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ABSTRACT OF THE DISSERTATION

Heterogeneity of Brain Pericytes after Ischemic Stroke

by

Thanh Thuy Dan Pham

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2021

Professor S. Thomas Carmichael, Chair

Stroke is the number one leading cause of adult disability in the US. While medical intervention
has significantly decreased mortality rate; stroke survivors still face devastating disability that affect
their quality of life. With limited therapeutic interventions, promoting the brain repair and recovery
remains an unmet need in medical sciences. While the brain has limited regeneration capability, its
endogenous reactive and repair mechanism is not well-understood.

Pericytes, a less-well-understood member of brain, are a heterogenous population of
perivascular cell that regulate development and maintenance of structural elements of the blood brain
barrier, vascular stability, and angiogenesis. Recent studies have confirmed their remarkable
contractile ability, their control of cerebral blood flow and crosstalk with other cell types after injury.
Due to its lack of exclusive markers, its overlapping markers with other cell types in the brain, including
a newly identified population of perivascular fibroblasts and its heterogeneity, findings of brain
pericyte after injury have been controversial.

Through development of an array of novel molecular tools, coupled with the use of single cell RNA
sequencing and novel pharmacological agents, this dissertation characterizes the post-stroke
pericyte heterogeneity and its contribution to the brain repair processes. Pericyte population was

characterized after stroke on the tissue level to understand their proliferative capacity and their



association with the regenerative neurovascular niche. Using two novel molecular lineage-tracing
models, subpopulations of pericyte were labeled and lineage-traced to delineate its contribution to
the fibrotic scar. Using single cell RNA seq, the finding was confirmed and further characterized the
molecular mechanism of pericyte contribution to (1) the brain fibrotic scar and (2) its role in
establishing the regenerative neurovascular niche. Using the RNAseq dataseq as a guiding
foundation, three specific manipulation studies were carried out to further delineate the heterogenous
role of pericyte after stroke: Stat3 knockout in brain-specific pericyte, LoxI2/3 pathway inhibition by
small molecule drugs and brain-specific pericyte ablation. These findings from these studies revealed
the highly conserved nature of the brain’s fibrotic scar formation processes and the essential
contribution of pericyte to the scar formation and maintenance. Pericyte heterogeneity, especially the
fibrotic-scar-formation population and the peri-infarct population that associate with the neurovascular
niche, needs to be taken into consideration when developing therapeutic treatment.

Ultimately, these studies implicate the multi-faceted roles of pericyte in the brain repair and
recovery processes, and provide further evidence to the growing body of research being done on the

biology of pericyte in homeostasis and after injury
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CHAPTER 1

INTRODUCTION



STROKE BIOLOGY

Clinical Challenges

Stroke is the second leading cause of death worldwide and a leading cause of adult disability in
the United States, affecting more than 33 million people worldwide (Benjamin et al., 2018). In the
United States, modern medical interventions have significantly reduced the mortality rate of
stroke in the past few decades. However, for 6.6 million adult stroke survivors, the lifelong
disabilities ranging from sensorimotor to cognitive to mood dysfunction are devastating and
significantly reduce their quality of life (Benjamin et al., 2018; Mozaffarian et al., 2015). For these
patients, current treatment options are limited in both efficacy, scope and duration. These
epidemiological data emphasize a large unmet need in treatment to repair and regenerate the
brain after ischemic injury.

Current therapeutic options and the majority of the current therapeutic treatments that are in the
regulatory pipeline are focused solely in the acute phase of the stroke. Recombinant tissue
plasminogen activator (tPA), which promotes reperfusion of blood to the stroke penumbra and
inhibit cell deaths, is the sole approved therapy for stroke patients. With a limited administration
window of the first 5 hours after stroke, it has limited clinical scope with only less than 5% of
stroke patients were administered (DeMers et al., 2012). Mechanical thrombectomy is another
procedure for stroke patients with large artery occlusion in the anterior circulation. However, with
24 hours clinical window of stroke onset, only 10% of acute ischemic stroke patients go through
the procedure (Chia et al., 2016).

For stroke survivors in the chronic phase, physical and occupational therapies have been proven
to have limited improvement in motor-related disabilities. However, neurological deficits such as
cognitive deficits persist in ~50% of patients without effective treatments (Kelly-Hayes et al.,
2003). With the aging population and the rise of other cardiovascular-related diseases in the US,

incidence of stroke is increasing by 1% every year (Madsen et al., 2020). The jarring statistic



emphasizes the need for novel therapeutic interventions, starting with further understanding of
stroke biology and the brain repair mechanisms

The Ischemic Brain

Ischemic stroke, characterized as the acute loss of blood flow to regions of the brain, accounts
for 70-80% of all stroke cases (Shiber et al., 2010). Caused by a thrombus or embolus, the loss
of blood flow leads to a damaging cascade of cellular events that directly affect neurons and non-
neuronal cells (e.g., astrocytes, pericytes, endothelial cells) and leads to cell death, wound repair
response and tissue reorganization. The complex multicellular responses can be split into three
main phases: acute phase, subacute phase and chronic phase.

