rv_MIT_OT4_F1_JAK
G755R_gRNA45rv_MIT_OT4_R1_JAK
G755R_gRNA45rv_MIT_OT5_F1_JAK
G755R_gRNA45rv_MIT_OT5_R1_JAK
ITGB1 Comb1 Fw_JAK

ITGB Comb1 Rv_JAK

TIMP1 comb1 fw_JAK

TIMP1 comb1 rv_JAK

FN comb1 fw_JAK

FN comb1 rv_JAK

LAMC1 comb1l fw_JAK

LAMC1 comb1 rv_JAK

HSPG2 comb1 fw_JAK

HSPG2 comb1 rv_JAK
Claudin5_combl_F_JG
Claudin5_combl_R_JG
Z01_combl_F_JG

Z01_combl_R_JG

Occludin_ Campisietal _F_JG
Occludin_ Campisietal _R_JG
VECadh_comb2_F_JG
VECadh_comb2_R_JG

CD31_ Campisietal _F_JG

CD31_ Campisietal _R_JG

AATGTCACCACCGTCCCATC
ACCCCAGCTGGTATCTCAGT
TTCCTGGCTGTGTGACAAGG
AGGCTGGAAGGGAACATTCG
AGGCATTGCTAGGAACCAGG
ACCTCTCATCATCAGCTTAGGC
AGCCTTCAGGGGTTCCTTTT
TGACATTGGCTTGCTCACTTG
CAACCCCCAGACACCATCTC
ACATTGCTGCTACCCTCACC
CCAGAGCCCCTGATCTCTCT
TTACGTGCACCAGACCACTC
AGGCCAAATCCTGAGGATACA
TGGGCAACAGAGTAAGATGGT
GCACCCGGCCTATTATGACA
CAGCTGTGTCCATCATCAGGT
GCACCCGGCCTATTATGACA
TCCCAAGAGGACATAGGTACCA
GAGGAGTTGGATTCCCAGGC
TGGTTCACCCTTTGGACCTG
GAAGCAGGTCTTCCTGGGAC
ATTCCATCACTGCCTGGCTC
TTCATAGGAAGCCGGGGTGA
TCACCGAAATCACCAGTCGC
TTGAGAACAGGCCCCCAGAT
ACAGCAAGCCAGTGATAAGCA
TGGGAAGGGAAATGGAGGAGA
GGTTTGTGGAAAAGGGCAGC
CCATTTCCCATCACCCGAGT
GAGACTCAGGCCACAGCATT
AAGCCCTCCTAGGTCTCCTG
GAGTGTGGAAGGAACTGGGG
CTCCAGTGAGTGACTCCAGC
AGATGTTCCACAGTGCTCCT
TGTCCTGCCCACACAGTTTT
ACGGATAGTTGGAAGCTGGC
GGTTCCTGCCTCATGCTGAT
CAGTTTGCAACTTCCGTGGG
GTCCATAGGCAGCCATGGTT
CCCTGCCTCTTCTGAGTTGG
GTCACAGCTGCAGGAGGC
GGGTTCTGGTCTCCTGGCA
TGCTCAAACAGATGAAAATAGATGT
GTGCACCACCCACAATTTGG
CTCGTCATCAGGGCCAAGTT
CCCTAAGGCTTGGAACCCTT
ATCGAGGAAACCTGCTCCAG
GATCCGCTCGATGTGGTCTG
TTGCTGTAGGTGGCAGATGT
TGTTTGCAATTACACACCAGCT
AGCATCTCAGGAGACGACCT
TGAGGGCTGTACTCGATGGA
GTGGTGTCACCTGAACTGGG
AGCCTCTGGCAGCTCTCAAT
CCGCGGAGTTTCGGGTC
TCCTCCATTGCTGTGCTCTTG
ACAAGCGGTTTTATCCAGAGTC
GTCATCCACAGGCGAAGTTAAT
TGGTGGAAGCGCGAGAT
AAATGTGTACTTGGTCTGGGT
ATTGCAGTGGTTATCATCGGAGT
CTGGTTGTTGGAGTTCAGAAGTG

42



OL3065 hEMC7_F AAAGGAGGTAGTCAGGCCGT
OL3066 hEMC7_R GTTGCTTCACACGGTTTTCCA
Table 2.24 List of all primer IDs, names, and sequences according to the Paquet database
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Chapter 3 Results

Three mutations in COL4A1 that cause monogenic cSVD are investigated in this thesis. Each mutation
has a distinctive impact on COL4A1. As described in the introduction, the frameshift mutation (ClinVar:
VCV000161440.4) reduces COL4A1 in patient fibroblasts, the PADMAL 3’-UTR (c.*35C>A) mutation
(Clinvar: VCV000689432.1) increases COL4A1 in patient fibroblasts, and the COL4A1¢75R K| (ClinVar:
VCV000161974.16) alters the triple helix domain potentially impacting the protein structure and/or
interactions (Section 1.5). In this chapter, the first two aims of this thesis are addressed by editing each
of the three mutations into hiPSCs and performing all of the necessary quality controls on the
generated cell lines. Finally, the expression of collagen IV in neurovascular cell types derived from
hiPSCs carrying these mutations is investigated to address the final aim of this thesis.

3.1 COL4A1 KO genome editing in hiPSCs (ClinVar: VCV000161440.4)

To successfully generate a COL4A1 KO, the region to target with CRISPR/Cas9 must be strategically
selected. Typically, a gene KO strategy employs an sgRNA to target one of the first few exons. However,
COL4A1l is an enormous gene with 52 exons. Patients-derived fibroblasts from two families with
COL4A1 frameshifts in the middle of COL4A1 (Figure 3.1 A-B) exhibit nonsense-mediated decay (NMD)
of the mRNA and decreased the COL4A1 protein expression (Figure 3.1 C). Since a frameshift in this
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Figure 3.1. COL4A1 KO sgRNA design. (A) Family pedigrees of two families with penetrant cSVD. Note that several distinct cSVD MRI features are present in
both families. (B) Sequences of frameshift mutations present in family A and B obtained after cycloheximide treatment of patient fibroblasts to prevent
mRNA nonsense-mediated decay. (C) Analysis of COL4A1 in patient fibroblasts. (D) Sequencing reaction from pooled HEK293 cells transfected with sgRNA
15rv. The sgRNA sequence is highlighted in yellow and double peaks can be seen downstream from the sgRNA indicative of Indels present in some cells
within the pool. (E) TIDE analysis example for sgRNA 15rv. The estimated cutting activity and prediction of contribution of each Indel are shown at the top
and the region of decomposition is shown at the bottom. (F) Table of tested sgRNAs with exon, specificity score, and estimated cutting efficiency determined
by TIDE analysis shown. Adapted with permission from Lemmens et al., 2013. Copyright © 2012. Oxford University Press. All rights reserved.


https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
https://www.ncbi.nlm.nih.gov/pmc/about/copyright/

region is sufficient to cause haploinsufficiency in patients, six sgRNAs targeting the middle of COL4A1
in exons 28 and 29 were designed and tested for cutting efficiency in HEK293 cells via plasmid delivery
(Figure 3.1 D-F). TIDE (Tracking of Indels by Decomposition) (Brinkman et al., 2014) analysis was
performed to estimate the cutting efficiency of each sgRNA (Figure 3.1 E-F). The highest cutting
efficiency was observed for sgRNA 15 rv. However, this guide has a lower specificity score compared
to the other sgRNAs making it more prone to edit off-target regions. The specificity scores are
calculated by the MIT specificity algorithm given on http://crispor.tefor.net/ with a higher number
corresponding to a more specific sgRNA. In general, sgRNAs are excluded with specific scores below
70. However, because sgRNA 15 rv cuts in exon 28 exactly where a frameshift is observed in patients
from family A with COL4A1 haploinsufficiency (ClinVar: VCV000161440.4) and the cutting efficiency
was the highest, this sgRNA was selected for generating the KO in hiPSCs.

3.1.1 Generation of the COL4A1 KO in hiPSCs

Both plasmid and RNP delivery of Cas9 and sgRNA 15 rv for the COL4A1 KO in hiPSCs were initially
tested. The editing efficiencies were analyzed by ICE (Inference of CRISPR Edits) (Conant et al., 2022)
(Figure 3.2 Top) and resulted in similar editing efficiencies of 63% for RNP delivery and 61% for plasmid
delivery. Given that the plasmid delivery system requires a 3-day puromycin selection step and results
in sustained Cas9 expression that increases off-target editing potential, RNP delivery of Cas9 machinery
was selected. Several-hundred single cell clones were screened from RNP delivered cells by RFLP

Plasmid RNP
e ccccocluesNcchnmneeh | ececcececcesececNaaancaeln

AT AA’@A [
Indels: 61%

6 D5 DF E5 E6 F5 F6 G5 G6 H5 HE
2 i

Baumos.

WT Heterozygous = Homozygous
263/62 bp | 325/263/62 bp 325 bp

Figure 3.2 COL4A1 KO generation in hiPSCs. (Top) Comparison of plasmid vs RNP delivery of Cas9 machinery. The blue highlighted
base is the deleted base in Family A from Figure 3.1. (Bottom) Example of RFLP clone screening of clones edited with sgRNA 15 rv. The
table gives the expected product length for each genotype. Green stars indicate the homozygous clones.

(Restriction Fragment Length Polymorphism) analysis (Figure 3.2 Bottom), and Sanger sequencing
confirmed 13 clones with frameshifts on both alleles.

3.1.1.1 Quality controls allow excluding clones with deleterious side effects of CRISPR editing

The 13 KO clones were first analyzed for a BCL2L1 triplication, one of the most common side effects of
single-cell cloning in iPSCs (Figure 3.3). There are two distinct populations: Clones with BCL2L1 copy
numbers greater than 2.5 were considered to harbor a triplication at this locus and the 5 clones with
BCL2L1 values slightly lower than 2 were assumed to have two copies of BCL2L1. These 5 clones were
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then analyzed for off-target editing by sequencing the top 10 in silico predicted off-target regions for
sgRNA 15 rv. Initially, an off-target was discovered in clone P1D2 (Figure 3.4 A). Testing the remaining
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Figure 3.3 BCL2L1 assay of COL4A1 homozygous KO clones. Quantification of BCL2L1 copy numbers of 15
COL4A1 KO clones. The unedited WT (black) is set to 2 copies. The positive control (red) was an
independently generated single cell clone that has given 3 BCL2L1 copies in this assay in previous
experiments. The clones are shown in green. Duplicates were performed for each sample and averaged.
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Figure 3.4 Detected off-target effects in clones edited with sgRNA 15 rv. (A) Off-target CFD2 in COL4A1 KO clone P1D2. (B) Results of off-target sequencing
in COL4A1 homozygous KO clones. Green boxes indicate a clean sequencing trace matching the WT. Red boxes with an ‘X’ indicate detected off-target
editing.

4 clones illustrated widespread off-target activity by sgRNA 15 rv with only clone P2H5 free from off-
target effect detection (Figure 3.4 B).

3.1.1.2 High fidelity Cas9 to generate additional COL4A1 KO clones with decreased off-target

potential

With only one clone without a BCL2L1 triplication or an off-target effect, more KO clones needed to be
generated in order to work with multiple KO clones. Moreover, since the haploinsufficiency mutation
in patients is heterozygous, it would be valuable to generate heterozygous KO clones that exactly
mimic the patient genotype. To mitigate off-target effects, a high-fidelity R691A Cas9 variant with
higher specificity (Vakulskas et al., 2018) complexed to sgRNA 15 rv was electroporated to hiPSCs. ICE
analysis of the pooled cells indicated editing efficiency of 11%, lower than observed with WT Cas9 used
previously. Nevertheless, 200 single cell clones were isolated and screened from this pool of edited
cells (Figure 3.5). Sanger sequencing identified 7 homozygous and 8 heterozygous frameshift KO
clones.
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Figure 3.5. RFLP analysis of HiFi Cas9/sgRNA 15 rv edited clones. The clones designated with a star were expanded for further analysis.
Green stars indicate a homozygous RFLP genotype and blue stars indicate heterozygous in the RFLP screen. (homozygous clones are
undigested — 325bp, and heterozygous have 3 products — 325/263/62)

3.1.1.3 Quality controls for HiFi edited KO clones

The HiFi-edited KO clones were first analyzed for a BCL2L1 triplication (Figure 3.6). Again, there are
two distinct populations in this assay and the five clones (P1D9, P2H12, P1H10, P1A11, and P1H12) in
the lower population are determined to have normal BCL2L1 copy numbers. P1C5 was the only clone

BCL2L1 alleles in HiFi COL4A1 KO clones
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Figure 3.6. BCL2L1 assay of COL4A1 homozygous KO clones edited with HiFi Cas9. Quantification of BCL2L1 copy
numbers of 7 homozygous (green) and 8 heterozygous COL4A1 KO clones (blue). The unedited WT (black) and is set
to 2 BCL2L1 copies. The positive control (red) was an independently generated single cell clone that has given 3 BCL2L1
copies for this assay in previous experiments. Duplicates were performed for each sample and averaged.

not clearly in one of these populations, but sequencing freshly extracted gDNA revealed it was a mixed
clone and it was discarded. Off-target sequencing at the top 10 predicted off-target regions in the HiFi
edited clones did not reveal a single off-target effect in the 5 tested clones. The occurrence of OnTEs
were examined next by qgPCR and SNP genotyping according to Weisheit et al. (2021) (Figure 3.7).
Only clone P1H12 could potentially have lost an on-target allele because it seemingly has the same
Indels on both alleles. The other clones with differentially edited alleles have both alleles visible on the
genotyping sequencing reaction. The qgPCR shows that there are no clones with aberrations to an on-
target allele. Furthermore, SNP genotyping did not reveal any LOH events in any clone. Next, DNA
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Figure 3.7 Analysis of OnTEs in COL4A1 KO clones. (Top) A COL4A1 exon 28 qgPCR was performed. The unedited WT clone (black) is
set to 2 copies. The positive control (red) previously gave 1 exon 28 copy with this assay. Two heterozygous clones (blue) and four
homozygous clones (green) were tested. Duplicates were performed for each sample and averaged. (Bottom) Nearby SNPs were
genotyped in the unedited WT and KO clones.