The acute phase occurs seconds to hours after injury, characterized by acute death of brain cells,
axonal damage, disruption of vasculature and the integrity of the blood brain barriers (BBB).
Endothelial cells in the local area of insult trigger platelet adhesion and activation. That leads to
the coagulation and blood clot formation at the injury core (Carmichael, 2010, 2016; Shiber et al.,
2010; Yau et al., 2015). All these cellular actions initiate a secondary injury of local edema,
cytotoxic products which leads to immune cell recruitment and activity in the damaged area.
Microglia migrate towards the injury sites to initiate clearance and removal of debris (Bodhankar
etal, 2015; Hu et al., 2012; L. Li et al., 2020; Mathys et al., 2017). Peripheral immune cells such
as neutrophils and macrophages also infiltrate the injured brain to begin the wound repair
process. Brain-resident cells such as astrocytes become reactive and hypertrophic (Anderson et
al., 2016; Barreto et al., 2011; Becerra-Calixto & Cardona-Gémez, 2017). The tissue reperfusion
exacerbates the excitotoxicity-related death of neurons and furthers the axonal damage(Nour et
al., 2013). The secondary injury insult of inflammation, apoptosis and reperfusion injury is often
worse than the damage caused by the initial insult (Carmichael, 2010; Fei et al., 2007; Vemuganti
& Zhao, 2015).

The subacute phase of stroke is characterized by the proliferative and tissue reorganization

phases after injury, occurring within the first two weeks after stroke (Carmichael, 2005, 2010,
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2016). The boundaries between the infarcted region and the penumbra, peri-infarct region, are
established within this phase by the placement of reactive astrocytes in the area immediately
adjacent to the infarct and the fibrotic scar inside the infarcted core (Carmichael, 2016; lihara et
al., 1996). The burst of proliferation of endothelial cells and other progenitors initiates
neovascularization of the injury site via angiogenesis (Ergul et al., 2012; Hatakeyama, n.d.; Ruan
et al., 2015). These angiogenic vessels signal to other progenitor cells such as newly born
neurons and oligodendrocyte precursor cells to localize to the peri-infarct tissue and create this
regenerative neurovascular niche (Brumm & Carmichael, 2012). Neurons that lose axons will
remodel to remap and reroute lost connections within the surviving populations (Benowitz &
Carmichael, 2010; S. Li et al., 2015; Ruschel et al., 2015).

The chronic phase of stroke marked by the reestablishment of the BBB around the newly formed
vessel and a tapering off the inflammatory response (Carmichael, 2016). The remodeling process
of neural circuits and remyelination of axons continue during this period. With time, the
remodeling of astrocytic and fibrotic scars continues through the dynamic changes of the

extracellular matrix proteins (Dorrier et al., 2021; Vogelaar et al., 2015; Zbesko et al., 2018).

Regenerative Neurovascular Niche

Immature neurons, termed “neuroblasts”, migrate into peri-infarct tissue and tightly associate with
angiogenic blood vessels. Angiogenesis is causally linked to neurogenesis, as blocking
angiogenesis significantly reduces the localization of immature neurons to peri-infarct cortex
(Ohab et al., 2006). These findings have identified a neurovascular niche for neural repair in
stroke. This regenerative neurovascular niche is reminiscent of stem cell niches in the brain (SVZ)
and peripheral organs, in which stem cells associate with a specialized microvasculature. In the
SVZ, neural stem cells and their immediate downstream progeny associate with blood
vessels(Jiang et al., 2001; Lindvall & Kokaia, 2015; Ohab et al., 2006; Ruan et al., 2015). Studies
of the SVZ after stroke have identified signaling molecules that may stimulate this region, such

as Notch, Hifl and EphrinB (Carrica et al., 2019; Ernst et al., 2019; Xiao et al., 2009). Outside of
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these studies of the SVZ, there has been little study of the molecular signaling systems in the
regenerative neurovascular niche in the peri-infarct cortex. This is an important gap, because the
neurovascular niche in the SVZ is very different from the regenerative neurovascular niche in
peri-infarct cortex. Unlike the regenerative neurovascular niche in peri-infarct cortex, the
neurovascular niche in the SVZ involves true neural stem cells and transit amplifying cells, which
are not present in the peri-infarct region(Brumm & Carmichael, 2012).