Sample Chr Start End Size Value

D

P2H5 7 132641519 133191127 549608 3

P2H5 23 153764528 154916845 1152317 3

500 P1D9 7 132952188 133528090 575902 3
P1D9 12 37605611 38045401 439790 3

400 P2H12 7 132952188 133500995 548807 3
P2H12 12 37605611 38043740 438129 3

P1H10 7 132952188 133500995 548807 3

Figure 3.8 DNA fingerprinting and karyotyping COL4A1 KO clones. (Left) The 6 COL4A1 KO clones were compared to the parent cell line (A18944)
and another WT line (SA2) with a fingerprinting PCR amplifying VNTR D1S80 (Right) Detected CNVs larger than 350 Kb in COL4A1 KO clones.

fingerprinting and molecular karyotyping with a SNP microarray were performed (Figure 3.8). Each
clone clearly shares the same band pattern as the parent cell line (A18944 WT) and not the SA2 WT
line, which is also used in our laboratory. In the molecular karyotyping analysis, CNV events are only
considered above a size of 600 Kb to 1 Mb, as this microarray-based assay is dependent on the analysis
of a sufficient number of SNPs to be reliable. All clones (P1H12 and P1A11 were not tested) exhibit an
approximately 500 Kb triplication in chromosome 7. As this CNV is also present in the unedited cell line
and below the size threshold, it was not regarded as problematic. There are additional CNVs present
but this does not completely diminish their potential to model COL4A1 cSVD: The triplications on
chromosome 12 in clones P1D9 and P2H12 are less than 500 Kb. The 1.1 Mb triplication on
chromosome 23 of clone P2H5 is larger than the size threshold and therefore likely real, but the use of
both multiple KO/KO clones will ensure any observed phenotypes are driven by the COI4A1 mutation
and not a triplicated region of the chromosome. The COL4A1 KO clones were examined for common
pluripotency markers by immunofluorescence (Figure 3.9). Each of the tested clones exhibit typical
staining of Tra-160 and SSEA4 in the cytoplasm and the transcription factors Nanog and Oct4 in the
nucleus.
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Figure 3.9 Immunofluorescence stainings for pluripotency markers in COL4A1 KO hiPSCs. The pluripotency markers SSEA4, Nanog, Tra-
160, and Oct-4 are expressed in all COL4A1 KO hiPSC clones.

3.1.2 COL4A15755R genome editing in hiPSCs (ClinVar: VCV000161974.16)

The glycine mutation, COL4A1¢7>°®, exchanges a small non-polar glycine for a large polar arginine in
the triple helix domain and may inhibit normal triple helix formation. In order to Kl this mutation in
hiPSCs, sgRNA 45 rv was designed to cut 2bp from the mutation. This sgRNA had a specificity score of
82 which was substantially higher than other sgRNAs cutting close to the mutation and is blocked for
re-editing at the most PAM proximal base following successful HDR. Electroporation of an sgRNA 45
rv/HiFi Cas9 complex and a symmetric repair template resulted in less than 10% HDR that unexpectedly
decreased with the addition of one of the reported HDR enhancing compounds Alt-R HDR Enhancer
(Skarnes et al., 2019) or M3914 (Riesenberg et al., 2019) (Figure 3.10). From these electroporations,
400 single cell clones were screened with an RFLP assay and 4 heterozygous and 1 homozygous Kl clone
were identified. However, Sanger sequencing revealed Indels that were also present in every clone.

Control IDT HDR Enhancer M3814 \

’[E'E'CGGGWGWGC'('NGG TCCCEGGG TG TGCC G G T TCCCEGGGTGETG CCG T

ICE Indels 56% HDR:8% ICE Indels: 2% HDR: 0% ICE Indels. 0% HDR. 0%

Figure 3.10. Testing HDR enhancing compounds for the COL4A15755R K| using commercial HiFi Cas9. The highlighted base would be changed from C>T
in a successfully generated COL4A1¢755R K| clone.

3.1.2.1 Electroporation of an asymmetric repair ssODN

Given the low rates of HDR, an asymmetric repair template was designed and delivered to the cells
(Figure 3.11). There was a slight increase from 5% to 9% HDR with the asymmetric design. Moreover,
the use of the Lonza 4D nucleofector in this electroporation increased the cutting efficiency observed
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with the symmetric repair template from 56% to 88%. Single cell clone screening was again plagued
with Indels that were present in 11 heterozygous and 4 homozygous Kl clones that were identified
from the 400 single cell clones that were screened.

Symmetric Asymmetric

CTCCCEC G GGN|INJGT CIN|G G CTCCCCGGGINGGGCCG G
|| "| U 'Ihl I"n'
AR s asnasaaiad TUVUU

ICE Indels: 88% HDR: 5% ICE Indels: 76% HDR: 9%

Figure 3.11 Sequencing reactions from pooled cells after Lonza electroporation with symmetric and asymmetric repair
templates for COL4A1¢755R KI. The highlighted base would be changed from C>T in a successfully generated COL4A16755R
Kl clone.

3.1.2.2 COL4A1S755R K| strategy with double silent mutations (DSM)

Due to the inability to efficiently generate a Kl clone without additional Indels, a new editing strategy
was designed that incorporates two additional silent mutations that block the sgRNA from binding
after successful Kl incorporation and should prevent undesired Indel generation. Electroporation with
the newly designed COL4A1%7°R double silent mutation (DSM) repair template resulted in an
astounding 65% rate of HDR (Figure 3.12). Given this rate of HDR, standard RFLP clone screening was
not necessary and 24 clones were immediately Sanger sequenced. Fourteen clones homozygous for
the COL4A157%R (ClinVar: VCV000161974.16) and both silent mutations were identified. Importantly,
no Indels were present in these clones.

Unedited WT COL4A157>R DSM electroporation
TTCTCECEGBGGTGTGC C TTCTCK|CININ|G GTGTGCC

.I | |I II Fﬁ* / I'| Iﬂu | m ﬂ ﬂu \ lll' |II ll,ll ll\ |'Inll| Ilr\l j::_y!l II Hr.'::l /\I Ai\ I\ Ihl

ICE Indels: 76% HDR. 65%

Figure 3.12 Sequence of pooled cells electroporated with the COL4A15755RDSM repair template. The highlighted bases
from left to right are the locations of the R755R, G755R, and P747P mutations present on the asymmetric DSM repair
template. Note that COL4A1 is a reverse transcript and the forward strand is shown here.

3.1.2.3 Quality controls of COL4A15%755R DSM clones

The 14 COL4A1°75R DSM Kl clones were examined for a BCL2L1 triplication using the qPCR assay (Figure
3.13). Only 4 of these clones had values slightly lower than 2 and were determined to have the normal
two copies of BCL2L1. Next, a qgPCR was performed to test for OnTEs in the 4 clones with normal
BCL2L1 copy numbers (Figure 3.14 Left). The on-target allele copy number values for these clones are
all less than 2 but greater than 1.5 and none of these values are clearly indicative of an OnTE. Clone C3
was selected for further QC analysis because its value was closest to 2. Nearby heterozygous SNPs
were genotyped in clone C3 to test for LOH and found to remain heterozygous (Figure 3.14 Right).
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Figure 3.13 BCL2L1 assay for COL4A15755R DSM clones. The unedited WT and two karyotyped negative controls are shown in
black, two positive controls for BCL2L1 triplications are shown in red, and the 14 tested clones are shown in green. Duplicates
were performed for each sample and averaged.
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Figure 3.14 OnTE analysis for COL4A16755R DSM KI clones. (Left) qgPCR for COL4A1 exon 30. Negative controls are shown in
black. Duplicates were performed for each sample and averaged. (Right) SNP genotyping in clone C3.

The top ten predicted off-targets for sgRNA 45 rv were identified and sequenced in clone C3 revealing
no apparent off-target editing. This is unsurprising because the specificity score of sgRNA 45 rv was
quite high (82) and HiFi Cas9 was used. Clone C3 was subjected to DNA fingerprinting and molecular
karyotyping (Figure 3.15). Clone C3 shared the same band pattern as A18944 WT, indicating that it was
correctly generated from this line. Moreover, the only detected CNV event over 350 Kb in this clone is
the same triplication on chromosome 7 that is present in the parental cell line.

A18944
SA2 Cc3
600 — Sample ID | Chr Start End Size  Value
288 e, _= e c3 7 132952188 133490582 538394 3

Figure 3.15 Fingerprinting and karyotyping COL4A1%755R clone C3. (Left) Fingerprinting PCR comparing clone C3 to the parent A18944
WT line and SA2 WT. (Right) Table of CNVs over 350 Kb detected in clone C3.

3.1.3 Design of COL4A1 3’-UTR (c.*35C>A) KI (ClinVar: VCV000689432.1)
There are several reported COL4A1 3’-UTR mutations causing a subtype of cSVD called PADMAL

(pontine autosomal dominant microangiopathy with leukoencephalopathy) (Figure 3.16). The
(c.*35C>A) mutation (ClinVar: VCV000689432.1) was selected to Kl to hiPSCs because a collaborating
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group was working with a COL4A1 (c.*35C>A) mouse model and the miR-29 binding site is completely
conserved between humans and mice.

Mutation Reported symptoms References

c.*31G>T WMH, ICH (Verdura et al., 2016)
c.*32G>A Hereditary multi-infarct dementia, lacunas (Siitonen et al., 2017; Zhao et al., 2019)
c.*32G>T WMH, ICH, microbleeds, cognitive impairment (Verdura et al., 2016)
c.*33T>A White matter lesions, lacunas, brain atrophy, microbleeds (Sakai et al., 2020)

c.*34G>T Lacunas, ICH (Qing Li et al., 2022)
c.*35C>A WMH, lacunas (Verdura et al., 2016)
c.*36T>A ICH, lacunar infarcts, and microbleeds, cognitive impairment (Monkare et al., 2021)

Figure 3.16 COL4A1 3’-UTR PADMAL mutations. The table displays identified mutations and symptoms exhibited by patients.

3.1.3.1 Electroporation for COL4A1 (c.*35C>A) KI

For the COL4A1 (c.*35C>A) Kl editing, the closest possible sgRNA cuts 8bp from the KI. This sgRNA was
electroporated with HiFi Cas9 and a symmetric repair template. The effects of Alt-R HDR Enhancer and
M3814 on HDR editing outcomes were also tested at this locus. After electroporation, there was no
detected HDR in any condition and only mild cutting efficiency with 18% Indels generated in the normal
condition using the BTX electroporation system (Figure 3.17). ICE estimates 0% HDR but upon visual
inspection, there does appear to be a small C>T bump that could represent HDR editing outcomes.
Four hundred single cell clones were screened from these electroporations. There was in fact some
HDR as 11 clones did incorporate the Kl but each harbored additional Indels.

Control Alt-R HDR Enhancer M3814
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‘III‘ lﬂ ‘I"ll Jlll‘ \III ,‘II I:‘r.'w . IPI Iw'”l |“|

| f \ N I\ 1/
AN ARARAARIRAATTAARATATA
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Figure 3.17 Sequences of pooled cells from electroporation for the (c.*35C>A) KI. Sequencing reactions from control, Alt-R HDR Enhancer, and M3814
conditions are shown. The highlighted base is the location of the (c.*35C>A) mutation where a G>T would represent a successful KI.

3.1.3.2 Asymmetric repair template design and electroporation for (c.*35C>A) Kl

Similar to the COL4A1¢755R K| editing, an asymmetric repair template was designed for the (c.*35C>A)
KI to attempt to increase HDR editing outcomes. Using the Lonza 4D nucleofector, electroporations
delivering the symmetric and asymmetric repair templates were performed yielding slightly increased
rates of Indel generation (Figure 3.18). However, there is still no substantial HDR activity even with the
asymmetric repair template. From these cells, 600 single cell clones were screened. There were 6

Symmetric repair template Asymmetric repair template

G T G C [ TGTTGTG C TT G T G C cCC TG TTGTAG c TT

ICE Indels: 23% HDR: 0% ICE Indels: 23% HDR: 0%

Figure 3.18 Sequences of pooled cells electroporated with symmetric or asymmetric (c.*35C>A) repair templates. Sequencing reactions from symmetric
and asymmetric repair template delivered cells. The highlighted base is the location of the (c.*35C>A) mutation where a G>T would represent a successful
KI.
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clones with the (c.*35C>A) (ClinVar: VCV000689432.1) Kl on at least one allele but again every Kl clone
incorporated additional Indels.