The regenerative neurovascular niche in the periinfarct region include regenerative processes
such as angiogenesis, neurogenesis, oligodendrocyte-genesis, and production of new
connections via axonal sprouting. The cellular elements of this regenerative environment (the
angiogenic blood vessels, pericyte, astrocytes, immature neurons, and sprouting axon, etc)
display a high level of molecular communication to collectively reorganize and repair the injured
brain(Brumm & Carmichael, 2012).

In addition to the cellular components of the fibrotic scar, the ECM plays crucial roles in serving
as the physical substrate for cell adhesion, migration, and the regulation of cytokines, growth
factors and chemokines molecules (de Winter et al., 2016; Schultz & Wysocki, 2009). Fibrotic
scar, defined in details in the later section, seems to be inhibitory to neural regeneration. In vitro
studies showed axons could not grow past the astrocyte-fibroblasts boundary (Shearer &

Fawcett, 2001).

Reactive Astrocyte Barrier

Reactive astrocyte barrier formation, formerly confused as astrocytic scar, by reactive astrocytes
surrounding the infarcted area occur within the first few weeks after injury, characterized by
astrocyte hypertrophy. The hypertrophic astrocytes undergo massive restructuring that leads to
the formation of compact astrocyte scars, which depends on IL-6 receptor, STAT3 and LKZ
signaling (Anderson et al., 2016; Barreto et al., 2011; Becerra-Calixto & Cardona-Gomez, 2017).
The compact glial scar is comprised of densely packed astrocytes with elongated processes

directly interface and encapsulate the fibrotic lesion core.
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Astrocytic scars are thought to inhibit regeneration through chondroitin sulfate proteoglycan
(CSPGs)-production by astrocytes that inhibit the axonal outgrowth (Cafferty et al., 2007; Keough
etal., 2016; Smith & Strunz, 2005). However, studies in the past decade have provided conflicting
evidence, some challenging the prevailing dogma by suggesting that astrocytic processes aid
instead of prevent the regenerative repair processes of the brain(Anderson et al., 2016; T. Yang

et al., 2020).

Fibrotic Scar Formation

The fibrotic scar is a pathological wound healing process, characterized by the functional
parenchymal tissue being replaced by the non-functional connective tissue with the excessive
deposition of extracellular matrix (ECM) protein, secreted by activated fibroblasts as well as other
cell types (Fernandez-Klett & Priller, 2014). This wound healing process is often triggered by the
recruitment of local and infiltrating immune cells into the central nervous system (CNS)(Schultz
& Wysocki, 2009). The short-term function of this scar is thought to limit the inflamed secondary
insult from the surrounding tissues, however, these cells do not withdraw entirely and are not
replaced by regenerated tissue, as they persist chronically in the stroke lesion core (Carmichael,
2005; Ohab et al., 2006). Major components of this scar are endothelial cells, progenitors,
inflammatory cells, stromal fibroblasts or fibroblast-like cells (Ali et al., 2014; Soderblom et al.,
2013a). The prolonged presence of the matrix protein such as the ECM components,
glycoproteins such as CSPG, HSPC, collagens, fibronectin and laminin is thought to delay CNS
remodeling and regeneration (de Jong et al., 2012; Ray et al., 2013; Schultz & Wysocki, 2009).
CNS fibrotic scar formation and persistence is not well-understood due to the different characters
of scar formation in different animal models (Dias et al., 2020a; Dorrier et al., 2021; Ferndndez-

Klett & Priller, 2014).

Dual scars interaction with dual roles



The glial-fibrotic interface of scars after stroke is not well understood in the CNS. Reactive
astrocytes are known to interact and influence the fibroblasts and inflammatory cells (T. Yang et
al., 2020; Zbesko et al., 2018). After spinal cord injury, astrocytes express ephrin-B2 ligand and
communicate with EphB2-expressing fibroblasts, which leads to the establishment of the
astroglial-fibrotic lesion border in the subacute phase (Bundesen et al., 2003, p. 2) . Type |
collagen produced by fibroblasts in the lesion core has been shown to induce the reactive
astrocyte barrier formation via the integrin-N-cadherin pathway (Neo & Tang, 2017, p. 1; Silver &
Miller, 2004). Perivascular PDGFRb-expressing cells upregulate the expression of periostin, a
component of the ECM after spinal cord injury and promote the upregulation of TNFa from
infiltrating monocyte/macrophages to promote the scar formation after injury ((Yokota et al., 2017)
Both astrocytic and fibrotic scars have been shown to be pivotal regulators of resident and
infiltrating immune cells after CNS injury ( (Ellison et al., 1998; Whetstone et al., 2003). An
example of this is the release of cytokines and chemokines such as CCL2 and IL-6 by reactive
astrocytes that triggers the polarization of microglia into a pro-inflammatory phenotype
(Sofroniew, 2015). Microglia and other immune cells have been shown to also contribute to the
production of ECM-associated protein such as osteopontin and promote the maturation of scar
through the avB3 integrin on reactive astrocytes (Ellison et al., 1998)

As mentioned previously, there have been two conflicting bodies of evidence regarding the role
of CNS scar: promoting tissue regeneration vs inhibiting the repair. While these need not be
entirely mutually exclusive, conflict remains, especially regarding the overall contribution. In
astrocytic scar, the axon growth inhibitory CSPGs produced solely by astrocyte has been
regarded as the main contributor to the growth-inhibition of scar (Cafferty et al., 2007; Lang et
al., 2015; Yiu & He, 2006). However, this dogma has been challenged in a series of studies
recently (Anderson et al., 2016; Hara et al., 2017). The potential source of this discrepancy may
arise from the heterogeneity of the scar forming astrocytes (Barnabé-Heider et al., 2010; Meletis

et al., 2008).



For fibrotic scar, targeting fibrosis to aid repair has been evidenced in numerous studies.
Targeting fibrosis for repair, especially in CNS has been reported such as using a neutralizing
antibody against TGFb1, a small molecule inhibitor of TGFBR1and iron chelators (Hao et al.,
2017; Hellal et al., 2011; Liu et al., 2011; Nguyen et al., 2010; Popovich et al., 2014; Ruschel et
al., 2015; Walker et al., 2005). In rats, Deferoxamine, a FDA-approved iron chelator, reduces
fibrosis and improves behavior recovery (Vogelaar et al., 2015).

The ability to run genetic ablation experiments to reduce fibrosis has brought new insight but also
further confusion into the role of fibrosis after injury. In spinal cord injury, complete ablation of
fibrosis worsened the behavioral outcome, while partial ablation improved functional recovery
(Dias et al., 2018). Another study showed the complete prevention of fibrotic scar formation in
contusive spinal cord injury worsens the integrity of the injury site and worsens the functional
outcome (Hesp et al., 2018). In contrast, ablation of fibrosis in the EAE model of multiple sclerosis
has been showed to improve motor recovery (Dorrier et al., 2021). These studies highlight the

potential dual-role of fibrotic scar and inquire further investigation.

BRAIN PERICYTES

Brain pericytes make up less than 1% of the total cells in the brain (Attwell et al., 2016). Pericytes
are a heterogeneous population of mural or stromal cells that surround micro vessels in various
organs(Attwell et al., 2016). Although the term pericyte has an incomplete scientific definition,

most studies refer to this cell-type based on its shape and close apposition to the blood vessel.

Brain Pericyte Functions

In homeostasis, pericytes are normally found integrated within the endothelial basal membrane
of capillaries and post-capillary venules with their processes wrapping around the vessels (Attwell
etal., 2016; Sweeney et al., 2016). This tight association with endothelial cells suggests pericytes
function in the development and maintenance of the cerebral vasculature network and in the

regulation of cerebral blood flow (Hall et al., 2014; Hill et al., 2015). Loss of pericyte-number in



viable pericyte-deficient mice leads to vascular dysfunction through diminished capillary
perfusion, loss of blood flow responses to brain activation, and BBB breakdown through
accumulation of neurotoxic serum molecules (Bell et al., 2010; Sweeney et al., 2016). Molecular
signals from endothelial cells (ECs) such as angiopoietin 1, transforming growth factor beta (TGF-
b) and platelet-derived growth factor-BB (PDGF-BB) help direct pericyte migration to aid the
formation and maturation of vasculature and to stabilize the vascular wall and (Nikolakopoulou
et al., 2019; Ribatti et al., 2011; Sweeney et al., 2016). In return, pericytes secrete proangiogenic
factors such as vascular endothelial growth factor (VEGF), neurogenic locus notch homolog
protein (NOTCH3) to activate the angiogenesis process in the CNS (Bergers & Song, 2005).
They also control the proliferation of endothelial cells and the formation of the basement
membrane (Ribatti et al., 2011). Overall, these various signaling pathways outline the importance
of pericytes in maintaining vascular health.