3.1.3.3 Electroporation and clone screening for the CORRECT 1% step of the (c.*35C>A) KI

To efficiently generate a (c.*35C>A) Kl clone absent from unwanted Indels, a new two-step editing
strategy based on CORRECT was designed (Kwart et al., 2017). Delivery of the new repair template
with the (c.*35C>A) and a “GGG” 1% step blocking mutation generated 29% and 7% HDR in
independent electroporations (Figure 3.19 Top). From these two editing experiments, a total of 600
clones were screened with an RFLP assay (Figure 3.19 Middle). Sanger sequencing confirmed 3
homozygous clones for both the (c.*35C>A) KI and “GGG” blocking mutation and 27 clones
heterozygous clones for the (c.*35C>A) KI and homozygous for the blocking “GGG” (Figure 3.19
Bottom).

___ CORRECT 1%'step—Roundl CORRECT 1*step—Round2
GT G C CC 'GE_GGG NNTT GT G C cc TGTTGING c TT

/\" f\lliiil

ICE Indels 74% HDR 29% ICE Indels: 29% HDR: 7%
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Figure 3.19 Generation of 15t step CORRECT (c.*35C>A) KI. (Top) Sequencing reactions from electroporated pooled cells. Single highlighted base is the
location of the (c.*35C>A) mutation and the other 3 highlighted bases represent the designed ACA>GGG mutation. (Middle) Example of clones screened
with the Hphl RFLP assay. Green stars indicate homozygous clones and blue stars indicate heterozygous clones. (Bottom) Sanger sequencing of
heterozygous clone P4E1 and homozygous clone P2G6 that confirm the RFLP genotype.

3.1.3.4 Quality controls for 1%t step (c.*35C>A) Kl clones

Before electroporating one of the 1% step clones to generate the final CORRECT (c.*35C>A) Kl clone,
some of the QCs assays must be performed to prevent a clone with a deleterious effect from being
edited and producing only similarly damaged clones. The BCL2L1 assay was performed for all of the
clones from the first (Figure 3.20 Top) and second editing round (Figure 3.20 Bottom). Out of all 30
clones analyzed for a BCL2L1 triplication, 18 have values indicating a normal BCL2L1 copy number, and
only one homozygous (c.*35C>A) Kl clone (P2G6) does not clearly have a BCL2L1 triplication. Next, a
ggPCR was performed to test for destruction of an OnTE allele in homozygous clone P2G6 and 3
heterozygous clones (Figure 3.21 Left). Given that two alleles can be seen on the sequencing reaction

53



of the heterozygous clones, these served as quasi negative controls for the assay and clone P2G6 does
not appear hemizygous. SNP genotyping was only performed in homozygous clone P2G6 and
heterozygous clone P4E1 (Figure 3.21 Right). Both SNPs tested in these clones remain heterozygous
after the 1t step of editing. Clones P2G6 and P4E1 were also sequenced at the top 10 in silico predicted
off-target regions without detection of any off-targets. Lastly, clones P2G6 and P4E1 were molecular
karyotyped and the only detected CNV was the triplication in chromosome 7 also present in the

unedited WT line.
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Figure 3.20 BCL2L1 assay of COL4A1 (c.*35C>A) 1%t step clones. (Top) Quantification of 16 heterozygous (blue) and 1 homozygous
clone (green) from the 1%t round. (Bottom) Quantification of BCL2L1 copy numbers of 11 heterozygous (blue) and 2 homozygous
clones (green) from the 2" round. Homozygous clone P4A2 (round 1) was tested again. Unedited WT (black) is set to 2 alleles.
Negative controls (black) are karyotyped COL4A1 KO clones. The positive controls are independently generated clones that have
given 3 BCL2L1 copies for this assay in previous experiments and are shown in red. Duplicates were performed for each sample and
averaged.
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Figure 3.21. OnTE analysis of 1%t step (c.*35C>A) clones. (Left) qgPCR of COL4A1 3’-UTR. Unedited WT (black) is set to 2 alleles. Negative controls
(black) are clones edited with sgRNA 15 rv in COL4A1 exon 28. Three heterozygous (c.*35C>A) clones (blue) and one homozygous (c.*35C>A)
clone (green) were tested. Duplicates were performed for each sample and averaged. (Right) SNP genotyping in heterozygous clone P4E1 and

homozygous clone P2G6.
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3.1.3.5 Electroporation of clone P2G6 for the CORRECT (c.*35C>A) 2" editing step

Given that clone P2G6 passed all of the tested QC assays and is already homozygous for the (c.*35C>A)
K, it was electroporated with the 2" step sgRNA (sgRNA 4 rv) and a repair template containing only
the (c.*35C>A) KI. This resulted in a rate of 44% HDR (Figure 3.22 Top). RFLP screening of 200 clones
yielded 46 homozygous clones (Figure 3.22 Middle). Only 24 were Sanger sequenced and 15 CORRECT
(c.*35C>A) Kl clones were identified with clone P1B4 shown in Figure 3.22 (Bottom).
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Figure 3.22 Generation of 2" step CORRECT (c.*35C>A) KI clone. (Top) Sequencing reactions of pooled cells after electroporation. The
highlighted bases in unedited clone P2G6 are the newly inserted PAM sequence. The same bases are highlighted in the pool of edited cells.
(Middle) Example of RFLP clone screening with Nlalll. (Bottom) Sanger sequence to confirm homozygous genotype in clone P1B4.
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3.1.3.6 Quality controls of CORRECT (c.*35C>A) Kl clones

The 2" step CORRECT (c.*35C>A) Kl clones were first tested with the BCL2L1 assay (Figure 3.23). The
positive control is unexpectedly high with over 4 copies of BCL2L1. However, none of the 15 tested
clones appear to have an abnormal copy number of BCL2L1. Next, the OnTE QC assays were performed

BCL2L1 alleles in CORRECT clones
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Figure 3.23 BCL2L1 assay applied to CORRECT (c.*35 C>A) clones generated from clone P2G6. Unedited clone
P2G6 and WT were used as negative controls (black). The positive control is a clone previously testing to have 3
alleles in this assay (red). The tested clones (green) are all homozygous for a scarless incorporation of the (c.*35
C>A) KI. Duplicates were performed for each sample and averaged.
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with the qgPCR revealing an apparent triplication in clone P1D5 but otherwise all other clones seem to
have two intact on-target alleles (Figure 3.24 Left). Clone P1B4 was analyzed for LOH (Figure 3.24
Right). Both genotyped SNPs remain heterozygous in this clone. The top 10 predicted in silico off-target
regions from this new sgRNA were sequenced in clone P1B4 without off-target effect detection. Lastly,
CORRECT clone P1B4 was DNA fingerprinted and molecular karyotyped (Figure 3.25). Fingerprinting
confirmed this clone was generated from the A18944 WT line and karyotyping only revealed the
chromosome triplication also present in the parent cell line.
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Figure 3.24 OnTE analysis of CORRECT (c.*35C>A) clones. (Left) ggPCR of COL4A1 3’UTR. Unedited clone P1G6, WT, and -CTRL are shown in black.
Tested clones are displayed in green. Duplicates were performed for each sample and averaged. (Right) SNP genotyping of CORRECT clone P1B4.
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Figure 3.25 DNA fingerprinting and karyotyping CORRECT (c.*35C>A) KI clone P1B4. (Left) Fingerprinting PCR comparing clone
P1B4 to the unedited A18944 WT and SA2 WT cell lines. (Right) Detected CNVs over 350 Kb.

3.2 COL4A1 KO characterization

A gPCR was performed on COL4A1 KO clones with two COL4A1 primer combinations, one amplifying
before the edit (B) and the other after the edit (E), as well as one combination amplifying COL4A2.
(Figure 3.26 Left). The homozygous KO ECs (P1H10 and P2H5) display a drastic reduction of COL4A1
with both primer combinations compared to the WT ECs. The heterozygous KO ECs have slightly
different levels of COL4A1 mRNA from each other with around 0.8 for clone P1D9 and below 0.5 for
P2H12. However, after COL4A1l is normalized to COL4A2, the ratio of COL4A1/COL4A2 in the
heterozygous clones is 0.63 (P1D9) and 0.52 (P2H12) (Figure 3.26 Right). While COL4A2 fluctuated a
bit, it always scales with the expected values of COL4A1.

Endothelial cells from COL4A1 homozygous KO clone P1H10, heterozygous KO clone P2H12, and WT
cell lines were stained for the tight junction protein ZO-1, an antibody specific for COL4A2, and a non-
discriminating COLIV antibody reacting with COL4A1 to 6 (Figure 3.27). The COLIV staining (white) is
visibly reduced in the both heterozygous and homozygous KO clones compared to the WT mirroring
the measured mRNA levels. In the heterozygous KO and more strikingly in the homozygous KO there
are some distinct puncta visible in the COLIV staining that co-localize with puncta in the COL4A2
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staining (Figure 3.28). A heterotrimer between two al (COL4A1) chains and one a2 (COL4A2) chain
must be formed for the protein to be secreted. If the ratio of COL4A1 to COL4A2 is perturbed, there
may be unpaired collagen IV alpha chains that are unable to be secreted. This ratio was previously seen
to be decreased on the mRNA level (Figure 3.26).

. Ratio of
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Figure 3.26 qPCR for COL4A1 and COL4A2 in COL4A1 KO clones. (Left) COL4A1 B amplifies before the frameshift (light blue) targeted by sgRNA 15
rv and COL4A1 E amplifies after it (blue). Primer combination COL4A2 G amplifies exons 34-36 of COL4A2 (grey). Values are normalized to RPL22
and EC WT is subsequently set to 1 for each primer combination. Triplicates were performed for each sample and averaged. (Right) The COL4A1 to
COL4A2 ratio was calculated by averaging the triplicates for COL4A1 B and COL4A2 G and dividing the values by each other. EC WT was set to 1 and
the clones were normalized to this value.
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Figure 3.27 Immunofluorescence stainings of COL4A1 KO clones. ZO-1 (green) marks the cell-cell junctions. COLIV (red) reacts
with all type IV collagen. COL4A2 (white) reacts specifically with the NC1 domain of COL4A2.
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Figure 3.28 Increased zoom of COL4A2 staining in COL4A1 KOs. The puncta are clearly visible and more frequent in ECs with more
null COL4A1 alleles.
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3.2.1 Functional analysis of barrier formed by COL4A1 KO ECs

Given that COL4A1 is knocked out on the mRNA and protein level, an analysis of the strength of the
barrier formed by these ECs was assessed by TEER measurements (Figure 3.29). Unexpectedly, the
TEER from COL4A1 KO ECs is consistently higher compared to WT ECs (P = 3.62E-06). In order to
determine if the increase could be replicated on a different coating, the TEER was measured in the KO
ECs on a fibronectin coating (Figure 3.30). Seeded on fibronectin, COL4A1 KO ECs still produce a higher

Comparison of WT and COL4A1 KO TEER on Maximum TEER values
gelatin coated transwells
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Figure 3.29 Monoculture TEER of COL4A1 KO P1H10 on a gelatin coating. (Left) Representative TEER experiment comparing WT ECs
to P1H10 COL4A1 homozygous KO ECs. (Right) Maximum TEER values for all replicates across 3 experiments comparing P1H10 and
WT ECs on a gelatin coating. A paired T-Test was performed. (P=3.62E-06).
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Figure 3.30 TEER measurement of ECs grown on fibronectin coated transwells. The black
bar represents a full media change where VEGF supplementation was removed.

maximum TEER value compared to the WT control. There could be a compensating mechanism causing
the increased TEER values observed in the COL4A1 KO ECs. One possibility is an increase of other ECM
proteins that could allow these ECs to more strongly attach to the transwell surface. Moreover,
collagen IV or TIMP1 binding to integrin B1 (ITGB1) have been shown to directly impact junctional
proteins and EC barrier strength (lzawa et al.,, 2018; Osada et al., 2011; Tang et al., 2020). An
upregulation of ITGB1 or TIMP1 could explain the increased barrier in the KO ECs. Various ECM
proteins, ITGB1, TIMP1, and junction proteins were analyzed by gPCR in KO clone P1H10 (Figure 3.31).
On a gelatin coating, there are small increases in LAMC1 and HSPG2 in the KO. ITGB1 is 30% increased
in the KO while TIMP1 is unchanged. VE-cadherin, CD31, and occludin are all increased in the KO
potentially explaining the increased TEER measurement. On fibronectin, claudin-5, occludin, VE-
cadherin, and CD31 were all increased compared to the WT and seem to reflect the higher TEER
measurements in the KO.
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Figure 3.31 gPCR panel comparing COL4A1 KO P1H10 ECs to isogenic WT controls. (Left) ECs grown on a gelatin coating. (Right) ECs grown on a fibronectin
coating. Triplicates were performed and averaged. All values are normalized to the EMC7 housekeeping gene and the EC WT is set to 1.

Itis crucial to confirm if thereis also increased in TEER in independent COL4A1 KO clones. To this effect,
a TEER measurement was made using homozygous KO clones P2H5 and P1A11 that were differentiated
into ECs and plated on gelatin (Figure 3.32). Clone P1H10 was included in this differentiation but due
to technical problems, there were no ECs generated from this clone. Unlike clone P1H10, the TEER in
these clones are reduced. This may indicate that the increased TEER previously observed with clone
P1H10 is an unspecific effect in the clone and not caused by COL4A1 KO.

TEER measurement of indepenent COL4A1 KO clones
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Figure 3.32 TEER measurement in ECs from WT and COL4A1 KO/KO clones P1A11 and P2H5 on gelatin coated
transwells. Duplicates are shown for each cell line. Media was changed and VEGF supplementation removed at 26
hours after the start of measurement.

3.2.2 Effect of 3’-UTR (c.35*C>A) mutation on collagen IV expression

Fibroblasts from PADMAL patients with the (c.*35C>A) mutation in the 3’-UTR of COL4A1 exhibit
increased expression of COL4A1 mRNA (Verdura et al., 2016). To test if this can be reproduced in NVU
cells derived from hiPSCs with the (c.*35C>A) Kl, endothelial cells, smooth muscle cells, and pericytes
from (c.*35C>A) Kl clone P1B4 were analyzed for COL4A1 and COL4A2 by qPCR. Two independent
endothelial cell differentiations, 4 smooth muscle cell differentiations, and 3 pericyte differentiations
were analyzed (Figure 3.33). There was no obvious or significant increase of COL4A1 in the endothelial
cells or smooth muscle cells and the COL4A1/COL4A2 ratios were unaltered. However, there was a
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Figure 3.33 COL4A1 and COL4A2 expression of (c.*35C>A) Kl in neurovascular unit cell types. COL4A1 and COLAA2 mRNA levels 21 days after the beginning
of each resepective differentiation. WT cells are grey and (c.*35C>A) Kl cells are blue. Paired T-tests were performed to compare WT and Kl cells. COL4A1
is significantly increased in KI PEs (P=0.013) and COL4A1/COI4A2 raitio in PEs is also significantly increased (P=0.036).

significant increase of COL4A1 in pericytes (P=0.013) and an increase in the COL4A1/COL4A2 ratio
(P=0.036). The COL4A2 levels in the mutant pericytes were not significantly changed. There is a trend
of higher COL4A1 and COL4A2 in WT hiPSC-derived pericytes compared to other WT hiPSC-derived
NVU cell types further suggesting this cell type may be considerably involved in COL4A1-related disease
pathology. (Figure 3.34).
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Figure 3.34 Comparison of COL4A1 and COL4A2 expression in hiPSC-derived neurovascular cell types. WT endothelial
cells, smooth muscle cells, and pericytes at day in vitro 21 analyzed for COL4A1 and COL4A2 by gPCR. Triplicates were
performed and averaged.

3.2.3 COL4A15755R K| exhibits normal COL4A1 expression

Ascorbic acid reportedly increases expression of type IV collagen in human cells (Kishimoto et al.,
2013), and increased expression may promote the presence of disease relevant phenotypes in the
hiPSC model. Ascorbic acid-2 phosphate was added to the media of WT, and COL4A1¢755% K| ECs before
the cells were analyzed for COL4A1 and COL4A2. Both genotypes exhibit increased collagen IV mRNA
with the addition of ascorbic acid (AA) (Figure 3.35 Left).The untreated COL4A157>5R K| ECs have slightly
lower mRNA levels compared to the WT. However, the ratio of COL4A1 to COL4A2 is unaffected (Figure
3.35 Right).
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Figure 3.35 qPCR of COL4A1 and COL4A2 in WT and COL4A16755R K| ECs. (Left) COL4A1 (E) and COL4A2 (G) primer combinations were used. Triplicates
were performed and averaged. All values are normalized to the EMC7 housekeeping gene and the EC WT is set to 1. (Right) Ratio of COL4A1 to COL4A2
in WT and COL4A16755RKI ECs. WT is set to 1 and other values are normalized to the WT.

3.2.4 Collagen IV expression pattern of COL4A15753R K| ECs in 3D cultures

The COL4A1%7>3R K| is predicted to affect heterotrimer formation and/or structure. Given secretion of
collagen IV requires al-al-a2 heterotrimer formation, the secretion of collagen IV in COL4A1%7>%R K|
ECs was examined in 3D cultures (Figure 3.36). Different time points were analyzed by
immunofluorescence, but extracellular collagen IV was not prominent in the WT cultures until Day 11.
COL4A1 signal can be seen in the extracellular space in both the WT and COL4A1°75°R K| cultures at Day
11 indicating that the COLA4¢7>5R K| ECs are able to form al-al-a2 heterotrimers. However, it remains
to be elucidated if the heterotrimer is formed as efficiently and secreted to the same extent as WT
ECs. Nonetheless, hiPSC-ECs with a homozygous COL4A 157>k mutation can form and secrete collagen
IV al-al-a2 heterotrimers in 3D.

WT

COL4A15755R
KI/KI

Figure 3.36 Secretion and deposition of collagen IV in WT and COL4A16755R 3D cultures. Immunofluorescence images of 3D endothelial cell cultures after
11 days. Note the collagen IV and COL4A1 staining can be observed in the extracellular space in both the WT and Kl cultures.

3.2.5 Perfusion of 3D cultures

The 3D cultures generated in the microfluidic device are more physiological because the endothelial
cells self-organize to form tubes reminiscent of blood vessels. However, these microfluidic cultures
have static media conditions. To increase the physiological relevance of these cultures further, the ibidi
pump system was adapted to perfuse media through these cultures. A proof of principle experiment
was performed in which human blood was successfully perfused through the 3D cultures (Figure 3.37
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Top). Moreover, perfusion of media for 3 days improved survival in one experiment (Figure 3.37
Bottom). However, the thickness of the tubes of the perfused culture appear to be increasing with
prolonged perfusion. The increase in survivability in this experiment is promising but further
optimizations are needed in order to prevent the change in morphology observed after perfusion.

10X
Perfused culture Static culture

v, =2 T

No picture taken

No picture taken

Figure 3.37 Perfusion of 3D cultures with the ibidi pump system. (Top) Perfusion of human blood in 3D endothelial cell cultures. A 4X overview at the
beginning of the perfusion is shown on the left. A 10X image of the erythrocytes entering a culture is shown on the right. (Bottom) 4X images of a culture
perfused for 3 days with normal media. (Day 1 was with 2mbar and days 2 and 3 were with 3mbar). Note that the static culture in day 2 exhibits many

bright areas indicative of dying cells or cell debris and at day 3 more cell death is observed and the tubes are discontinuous. The perfused culture remains
alive at day 3 but the tubes have become substantially larger.

3.3 Chapter summary

Three distinct types of cSVD-causing COL4A1 mutations were edited into human iPSCs to generate
hiPSC lines with these disease mutations. The first mutation causes COL4A1 haploinsufficiency in
patients by creating a frameshift in the middle of the gene. Human iPSC cell lines were generated with
both a heterozygous and homozygous frameshift in exactly the same location as the patients (ClinVar:
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VCV000161440.4). Next, the COL4A1%75R mutation (ClinVar: VCV000161974.16) was knocked into
human iPSCs by utilizing silent blocking mutations. Finally, the 3’-UTR (c.*35C>A) PADMAL mutation
(Clinvar: VCV000689432.1) was scarlessly incorporated the human iPSCs via a two-step editing
strategy based on CORRECT.

Following CRISPR/Cas9 editing of these cell lines, necessary quality controls were performed to verify
the final cell lines used to model COL4A1 monogenic cSVD do not harbor deleterious effects from the
CRISPR/Cas9 editing process. All of the cell lines were examined for a triplication of the BCL2L1 locus
and aberrations of the CRISPR targeted allele via qPCR assays. The top 10 predicted off-target sites
determined by the CFD and MIT algorithms from CRISPOR for each sgRNA used were sequenced in the
edited clones. Nearby heterozygous SNPs rs12864959 and rs617478 were sequenced in each cell line
to ensure LOH had not occurred. Pluripotency markers were only examined in the COL4A1 KO cell lines
but the COL4A1%7R and (c.*35C>A) Kls appeared to have normal iPSC morphology and could be
differentiated into vascular cell types. A fingerprinting PCR confirmed that each cell line was generated
with the A18944 WT human iPSC line. Finally, molecular karyotyping was performed in every cell line
to detect large CNVs. These quality control assays are necessary to confidently attribute disease
phenotypes to the COL4A1 mutations in succeeding experiments.

The COL4A1 KO reduces COL4A1 mRNA levels by approximately half in the heterozygous mutants and
to nearly zero in the homozygous mutants, and immunofluorescence staining also suggests there is a
gene dose dependent decrease of collagen IV in the COL4A1 KO mutants. Moreover, COL4A2 staining
reveals puncta in the heterozygous KO and more prominently in the homozygous KO that could
indicate unpaired collagen IV a2 chains that are unable to form heterotrimers because of an
insufficiency of collagen IV al chains. Unexpectedly the TEER measurements were significantly
increased in homozygous COL4A1 KO clone P1H10. The mRNA expression of several Als and Tls
seemed to be increased in this KO clone. However, a single TEER experiment with other independent
homozygous KO clones revealed a decrease of TEER and additional TEER experiments are necessary to
determine the true effect of a COL4A1 KO on TEER.

COL4A1 and COL4A2 mRNA expression was examined in hiPSC-derived neurovascular cell types
carrying the (c.*35C>A) mutation. There was no significant difference of COL4A1 expression for
endothelial cells or smooth muscles cells. However, pericytes had a significant upregulation of COL4A1
but not COL4A2. In the mutant pericytes, the COL4A1/COL4A2 ratio is perturbed and the disease
mechanisms of PADMAL are likely linked to this ratio.

Endothelial cells derived from hiPSCs harboring the COL4A1%7>f mutation were embedded in a fibrin
gel inside a 3D microfluidic device. These endothelial cells self-organized to form tubes and secreted
collagen IV intro the extracellular space. Therefore, the COL4A1°7>°f mutation does not completely
abolish collagen IV heterotrimer formation in hiPSC-ECs.

Lastly, a pump system was adapted to the 3D microfluidic devices. While survival is prolonged with the
addition of flow, the applied pressure requires further optimization because the morphology of the
endothelial cell tubes drastically changed under flow.
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Chapter 4 Discussion

4.1 CRISPR/Cas9 is a versatile genome editing tool

Three distinct COL4A1 mutations were generated in hiPSCs with the same CRISPR/Cas9 workflow but
each with a slightly different approach. The COL4A1 KO was generated by Indel-induced frameshifts in
exon 28 of COL4A1 through NHEJ. Two additional silent mutations were used to help generate the
COL4A1675R KI. Lastly, a two-step editing strategy incorporating and removing blocking mutations
based on CORRECT (Kwart et al., 2017) was used to achieve a scarless incorporation of the 3’-UTR
(c.*35C>) mutation.

4.1.1 RNP delivery of Cas9/sgRNA complex efficiently edits hiPSCs

As described in the introduction, there are 3 main modes to deliver Cas9 machinery to a cell: DNA,
mMRNA, and protein (Yip, 2020). Delivery of Cas9 using a DNA plasmid is a widely accessible method
already established in our lab. However, transfection of hiPSCs with foreign DNA is typically low.
Moreover, plasmid expression of Cas9 results in sustained expression and increased likelihood of off-
target effects (Wu et al., 2014; Yip, 2020). In order to simplify the editing procedure by foregoing a
selection step and reduce the timeframe of Cas9 expression, delivery of a Cas9/sgRNA RNP complex
was tested and compared to plasmid delivery of the same sgRNA and Cas9 conferring puromycin
resistance for selection.

The Cas9 plasmid and sgRNA 15 rv (targeting exon 28) could achieve 61% Indel generation after 3 days
of puromycin selection. Conversely, delivery of a Cas9/sgRNA 15 rv RNP complex edited 63% of the
hiPSCs (without any selection). Therefore, given similar editing efficiencies in this initial test, Cas9 RNPs
were subsequently used to generate the single cell KO clones and the Kl clones in this thesis.

4.1.2 HDR enhancing compounds reduced Indel formation but did not increase HDR rates

The default DNA repair pathway after a DSB is NHEJ. However, HDR must be utilized in order to
generate a specific KI mutation. For this reason, numerous studies have focused on developing
methods and using compounds to increase the rate of HDR in genome editing experiments (Aird et al.,
2018; Z. Hu et al., 2018; Riesenberg et al., 2019; Riesenberg & Maricic, 2018; Skarnes et al., 2019). In
this work, HDR enhancing compounds M3814 and Alt-R HDR Enhancer were used to promote the HDR
pathway. M3814 is a potent inhibitor of DNA PKcs that has been tested for cancer therapy (Riesenberg
et al., 2019). DNA PKcs activity is required for the NHEJ pathway and ablation of the kinase activity
should favor use of other DNA repair pathways such as HDR (Riesenberg et al., 2019). Alt-R HDR
Enhancer is available from IDT with a proprietary undisclosed composition and structure, but it has
been reported to increase the HDR pathway in hiPSCs (Skarnes et al., 2019).

Initial electroporations for both of the KI mutations using symmetric repair ssODNs and HDR enhancing
molecules did not yield high rates of HDR or the successful isolation of a single cell Kl clone. At the
COL4A157R |ocus with HiFi Cas9 and sgRNA 45 rv, there was 56% Indels and 8% HDR determined by
ICE. Addition of M3814 and Alt-R HDR Enhancer stunted NHEJ and resulting in 0% and 2% Indels
respectively. However, HDR was also reduced as ICE also estimated 0% HDR when these compounds
were added. Given the absence of both NHEJ and HDR, it is possible there was an issue with the delivery
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of the Cas9/sgRNA complex to the cells. The RNP complex was incubated together for the control and
HDR enhancer conditions. There were 56% Indels generated in the control condition indicating the
RNP complex was unaffected during incubation. However, after incubation there could have been a
pipetting error, a bubble in the electroporation cuvette, or degradation of the RNP complex only
affecting the electroporations with the enhancers. A lack of DSB generation in these conditions could
explain the apparent absence of both HDR and NHEJ.

These compounds were also tested during generation of the (c.*35C>A) Kl. Here, the compounds were
added to the media for 48 hours instead of just 24 hours. This was the first test of sgRNA 57 rv and
there was a moderate to low activity of 18% Indels determined by ICE. Interestingly, addition of both
HDR compounds to the media did not seem to inhibit NHEJ at the DSB generated by this sgRNA as
there were 18% and 19% Indels estimated with M3814 and Alt-R HDR Enhancer respectively. However,
HDR was also not increased with the addition of these compounds as every condition produced a
predicted rate of 0% HDR.

4.1.3 Asymmetric repair template design had a small locus dependent effect on HDR

In addition to increasing HDR through addition of small molecules or compounds, several studies
outlined in Section 1.7.5 have investigated the effect of repair template design on HDR editing
outcomes finding that asymmetric designs can result in the higher rates of HDR (Liang et al., 2017;
Richardson et al., 2016; Skarnes et al., 2019; Y. Wang et al., 2018). After generating a DSB, Cas9 first
releases the 3’ end of the strand containing the PAM. This asymmetric release prompted Richardson
and colleagues to design and test asymmetric repair templates complementary to the strand released
first with longer overhangs on the PAM proximal side resulting in increased rates of HDR. Subsequent
studies have also tested asymmetric repair template designs and observed increased HDR but exact
design principles are not agreed upon and the optimal design seems to be locus dependent. Previous
experiments in our lab have utilized asymmetric repair template design, and we also have been unable
to detect a definitive pattern correlating design parameters to rates of HDR. Since the effect of repair
template design seems to be region dependent, it requires testing at each locus. For both the
COL4A1°%7%5R and (c.*35C>A) Kls, an asymmetric repair template was designed to have 67 bp on the
PAM distal side and 33 bp on the PAM proximal side. Original symmetric template design used the
sequence containing the sgRNA to prevent binding of the template with the sgRNA. The new template
sequence, however, was generated from the strand complementary to the sgRNA and the strand
released first by Cas9. An initial test using an asymmetrically designed repair ssODN for the COL4A1¢75R
mutation slightly increased HDR (Figure 3.11). Visual inspection of the highlighted C seems to reveal a
marginally higher T bump indicative of the COL4A1%7>f mutation when the asymmetric repair template
is delivered. ICE approximation confirms this with an estimated 5% and 9% rate of HDR for the
symmetric and asymmetric repair templates respectively. In this experiment, changing from the BTX
electroporation system to the Lonza 4D nucleofector notably increased Indel formation from 56% to
88%. Despite increased Indels in the Lonza 4D nucleofector, the rate of HDR did not clearly increase
with the symmetric repair template.

An asymmetrically designed repair template for the (c.*35C>A) Kl was also tested. Here, the Lonza
electroporation system again increased Indel generation, albeit to a lesser extent, from 18% to 23%.
However, both repair template designs did not generate enough Kl alleles to be detected by the ICE
algorithm. The locus-dependent increase of HDR with an asymmetric repair template design is in line
with previous experiments conducted in our lab.
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4.1.4 Single cell KI clones could not be generated without Indels in the absence of blocking

mutations

Generation of both the COL4A1%7>*f and (c.*35C>A) Kis via the HDR pathway proved challenging in
congruence with low reported rates of HDR in mammalian cells (G. Li et al., 2017; Paquet et al., 2016;
Pickar-Oliver & Gersbach, 2019). Blocking mutations increase the efficiency of HDR editing by
preventing Cas9 nuclease activity after the mutation is incorporated in the DNA (Paquet et al., 2016).

By design, the COL4A1%7°R mutation blocks the most proximal base relative to the PAM of sgRNA 45
rv and should prevent sgRNA 45rv from binding and re-cutting the HDR-edited allele. Nevertheless,
identifying a single cell HDR clone without additional Indels was not achieved even with HDR enhancing
compounds or alternative ssODN designs. After screening 800 clones, 20 single cell clones incorporated
the COL4A1%7>R mutation on at least 1 allele but also had additional Indels indicating HDR was
occurring but not preventing re-cutting.

The initial design of the (c.*35C>A) Kl did not include a blocking mutation. The closest possible sgRNA
(sgRNA 57 rv) cuts the DNA 8 bp away from the mutation. This region of DNA is a noncoding region
making it impossible to implement a silent protein coding mutation. Initial attempts to knock-in the
(c.*35C>A) mutation were plagued with exceedingly low rates of HDR. Moreover, sgRNA 57 rv only
generated 23% Indels even with the Lonza 4D nucleofector. Nevertheless, 1,000 single cell clones were
isolated and screened for the (c.*35C>A) KI. The HDR editing rate was non-zero as sequencing revealed
17 clones with the Kl on at least one allele. Unfortunately, all of these clones also harbored Indels
similar to the clones edited at the COL4A1%7>>® |ocus.

4.1.5 Blocking mutations substantially increase HDR

A new editing strategy implementing two silent blocking mutations was designed for the COL4A16755R
KI. With the addition of the silent mutations, one base of the PAM and the two most PAM proximal
bases of the sgRNA are blocked. The protein sequence is unaltered outside of the disease causing
glycine to arginine substitution. Electroporation using this new repair template with sgRNA45 rv
resulted in 65% HDR editing determined by ICE. This is an unusually high rate of HDR exceeding rates
of NHEJ generated by some sgRNAs in our workflow. The high rate of HDR allowed that only one plate
of clones needed to be screened in this experiment and sequencing of 24 clones yielded 14
homozygous Kl clones. Notably, there were no Indels generated in these 14 clones. Adding two
blocking mutations increased the rate of HDR by more than 7-fold exemplifying the influence blocking
mutations can have on DNA repair outcomes. Observation of increased HDR rates with blocking
mutations close to the PAM is in congruence with previous reports (Okamoto et al., 2019; Paquet et
al., 2016).

While blocking mutations promote efficient KI generation (Okamoto et al., 2019), it is impossible to
design silent blocking mutations in non-coding regions such as the 3’-UTR of COL4A1 where the miR-
29 binding site mutation is located. After single cell clones could not be generated with the (c.*35C>A)
KI without additional Indels, a two-step editing scheme was designed based on CORRECT (Kwart et al.,
2017). Since a single blocking mutation at the first base of the sgRNA binding site was not sufficient to
easily generate a COL4A157>*R K| clone, the first 3 bases that bind to the sgRNA were mutated in the
first step of the (c.*35C>A) CORRECT design. The (c.*35C>A) mutation was also incorporated in this
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step. This 3 base mutation ACA>GGG creates a new PAM for a new sgRNA in the 2" step. It also ensures
that when the GGG is converted back to ACA, the new PAM is destroyed and the cutting activity of the
new sgRNA will be potently inhibited.

Electroporation for the 1% step of the (c.*35C>A) CORRECT editing strategy using the Lonza 4D
nucleofector produced an estimated 80% Indels and 26% KI. There was a staggering increase of Indels
in comparison to the previous edit without the 1% step CORRECT repair template (from 23% to 80%)
with two possible explanations. The sgRNA complex could have not perfectly formed in the first
experiment due to RNAase contamination or another unknown reason. We have observed in previous
experiments in our lab with typically very active sgRNAs that in rare cases they seemingly lose all
activity in RNP electroporations. RNAase contamination in an isolated experiment could degrade the
sgRNA before it is complexed and delivered to the cells. However, in these experiments there is
typically close to zero Indel generation and in the (c.*35C>A) electroporation there was 23% Indel
generation making this explanation unlikely. Visual inspection of the sequencing trace from the 2"
experiment with 80% Indels suggests that many Indels are actually HDR for insertion of the “GGG” in
about 30 to 40% of the sequences. However, because the peak for the (c.*35C>A) K| appears to be
present in less than 10% of sequencing traces it seems that the ICE algorithm took these two events
into account to estimate a rate of 26% HDR. Nonetheless, solely from visual examination from the
sequencing reaction, it appears that the “GGG” was incorporated more efficiently than the (c.*35C>A)
mutation confirming that mutations closer to the cut site of an sgRNA are more efficiently integrated
(Paquet et al., 2016) even when the mutations are introduced on the same repair template. There
were 27 heterozygous and 3 homozygous clones for the (c.*35C>A) Kl identified. All of which were
homozygous for the “GGG” mutation further suggesting that this mutation is more efficiently
incorporated due to its proximity and sgRNA blocking potential.

The 2™ step electroporation of homozygous clone P2G6 was also very efficient with a 44% Kl
determined by ICE. At this locus, blocking mutations strategically placed at the most proximal 3 bases
relative to the PAM or destroying the PAM itself effectively increased HDR repair outcomes and
protected the KI from sgRNA re-cutting (Okamoto et al., 2019; Paquet et al., 2016).

4.1.6 HiFi Cas9 (R691A) mitigated off-target detection in the top 10 predicted in silico off-

target regions

Unintended off-target editing can occasionally occur with the CRISPR/Cas9 system in regions almost
complementary to the sgRNA. Single mismatches to the sgRNA, especially in the PAM distal region that
binds to the sgRNA last, can be tolerated by Cas9 and the DNA can still be cleaved (Hsu et al., 2013).
As the five homozygous COL4A1 frameshift clones were generated with WT Cas9 using sgRNA 15rv
with a low specificity score of 68, the top 5 predicted in silico off-targets from the CFD and MIT
algorithms were analyzed for off-target editing. Four of these five clones exhibited off-target editing
denoted by double peaks indicating a DSB followed by error-prone NHEJ repair. Off-target regions
predicted by both algorithms were affected and in two clones there were even multiple regions
affected. There was only a single clone without detected off-target effects. However, given the high
rate of off-targets (6 off-targets in 50 sequenced regions) it is conceivable that this clone could have
an off-target effect at an unexamined region.
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Additional COL4A1 KO clones were generated using a modified HiFi Cas9 (R691A) that is reported to
tolerate sgRNA mismatches to a lesser extent resulting in reduced off-target effects (Vakulskas et al.,
2018). Five more COL4A1 KO clones were generated by RNP delivery of HiFi Cas9 complexed with
sgRNA 15 rv and sequenced at the same 10 predicted off-target regions. Astonishingly, there were no
detected off-targets. This is in contrast to 12% of the sequenced regions exhibiting off-targets cutting
from clones edited with WT Cas9. The low specificity of sgRNA 15 rv was useful to demonstrate the
reduction of off-target activity with HiFi Cas9 and highlights the importance of selecting sgRNAs with
high specificities.

The sgRNAs designed for the COL4A1¢75R K| as well as the 1%t and 2" step of the miR-29 CORRECT KI
have specificity scores of 82, 76, and 78 respectively. Editing experiments using these sgRNAs were
performed with HiFi Cas9 and the top 5 off targets from the MIT and CFD databases were always
sequenced. The combination of selecting sgRNAs with higher specificities and utilizing HiFi Cas9
resulted in no further off-targets being detected.

4.1.7 Genome editing human iPSCs selects for a triplication of BCL2L1 on chromosome 20

During genome editing, iPSCs are abnormally stressed from culturing techniques such as
electroporation and single cell plating. Stressful culture conditions can enrich for chromosomal
alterations that adapt the cells to the harsh conditions. One of the most common changes is a partial
or complete triplication of chromosome 20 that includes the BCL2L1 locus (Baker et al., 2016). BCL2L1
encodes the long, apoptotic protein Bcl-Xl that enhances human embryonic stem cell survival when
overexpressed (Bai et al., 2012). Naturally, an additional copy of this gene could increase the survival
of hiPSCs in stressful culture conditions.

There was a high frequency of apparent BCL2L1 triplication in single cell clones that were generated in
this thesis. A qPCR using gDNA and primers amplifying BCL2L1 was used to analyze the copy numbers
of this locus in edited single cell clones (Baker et al., 2016). Altogether, 56% (44 out of 79) of the single
cell clones generated from the A18944 WT iPSC line seem to have a BCL2L1 triplication. Given this high
rate of triplication, a mosaic triplication could have occurred at this locus before genome editing and
cells with the survival-enhancing triplication may be favored during single cell clone generation.
Strikingly, electroporation of karyotyped clone P2G6 and sub clone generation during the 2™ step of
the (c.*35C>A) CORRECT editing did not produce any clones with a BCL2L1 triplication in the 15 tested
sub clones. Even if the A18944 WT line is mosaic for trisomy, clone P2G6 would not be because it was
generated from a single cell from the A18944 WT line and later karyotyped. Given that the editing
procedures were performed exactly the same, the elimination of BCL2L1 triplication from edited P2G6
sub clones strongly suggests that the passage of the A18944 WT line used for editing is mosaic for a
BCL2L1 triplication.

4.1.8 OnTEs were nearly absent across all editing experiments

We recently reported that CRISPR/Cas9 editing can generate OnTEs in up to 40% of hiPSC edited clones
and described incidences of insertions, deletions, and complex rearrangements affecting single alleles
(Weisheit et al., 2020). All of the COL4A1 mutants were analyzed for OnTEs by qgPCR as described in
the nature protocols report (Weisheit et al., 2021). There were no copy number variations detected in
the KO or DSM (double silent mutation) COL4A1¢7°R clones tested by qgPCR. Although the qgPCR assay
for exon 30 produced values slightly lower than 2, the values were much closer to 2 than 1.
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Furthermore, the expression of COL4A1 was unaffected, further confirming the presence of two
alleles. Finally, 4 clones from the 1% step and 15 from the 2" step of the (c.*35C>A) CORRECT editing
strategy were tested with a qgPCR assay. Out of all of these clones, there was only 1 clone with an
abnormal copy number variation. Clone P1D5 from the 2™ step had a value of 2.96 indicating a
triplication of this region. We have not previously observed an OnTE triplication but there is potentially
one in this clone.

In addition to loss of an on-target allele, we reported both large and small regions of LOH after
CRISPR/Cas9 editing (Weisheit et al., 2020). To test for small regions of LOH, heterozygous SNPs are
identified close to the edit in the unedited WT line. These SNPs are subsequently genotyped after
CRISPR/Cas9 editing to exclude LOH events at least as large as the distance between the DSB and the
SNP. The SNPs rs12864958 and rs617478 were used to test for LOH in all 3 COL4A1 mutants. These
SNPs range from 53 Kb and 20 Kb upstream and 34 Kb to 67 Kb downstream from the COL4A1
mutations. Genotyping these SNPs in all of the edited cell lines as well as karyotyping with a SNP
microarray did not reveal any LOH events. Nonetheless, it still remains possible that LOH events smaller
than the distance of these SNPs to the sgRNA cut site could have occurred and not have been detected.
Ideally, SNPs would have been selected closer to the edit to potentially identify smaller regions of LOH.
However, in this unedited WT line, several SNPs with a high minor allele frequency greater than 0.3
were genotyped and found to be homozygous. Seemingly, this region of the genome has very little
variability in this cell line, so LOH would either only affect very few SNPs in this region with low impact
on the phenotype of the edited cells, or could not occur at all if the region is completely homozygous.

4.1.9 Karyotyping via a SNP microarray confirms origin of single cell clones and suggests

COL4A1 heterozygous KO lines could be derived from the same clone

All of the clones karyotyped with a SNP microarray were shown to have a potential triplication of
around 500kb in the same region on chromosome 7, a triplication also observed in the parental cell
line. In the two heterozygous KO clones P1D9 and P2H12, there was an additional potential triplication
of 400kb identified on chromosome 12. Closer inspection of these clones reveals they have the same
COL4A1 genotype (-8, WT). These clones were isolated from the same pool of edited cells suggesting
that the same single cell clone was isolated twice. After electroporation, the cells are plated in one
well and recover for a few days before being dissociated with Accutase and plated as single cells. An
edited cell that has divided before the Accutase split would result in two single cell colonies from the
original cell, and if the 400 Kb triplication on chromosome 12 occurred before cell division, it would be
present in both subsequently isolated clones. Alternatively, but much more unlikely, this triplication
occurred twice in isolated events in cells with the same COL4A1 genotype.

4.1.10 Pluripotency stainings performed for COL4A1 KOs reveal no evident loss of
pluripotency

During the expansion of edited single cell clones from a 96-well to a 6-well plate, spontaneous
differentiation is frequently observed. Differentiated cells are easily identified because they often have

flatter morphology or create abnormal clumps or rings in the hiPSC colonies. Differentiated cells can
be removed from the cultures by leaving EDTA on the cells for less time during splitting to keep the
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flatter differentiated cells from detaching or scraping off the differentiated cells with a pipette tip
under a microscope.

To confirm that expanded cell lines remain in a pluripotent state, expression of the pluripotency
markers Nanog, Tra-160, SSEA4, and Oct-4 can be examined. These pluripotency markers were
analyzed in the COL4A1 KO cell lines by immunofluorescence staining without detection of
irregularities. Due to time constraints, the COL4A1%7>R and (c.*35C>A) Kl clones were never examined.
However, the hiPSCs from these Kl clones had no apparent morphological differences compared to WT
hiPSCs and exhibited little to no spontaneous differentiation. The absence of spontaneous
differentiation indicates a high likelihood of pluripotent hiPSCs. Furthermore, endothelial cells and
smooth muscle cells were differentiated from the COL4A1%7>°F K| and endothelial cells, smooth muscle
cells, and pericytes from the (c.*35C>A) Kl with no obvious difference of differentiation efficiency
compared to WT hiPSCs. This suggests that the hiPSCs maintained pluripotency during editing and that
the mutations do not have a major impact on the capability of these vascular cell types to be
differentiated. However, this was not systematically investigated and only mesoderm derived
differentiations were performed with these cells. Further experiments demonstrating expression of
pluripotent markers in the Kl iPSCs and measurement of differentiation efficiency into vascular cell
types would determine the impact, if any, of the COL4A1 mutations on vascular differentiation
capability.

4.2 Characterization of Collagen IV expression in the COL4A1 mutants

CRISPR/Cas9 KO generation leverages the error-prone NHEJ repair pathway to induce a frameshift in
a coding region that introduces a premature termination codons (PTCs) in the mRNA. This in turn
initiates NMD of the mRNA creating a gene KO (Shalem et al., 2015). However, the presence of a PTC
does not always dictate that NMD will occur and gene expression will be completely ablated.
Alternative splicing and exon skipping have been widely reported in CRISPR/Cas9 edited cells
occasionally resulting in incomplete protein KO or expression of mutant protein isoforms (Kapahnke
etal., 2016; Mou et al., 2017; Tuladhar et al., 2019). NMD typically does not result from PTCs less than
50-55 nucleotides upstream of an exon-exon border because the exon junction complex (EJC), which
is responsible for initiating the NMD pathway, is removed from the mRNA. If a PTC lies more than 50-
55 nucleotides upstream from the exon-exon border, the EJC is less likely to be removed allowing NMD
to occur (Popp & Maquat, 2016).

Mutations in the two families with a COL4A1 reduction both have a -1 frameshift that introduces a PTC
54 nucleotides from the exon 31-32 border (Lemmens et al., 2013). There was NMD of the mutant
COL4A1 transcripts in both of these families. Generation of the COL4A1 KO with sgRNA15 rv targets
the exact location of the (c.2085del) in family A of the study. A -1 frameshift here introduces the same
PTC and should also cause NMD. Moreover, the other possible frameshift (-2) at this location
introduces a PTC that is 91 nucleotides upstream from the exon 29-30 border and should similarly
result in COL4A1 mRNA NMD.

If NMD occurs in frameshift alleles, assuming no compensating expression mechanism, heterozygous
KO clones would be expected to have a reduction to approximately half of the levels of COL4A1 mRNA
compared to the WT and the homozygous KOs would be expected to have a severe reduction. The
expression of COL4A1 and COL4A2 was examined by qPCR in endothelial cells with a homozygous and
heterozygous KO genotype with results exactly in line with this prediction. Homozygous KO clones
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P1H10 and P2H5 both have less than 10% COL4A1 mRNA relative to the WT and the heterozygous
clones P1D9 and P2H12 exhibited 80% and 50% of COL4A1 mRNA relative to the unedited WT.
Moreover, normalization of COL4A1 mRNA to COL4A2 mRNA reveals that both of these heterozygous
KO clones have nearly half of the ratio of COL4A1 to COL4A2.

Furthermore, collagen IV immunofluorescence staining of 2D-cultured endothelial cells from
heterozygous KO clone P2H12 and homozygous KO clone P1H10 mirrors the gPCR results. There is an
obvious decrease of fluoresce in the collagen IV heterozygous KO that is further reduced in the
homozygous KO. It must be noted, however, that this collagen IV antibody is not specific and reacts
with all 6 collagen IV a chains. Nonetheless, while not presently confirmed in this model, it is very
probable that COL4Al1 and COL4A2 are the predominantly expressed a chains. Brain specific
endothelial cells principally express COL4A1 and COL4A2 (Xu et al., 2019), but these cells are in 2D
monoculture and have not received signals from other NVU cells so they may not be entirely brain
specific. Nonetheless, al and a2 are solely expressed during early embryonic development
(Khoshnoodi et al., 2008) and hiPSC-derived cells often display a fetal cell phenotype. For example,
mesenchymal stem cells (MSCs) derived from iPSCs develop a fetal transcriptomic signature and
secretome regardless of the age of the donor (Spitzhorn et al., 2019). Additionally, iPSC-derived
neurons are known to express primarily the fetal ON3R tau isoform (Miguel et al., 2019). Therefore, it
can be speculated that hiPSC-derived ECs predominantly express the al and a2 chains of collagen IV.

4.2.1 COL4A1 and COL4A2 mRNA seem to fluctuate in hiPSC-EC cultures

During angiogenesis, there is a distinction between leading tip cells that migrate towards VEGF
gradients and the following stalk cells that proliferate to form a lumen and support the elongation of
the vessel. Leading tip cells predominantly express VEGFR2 with low notch1 signaling and stalk cells
express more VEGFR1 resulting from high notchl (Blanco & Gerhardt, 2013). VEGFR2 is the principle
mediator of VEGF produced angiogenesis and is responsible for migration, survival, proliferation, and
tube formation. Contrastingly, VEGFR1 serves as a decoy receptor thereby limiting the VEGF activity in
the cell (Blanco & Gerhardt, 2013). Notch signaling has long been known to be an important mediator
of cell cycle arrest and contact inhibition in endothelial cells (Noseda et al., 2004). Recently, notch1
signaling was demonstrated to control the activity of GTPase rab10 that was necessary for LH3
trafficking to collagen IV containing vesicles and consequently collagen IV secretion (Gross et al., 2021).
Building from this, tip cells with high VEGFR2 and VEGF signaling in combination with low notch
signaling would exhibit stunted collagen IV secretion while trailing stalk cells with higher VEGFR1
expression and notchl signaling would support secretion of collagen IV into the BM to stabilize the
formed vessel.

Given the difficulty to predict the complicated interplay of signaling pathways of tip cells and stalk cells
in 2D EC cultures, it is likely difficult to assess small changes of COL4A1 mRNA that may result from the
(c.*35C>A) KI. After endothelial cells are plated following a split or MACS sorting, they rapidly
proliferate until a confluent layer is formed. At some point, the confluent endothelial cells will undergo
contact inhibition and upregulate notch signaling. Small differences in plating density could potentially
impact the timing of contact inhibition in a given culture, drastically impacting gene expression
especially at the mRNA level. Following MACS sorting, the CD-144 fraction is counted with a Neubauer
chamber and plated. Counting cells with this method can produce errors estimated to be around 10%
in either direction (Collins et al., 2010). Such variability may mask the effect of genetic COL4A1
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mutations, which could potentially explain why there was no detected increase of COL4Al in the
(c.*35C>A) KI endothelial cells.

4.2.2 Silent mutations incorporated in the COL4A1%75°R KI do not impact COL4A1 expression

Mutations that alter the DNA sequence of a protein-coding gene but retain the same protein sequence
are typically characterized as “silent” mutations. However, these mutations are not always innocuous
as they can alter splicing and mRNA folding leading to changes in protein expression (Chamary & Hurst,
2009). COL4A1%7*R carriers have a (c.2263 G>A) mutation that changes the codon from “GGG” for
glycine to “AGG” for arginine. However, in the DSM COL4A1°755® hiPSCs clone the codon for arginine
in this position is “AGA”. Moreover, the codon for proline in position 754 was changed from “CCC” to
“CCU”. Even though these codons frequently appear in the COL4A1 transcript and makeup roughly one
third of the codons for both of these amino acids, COL4A1 expression could still be affected by the
integrated silent mutations. An initial qPCR experiment analyzing COL4A1 and COL4A2 in DSM
COL4A15755R K| endothelial cells seems not to confirm this hypothesis. Although there appears to be a
slight reduction in COL4A1 upon first glance, there is no effect if COL4A1 is normalized to COL4A2.
Slight differences in culture conditions described in section 4.2.2 likely explain the small observed
difference prior to COL4A1 normalization.

4.2.3 COL4A15755R KI endothelial cells readily secrete collagen IV in 3D

The COL4A1°7>R mutation causes cSVD with ICH and white matter disease in the absence of
porencephaly (Jeanne & Gould, 2017). Glycines in the triple helix domain are nudged towards the
center of the heterotrimer triple helix through hydrophobic interactions and easily fit there due to
their small size (Chioran et al., 2017). Heterotrimer formation is likely affected by the COL4A167%R
mutation that replaces a glycine with a large polar arginine in the triple helix domain. Secretion of
collagen IV only occurs with fully formed and post-translationally modified heterotrimers.
Furthermore, the extent of intracellular collagen IV accumulation in mice is correlated with the position
of the glycine mutations. Mutations in the triple helix domain closer to the NC1 domain result in higher
intracellular accumulation (Jeanne & Gould, 2017). It is believed that missense mutations near the
beginning of the formation of the triple helix, next to the NC1 domain, are more deleterious to proper
folding of the helix. The COL4A1¢7%°® mutation occurs around the middle of the triple helix domain and
it is unclear how this mutation affects triple helix formation and secretion. Affected patients harbor a
heterozygous mutation but the hiPSCs generated have a homozygous incorporation of the COL4A16755}
mutation. This implies that in patients, assuming each allele is equally expressed and localized in the
ER, 25% of the heterotrimers will be unaffected, 50% have one affected al chain, and 25% have both
affected al chains (Kuo et al., 2012). In the hiPSC model, the DSM COL4A1¢755® K| cells will express the
mutation on all al chains further challenging heterotrimer formation.

Immunofluorescence staining of collagen IV in the 3D cultures generated by COL4A1%7>°f K| endothelial
cellsillustrates substantial collagen IV in the extracellular space. Importantly, the collagen IV must have
been produced by the endothelial cells because they are embedded within a fibrin gel. In 2D cultures,
collagen IV in the fetal bovine serum of the media can potentially be deposited on top of the cell layer
through interactions with pre-existing laminin networks produced by endothelial cells. In the 3D
cultures, this would only be possible if either the collagen IV in the serum of the media diffused through
the fibrin gel or penetrated the endothelial cell barrier. Given that widespread collagen IV deposition
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was not observed in 2D endothelial cell cultures with COL4A1 homozygous KO clone P1H10, there is
very little to no collagen IV in the serum of the media and it is extremely unlikely that it contributed to
the collagen IV deposition in the 3D experiment with the COL4A1¢755® KI. The deposition of collagen IV
in the COL4A1°75°® K| culture appears comparable to the WT culture 11 days after tube formation.
However, this needs to be repeated and quantified before concrete comparisons can be established.

Nevertheless, if there truly is comparable collagen IV secretion in a homozygous human mutant, ER
stress is not a likely contributor to cSVD from this mutation. Moreover, if BM deposition is comparable
to WT cells, cSVD progression in these patients is likely also not driven by a deficiency of collagen IV
heterotrimers in the BM. Therefore, the most likely causal mechanism for disease progression would
be deposition of mutant heterotrimers in the BM affecting the physiology in an unknown manner. The
COL4A1°755R mutation does not overlap with known binding sites for integrins, laminin, fibronectin, or
HSPG (Parkin et al., 2011). Nonetheless, unknown binding sites for other molecules could be affected
by this mutation or collagen IV networks formed with this mutation could be inherently unstable
leading to an overall instability of the NVU that could increase the risk of ICH in patients. EM (electron
microscopy) studies of mutant heterotrimers could potentially elucidate if there is an altered
suprastructure that may contribute to an unstable BM.

4.2.4 Unexpected TEER measurement from KO: potential compensating mechanism or

clonal effect?

Endothelial cells derived from the COL4A1 KO clone P1H10 display increased TEER values relative to
the control WT cells on gelatin and fibronectin coatings. Both of these ECM molecules can bind to 1
integrins on the endothelial cell surface (Barczyk et al., 2010; Davidenko et al., 2016). Cell-matrix
signaling regulated by B1 integrin binding ECM molecules has been shown to be necessary for normal
AJ and TJ organization and function (lzawa et al., 2018; Osada et al., 2011; H. Yamamoto et al., 2015).
If the COL4A1 KO endothelial cells upregulated integrin expression in response to a COL4A1 deficiency,
increased integrin binding to a given substrate could enhance AJ and TJ expression and orientation to
produce a tighter barrier. Furthermore, increased integrin expression on the cell surface could recruit
abnormally high amounts of laminin to the cell surface to create an overcrowded and dysregulated
extracellular matrix potentially explaining the strikingly thickened basement membrane observed in
fibroblasts from patients with COL4A1 haploinsufficiency (Lemmens et al., 2013). Characterization of
B1 integrin expression in KO endothelial cells through gPCR, western blot, and immunofluorescence
can determine if there are differences between COL4A1 KO and WT endothelial cells.

However, two additional homozygous COL4A1 KO clones were differentiated into endothelial cells and
failed to reproduce the increased TEER value demonstrated by clone P1H10. Differentiations with
additional untested KO clones in parallel with clone P1H10 can elucidate the true effect of a COL4A1
KO on TEER. Moreover, a permeability assay using dextran could provide an alternative measurement
that serves as a proxy for barrier strength. Since COL4A1 is the main scaffolding of the BM and provides
necessary structural support to the NVU, it would not be surprising if the increased TEER observed with
COL4A1 KO clone P1H10 was caused by a non-specific side effect of genome editing. During
CRISPR/Cas9 editing, a single cell is edited and gives rise to an entire mutant cell line. If there are any
genetic or epigenetic alterations in the original cell or in the first few dividing cells, the entire cell line
will be impacted. To account for genetic changes, SNP karyotyping was used to ensure that large
aberrations have not occurred. Furthermore, SNP genotyping probed for smaller events of LOH near
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the edit. Lastly, off-target sequencing examined the ten most likely regions for off-target editing.
However, it remains a possibility that an undetected region of LOH, off-target effect, or point mutation
is present in clone P1H10 that affects the TEER in an unpredictable manner. Moreover, hiPSCs can be
epigenetically unstable (Rebuzzini et al., 2016; Yoshihara et al., 2017) and single-cell clones can be
affected in unexpected ways. To account for this, several clones with the same mutation can be used
to help identify outliers that may have a phenotype driven by a clonal affect as opposed to the edited
genotype.

4.3 Strengths and limitations of the monogenic COL4A1 cSVD human iPSC model

Every model organism or system has advantages that can be exploited, as well as limiting
disadvantages. The hiPSC system has the obvious advantage that human cells are being directly
investigated to study a human disease. Moreover, an in vitro system is easily manipulable allowing
complete control of cell types and genotypes and is very easily visualized. This is an advantage
compared to in vivo models where small capillaries are difficult to visualize and cellular control of
genotypes is complicated. Nevertheless, because an entire organism is not recapitulated, complicated
disease progression involving organ interactions, for instance, will fail to be represented in vitro.
Moreover, the timescale of cell cultures is drastically different compared to disease progression in
human patients and phenotypes may take longer to develop than is permitted by culture survival. In
addition, 3D microfluidic devices can be restrictive in terms of experimental design and availability
because researchers are limited to commercially available chip designs or require specialized
knowledge to design and produce custom devices. Furthermore, it remains difficult to use these
devices to model small capillaries in the range of 5 um in diameter.

4.3.1 The 3D microfluidic in vitro system in this work provides easy visualization and

complete cellular control

Direct visualization of the small cerebral vessels affected in cSVD is impossible in patients (Chojdak-
tukasiewicz et al., 2021). Visualization of cerebral vessels in live mice has been achieved with 2-photon
imaging (Hill et al., 2015), and even optogenetic control of mural cells in the brain has been established
(Tong et al., 2021). In some studies, the retinal vasculature has been explanted to serve as a proxy for
the cerebral vasculature for live imaging measurements (Ratelade et al.,, 2020). These methods,
however, are technically complicated and require specialized equipment. Conversely, in vitro systems
allow unrestricted visual access as well as genetic manipulation of the system. Specifically, the
microfluidic device used for 3D gel-embedded cultures in this work is compatible with microscopy of
live and fixed cultures (Campisi et al., 2018). Individual cell types can be easily labelled with fluorescent
reporters or encoded with optogenetic sensors. Moreover, independent differentiations of each NVU
cell type warrants complete control of mutant and WT cellular combinations in co-cultures allowing
the study of cell-specific contributions to disease phenotypes. Permeability assays using a fluorescent
molecule such as dextran can easily be applied to this 3D culture system to investigate barrier integrity
in real time. Taken together, unhindered visualization and control of cellular composition are clear
advantages of the hiPSC model.

4.3.2 Comparison of animal models to a human cellular system
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Mouse models have been extensively used to elucidate features of COL4A1 related cSVD (Jeanne &
Gould, 2017; Joutel & Faraci, 2014; Ratelade et al., 2020). However, one primary goal of disease
research is to develop treatments for disease and often human systems are required for drug screening
and clinical translation. A mere 8% of cancer-treatment drugs deemed effective in mice translated to
humans with a similar effect (Mak et al., 2014), and more than 400 clinical trials to treat Alzheimer’s
disease developed from animal models failed to be successful (King, 2018).

This does not detract from the value of mouse and other animal models. In fact, collagen IV al and a2
chains share 90.6% and 83.5% identity between mice and humans respectively (Muthukumaran et al.,
1989). Other animal models have been used to examine collagen IV disease mutations as well as
investigate basic collagen IV biology. Glycine substitutions in COL4A1 and COL4A2 orthologues in the
C. elegans hinted at intracellular accumulation as a disease mechanism before it was detected in
corresponding mouse models (Gupta et al.,, 1997). Studies in drosophila have demonstrated the
importance of collagen IV to stabilize the BM (Borchiellini et al., 1996) as well as helped elucidate
important aspects of collagen IV biology including the function of TANGO1 (M. Liu et al., 2017) and
involvement of Rab-10 in collagen IV transport (Lerner et al., 2013). Animal models are advantageous
because they encompass the entire organism but they lack human biology on a cellular level.
Conversely, human models exemplify human biological context to fill this niche. Human cellular models
are beginning to strive towards recapitulating more aspects of an organism by expanding in 3
dimensions with the development of organoids and other 3D culture systems (Campisi et al., 2018; C.
Liu et al., 2018; Rowe & Daley, 2019). Great strides continue to be made to this effect but currently
the complex biology of an entire organism cannot be fully recapitulated in vitro. Taken together,
collagen IV disease related research will presently benefit the most by combining available in vivo and
in vitro models and exploiting the strengths of each system.

4.3.3 Advantages and drawbacks of the 3D NVU model

The 3D microfluidic setup (Campisi et al., 2018) used in this thesis more accurately depicts the human
brain vascular biology compared to 2D cultures. The 3D NVU model mimics angiogenesis with self-
organized endothelial cell tubes. Moreover, the use of a fibrin gel dictates that the cells secrete their
own ECM as opposed to adhere to a pre-coated ECM protein on a 2D surface.

Nevertheless, the system has some drawbacks. One major disadvantage is the cost and availability of
the microfluidic devices used to generate the cultures. Each microfluidic chip costs around 25€ and can
be used for 3 cultures that must be created simultaneously. Given that iPSC culture is typically an
expensive endeavor, the cost of these microfluidic devices could hinder a project with a limited budget.
Moreover, there is a single manufacturer of these devices and a limited number of distributors. The
delivery of these microfluidic devices has proven to be problematic taking in the range of half of a year
to arrive. However, a recently published protocol details how to construct these microfluidic devices
in house and presents a possible solution (Hajal et al., 2022). Not only would this eliminate most of the
associated cost and create unlimited accessibility, but it would also confer design flexibility. Requiring
specialized knowledge, assembling the microfluidic devices in-house would be difficult to set up but
once established would provide substantial benefits.

Due to their small size, there is limited cellular material available for mRNA and protein analysis from
experiments in these microfluidic devices. Manufacturing the device in-house would eliminate this
problem as larger devices could be designed. This would likely support qPCR analysis and RNA-seq
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methods as well as protein analysis by western blot. A proteomics study, however, would be inherently
difficult because separation of the cellular components from the fibrin gel remains a challenge and the
abundance of fibrin would dilute out the signal from other proteins in mass spectrometry analysis.

Lastly, these 3D microfluidic cultures are designed to more closely mimic in vivo processes. However,
in our hands the cultures do not consistently survive for more than 2 weeks. These cultures are short-
lived and the conditions remain constant. However, human brain development continues with a
massive production of astrocytes just after birth (Robertson, 2014), myelination lasts several decades
(Jakovcevski et al., 2009), and the brain vasculature responds to external neural activity by adjusting
cerebral blood flow to meet nutritional and oxygen requirements (Ashby & Mack, 2021), and the
vasculature must constantly adapt to a changing brain. Presently, the 3D microfluidic cultures do not
fully recapitulate an adaptive cerebral vasculature. Moreover, patients will COL4A1 disease mutations
do not display cSVD symptoms for the first several decades of life (Lemmens et al., 2013; Verdura et
al., 2016), which makes it very challenging to model the disease in a two-week 3D culture. Collagen IV
deposition was visible after 11 days in the 3D cultures but should continue to increase with a longer
culturing time. Increased production and/or deposition of collagen IV should reproduce more aspects
of cSVD and greatly improve this model. Extending the culturing time of the microfluidic 3D cultures
by enhancing their survival would greatly improve their value in disease modeling.

4.3.4 Application of flow to the 3D NVU model

Introducing physiological flow in these cultures will likely improve the lifetime of these cultures. This
would not only provide a constant supply of oxygen and nutrients to the cells, but also subject the cells
to shear stress which is an important regulator of gene expression in endothelial cells. It has been
established that flow-induced sheer stress causing morphological changes to ECs making them become
elongated and oriented in the direction of flow (Galbraith et al., 1998). Apoptotic pathways have been
shown to be inhibited in ECs by shear stress (Dimmeler et al., 1996). Moreover, nitric oxide synthase
(Uematsu et al., 1995) and TJs such as occludin and ZO-1 (Chistiakov et al., 2017) are demonstrated to
increase in ECs under shear stress.

An additional potential benefit of long term cultures is the replacement of the fibrin gel with cell-
generated ECM. Fibrin is primarily found in blood clots and plays an essential role in wound healing
(Laurens et al., 2006). When necessary, plasmins (H. Smith & Marshall, 2010) and MMPs (Hotary et al.,
2002) can degrade fibrin. If long-term cultures can be established, it is conceivable that most or all of
the fibrinis degraded and replaced with ECM deposited by the cultured cells, which would more closely
recapitulate the BM of the human brain.

Moreover, integrins form focal adhesion complexes on the endothelial cell surface binding to laminins
and collagen IV in the BM. There is evidence that these integrins can act as force sensors measuring
the shear stress induced by blood flow (Chistiakov et al., 2017; Kechagia et al., 2019). In COL4A1 mutant
cultures, especially the COL4A157>R where the COL4A1 structure is modified, there could be a deficit
of integrin binding causing a phenotype that may only be detected with a culture subjected to flow.
Taken together, the enormous impact shear stress has on the endothelial cell phenotype makes it a
critical aspect to model within the 3D NVU in vitro model.

4.4 Outlook and future perspectives
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There are several experiments that can build on what has been described in this thesis. The main part
of this thesis focused on the generation of the COL4A1 mutant cell lines, and this has been successfully
achieved. The path to elucidate disease-relevant phenotypes using these cell lines has been paved and
begun to be traversed. In this section, the most important follow-up experiments are outlined.

4.4.1 Determination of a conclusive effect of COL4A1 mutations on TEER

Given that ECs from KO clone P1H10 consistently produced higher TEER values compared to WT ECs
but two other KO clones produced lower values in a single experiment, it remains to be determined
what the true effect the COL4A1 KO is on TEER and barrier properties. EC differentiations should be
repeated with these two KO clones in parallel with clone P1H10 and monocultures TEER experiments
should be repeated at least 3 independent times. If there are still conflicting results, the 4 homozygous
KO clones that have off-target effects can also be tested under the assumption that the off-target
effect will not have an impact on the barrier strength.

Once a conclusive effect of COL4A1 KO is determined, a rescue experiment could be performed in
which COL4A1 is expressed in the KO ECs by delivery of COL4A1 mRNA via LNPs, for example, while the
TEER is measured to determine if the loss of COL4A1 is responsible for the changed TEER value. Even
simpler, to determine if intracellular or extracellular loss of COL4A1 contributes to the altered barrier,
the ECs can be plated on collagen-IV coated transwells for a TEER measurement.

The TEER values generated by DSM COL4A1°7*R and (c.*35C>A) Kl endothelial cells should be
evaluated. Since the tested COL4A1 KO clones produced conflicting results, at least 3 clones should be
tested for each KI. Currently, there is only 1 completely quality controlled Kl clone for each mutation
but there are 4 additional genotyped clones with a homozygous COL4A1%7>°f mutation and 13 with the
(c.*35C>A) mutation that can be used to corroborate a TEER experiment with the quality-controlled
clone. Only if conflicting TEER results are observed do additional clones need to be subjected to further
QC experiments.

Nonetheless, the (c.*35C>A) KI may not have a drastic impact on the TEER as the phenotype would be
the result of slight increases of the collagen IV al chain that likely take longer to develop than the
length of a standard TEER experiment. The COL4A1%7>R KI, conversely, seems to secrete mutant
collagen IV that may differentially impact BM stability or impact physiological cell-matrix signaling. In
agreement with previous reports, addition of ascorbic acid to the media increased COL4A1 and COL4A2
on the mRNA level in both WT and COL4A1¢735® K| ECs (Kishimoto et al., 2013). Supplementation with
ascorbic acid could exacerbate a collagen IV related phenotype and should be tested in a TEER
experiment.

A co-culture TEER experiment with the incorporation of mural cells is an important experiment after
monoculture TEER is characterized for the COL4A1 mutants. Mural cells produce more collagen IV than
endothelial cells (Vanlandewijck et al., 2018), and this has been confirmed in our iPSC-derived SMCs
and PEs on the mRNA level. Especially for the COL4A1%7>°R K| where secretion of mutant collagen IV
could be driving the cSVD phenotype, addition of mural cells should deposit more collagen and
intensify any phenotype in comparison to WT cells. Finally, addition of astrocytes to create a triculture
will increase the physiological relevance. Astrocytes secrete several signaling factors that upregulate
TJsin ECs (Abbott et al., 2006; Alvarez et al., 2011; Dehouck et al., 1990) that could increase TEER and
tease out small differences such as those expected from the (c.*35C>A) mutation.
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In addition, dextran permeability assays would provide a complementary measurement of barrier
strength in the COL4A1 mutants. Given that breakdown of the BBB in cSVD and stroke can be attributed
to disruption or loss of TJs (Quick et al., 2021; Y. Yang et al., 2007), it is imaginable that the COL4A1
disease causing mutations cause TJ abnormalities thereby decreasing both TEER and permeability
values.

4.4.2 Complete characterization of TJs expression and organization

Mentioned above, there is a breakdown of the BBB in cSVD that is likely caused by defective TJs. To
investigate this in COL4A1 monogenic cSVD, close examination of TJ expression and organization
should be performed for all of the COL4A1 mutants. It is conceivable that TJ structure and/or
expression is affected and could be an indicator of a possible disease mechanism. Collagen IV binds to
B1 integrins on the endothelial cell surface (Barczyk et al., 2010). Moreover, collagen IV signaling
through B1 integrins is necessary for normal VE-Cadherin, claudin-5, occludin, and ZO-1 expression as
well as organization and is an important component for BBB maintenance and microvessel stability
(Izawa et al., 2018; Osada et al., 2011; H. Yamamoto et al., 2015). Therefore, key AJ and TJ proteins
should be systematically analyzed by immunofluorescence. Seeding density should be carefully
controlled in order to achieve comparable densities of fixed cells and quantifications should be made
of the mean fluorescence of the junction proteins normalized to DAPI. Additionally, high magnification
images should be captured and junctional boundaries closely inspected to distinguish discontinuous
junctions that could be present in the mutants. Finally, EM studies can help elucidate difference in TJ
structure between WT and COL4A1 mutants.

4.4.3 Quantification of ER stress and intracellular accumulation of collagen IV

Collagen IV mutations have been reported to cause intracellular accumulation of the protein (Jeanne
et al., 2015; Jeanne & Gould, 2017; Joutel et al., 2016; Murray et al., 2014). This has been considered
a potential collagen IV disease mechanism as intracellular retention can initiate the unfolded protein
response (UPR) and cause ER stress (F. Jones et al., 2016; Murray et al., 2014; D. Wang et al., 2017).

One method to examine intracellular accumulation of collagen IV in mutant cells exploits the capability
of bacterial collagenase to digest the collagenous triple helix domain but not the 7S or NC1 domains
thereby preserving their quaternary structure. Secreted heterotrimers form dimers through sulfilimine
bonds between two NC1 domains and this never occurs intracellularly (Vanacore et al., 2009). A
western blot following a collagenase digest using an NC1 domain specific antibody can discriminate
between dimers and monomers (Boudko et al., 2018). Given that dimers only form outside the cell, a
decrease of dimers relative to monomers would suggest that less collagen IV is being secreted. While
this is an indirect method, differences between NC1 monomers and dimers can be attributed to the
COL4A1 mutations and a reduction of extracellular dimers may correlate with increased ER stress.
Consequently, ER stress should be investigated in parallel to further support and strengthen the results
from this experiment.

ER stress can be directly analyzed by qPCR and WB in 2D endothelial cell and mural cell cultures.
Commonly used ER stress markers include ATF6, elF2a, CHOP, and BiP as well as the UPR markers
Dnajb1 and PDAI3 (Abdullahi et al., 2017). Moreover, tunicamycin can be used as a positive control to
induce ER stress within the in vitro hiPSC model (Abdullahi et al., 2017). Most likely, the highest levels
of ER stress and intracellular accumulation will be observed in the homozygous COL4A1 KO because
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the a2 chain is still expressed on the mRNA level, it cannot form heterotrimers, and in endothelial cells
it seems to be localized intracellularly in distinct punctate (Figure 3.28). As mentioned previously,
these punctate can be quantified and a correlation between their number and ER stress should be
closely examined.

4.4.4 RNA-seq and proteomics study of COL4A1 mutants

COL4A1 mRNA expression in the mouse brain is highest in pericytes followed by SMCs and ECs
(Vanlandewijck et al., 2018). Preliminary data from the hiPSC-derived cells in this thesis mirrors the
same trend. COL4A1 mRNA expression was highest in WT hiPSC-derived pericytes compared to SMCs
and ECs. Moreover, a significant increase of COL4A1 was only observed in pericytes derived from the
(c.*35C>A) KI. Therefore, an RNA-seq and proteomics study of (c.*35C>A) Kl pericytes as well as
COL4A1°7%R K| and COL4A1l heterozygous and homozygous KO pericytes would be particularly
interesting. The high expression of collagen IV in pericytes combined with a monogenic cSVD COL4A1
mutation is very likely to generate transcriptomic and proteomic changes related to a disease
phenotype. Bulk RNA sequencing and proteomics of 2D COL4A1 mutant pericytes would yield several
differentially expressed genes that could be further investigated and connected to cSVD. Moreover,
an RNA-seq and proteomics study could be used to confirm results from other experiments such as an
ER stress pathway analysis. Finally, if there are interesting results from TEER experiments, TJ analysis,
or even B1 integrin expression, an RNA-seq and proteomics study on the affected mutant ECs could be
used to further investigate the affected pathway.

4.4.5 Characterize the COL4A1 mutants in 3D microfluidic cultures

Preliminary experiments demonstrated that the COL4A1%7>f mutation does not completely abolish
the secretion of collagen IV in 3D cultures. The extent of collagen IV deposition by COL4A16755R K|
endothelial cells should be quantified and compared to the WT. The same experiment and
quantification should be performed for the (c.*35C>A) Kl and both COL4A1 KO genotypes to get a
better understanding about the extent of collagen IV secretion by these mutants in 3D. Moreover, it
will be interesting to examine if the same collagen IV a2 punctate observed in 2D are also present in
3D cultures.

Given that collagen IV is the main stabilizing molecule of the BM (Reed et al., 2019), COL4A1 mutants
may not establish a complete collagen IV network to sufficiently stabilize vessels predisposing patients
to ICH. Dextran permeability assays of 3D cultures that have had sufficient time to generate an ECM
may elucidate small differences caused by these COL4A1 mutations. However, COL4A1 and COL4A2
null mice do not display impaired basement membrane formation (P6schl et al., 2004) and
COL4A1%**mutant mice do not exhibit cerebral hemorrhaging when a surgical birth is performed
suggesting that the vasculature is properly formed but fragile without the stability conferred by normal
collagen IV in the BM (Gould et al., 2006). Seemingly, even the most drastic COL4A1 mutations do not
impact the vasculature directly but rather destabilize it and predispose it to damage from previously
benign stressors. Static 3D cultures do not impose much stress on the endothelial cell tubes. Exposing
the cultures to external stress may be imperative to effectively elucidate differences caused by the
COL4A1 mutants and using a pump system to introduce flow could achieve this. Different levels of
pressure can be applied to the cultures while dextran is perfused. Using the ibidi pump, the pressure
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can be increased stepwise until the cultures rupture. This could elucidate small differences of vessel
stability between cultures of different genotypes.

4.5 Conclusion

There are several mutations identified in COL4A1 associated with cSVD. The majority of mutations are
glycine substitutions in the triple helix domain but other mutations such as frameshifts and 3’-UTR
mutations have also been reported and linked to cSVD. However, the specific disease mechanisms
remain unknown. COL4A1 mouse models have vyielded numerous insights furthering our
understanding of monogenic COL4A1 c¢SVD. However, complementary human models have been
underutilized in COL4A1 cSVD research.

In this work, hiPSC and CRISPR/Cas9 technology were exploited to provide the tools to investigate the
contribution of three distinct familial COL4A1 cSVD causing mutations within a human system. A
frameshift KO (Clinvar: VCV000161440.4), triple helix domain glycine substitution COL4A167>R
(Clinvar: VCV000161974.16), and 3’-UTR (C.*35C>A) PADMAL mutation (ClinVar: VCV000689432.1)
were independently edited into the genome of separate hiPSC lines using the versatile CRISPR/Cas9
system. These generated hiPSC lines were rigorously quality controlled.

Finally, the collagen IV expression was characterized in these lines. The frameshift KO was found to
have intracellular a2 puncta in differentiated endothelial cells. In 3D cultures, the COL4A1%7>>f K| does
not completely inhibit the secretion of collagen IV by endothelial cells. Pericytes express more collagen
IV than smooth muscle cells and endothelial cells on an mRNA level and exhibit increased COL4A1
expression in the (c.*35C>A) mutant. At this preliminary stage, there are no definitive links between
the mutations and cSVD but the tools to elucidate them have been developed. The experiments
outlined in section 4.4 may uncover mechanisms that link these mutations to cSVD.
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