Pericytes’ contractile ability has been shown to regulate the change in cerebral blood flow (CBF),
in response to localized changes in neuronal activity and after injury (Hall et al., 2014; Kisler et
al.,, 2017; Mishra et al., 2016). This CBF-regulating function is not limited to pericyte
subpopulations that possess contractile proteins such as alpha-smooth muscle actin (a-SMA),
myosin or tropomyosin; it also occurs in pericytes associated with thin-strand venules. Non-
contractile pericytes can regulate CBF via stiffening the vascular wall thereby changing the
capillary transit time (Attwell et al., 2016; Jung et al., 2018).

Situated at the basement membrane, pericytes modulate and maintain the BBB through signaling
factors to regulate the number of EC tight junctions and polarization of astrocyte endfeet (Armulik
et al., 2005, 2011). Pericytes also control flow of macromolecules and substances between the
brain parenchyma and blood stream (Ma et al., 2018).

Pericytes also perform neuroinflammatory functions, which are usually carried out by astrocytes,
microglia and other infiltrating leukocytes (Jansson et al., 2014b). Pericytes have been shown to

phagocytose, respond to inflammatory signals and even present antigens to immune cells

9



(Jansson et al., 2014a; Rustenhoven et al., 2017). Pericyte-mediated dysfunction via release of
inflammatory signals and matrix metalloprotease 9 (MMP9) can lead to vascular dysfunction and
BBB breakdown(Underly et al., 2017). Interestingly, Apolipoprotein E expression, a major genetic
risk factor for Alzeimers’ disease, can activate the proinflammatory pathway CypA-MMP9 in
pericytes and lead to BBB breakdown and vascular dysfunction(Bell et al., 2010). Furthermore,
in diseases, pericytes’ recruitment of immune cells to the brain is crucial for the endogenous
neuroinflammation response (S. Wang et al., 2012).

True to its mysterious nature, pericytes show mesenchymal properties both in vitro and in vivo
by differentiating into multiple cell types including vascular cells, neurons, and microglia(Ahmed
& El-Badri, 2018; Ozen et al., 2014; Sakuma et al., 2016). However, this is still a topic of debate
— current and future single cell RNA sequencing datasets will hopefully help delineate the distinct

population and characteristics of brain pericytes (Vanlandewijck et al., 2018).

Pericyte Heterogeneity

Pericytes are one of the most challenging cells to study in the brain due to their elusive nature,
lack of specific markers and overlapping markers with other cell types in the brain, including
oligodendrocytes, smooth muscle cells and perivascular fibroblasts (Armulik et al., 2011). In
previous studies, a variety of markers have been used to label brain pericytes, including
chondroitin sulfate proteoglycan 4 (NG2), platelet-derived growth factor receptor-p (PDGFRp),
CD13, CD146, Vitronectin, and ATP binding cassette subfamily ¢ member 9 (ABCC9) (Armulik
etal., 2011; Attwell et al., 2016; Vanlandewijck et al., 2018). Morphologically and spatially, brain
pericytes are differentiated not only by their location on the vasculature bed and their processes
but also the variable expression of a-SMA (Hartmann et al., 2015). This heterogeneity, while
exciting, presents a challenge in studying them in injury and diseases where there are dynamic
molecular, spatial, temporal and morphological changes in a tissue. Recent findings have shown
that only a subset of pericytes, mainly the ensheathing pericytes at the arteriolar end of the

capillary bed, express high level of a-SMA compared to the thin-strand capillary pericytes
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(Alarcon-Martinez et al., 2018). To date, there has not been a comprehensive study to
understand the differentiated functions (if any), of different subpopulation of pericytes. Future
studies on to interrogate the heterogeneity of pericytes are imperative to the complete

understanding of this cell type and its function after stroke.

Pericytes in Ischemic Injury

After injury, the pericyte response can be characterized into two unique phases: a cell death and
dysfunctional phase that occurs in the acute injury phase and the repair phase in the subacute
phase. The acute phase of pericyte death and dysfunction could lead to worsening outcomes
after injury. Ischemic pericytes have been shown to not only constrict the capillaries and worsen
the injury, but also interrupts the tight junction and increase BBB permeability (Hall et al., 2014;
Underly et al., 2017; Yemisci et al., 2009). The loss of pericyte coverage has been ascribed as
the main contributor the dysfunctional phenotype after injury. The disruption of the Angpt-1 and
TGFb1 in pericyte-endothelial cell cross talk creates less tight junction formation and increased
permeability (Hori et al., 2004; Luissint et al., 2012).

In the subacute phase, pericytes participate actively in a regenerative phase. The most prominent
role of pericytes after injury is their vital role in regulating angiogenesis (Birbrair et al., 2014;
Ribatti et al., 2011). In mouse kidney injury models, TIMP3-expressing pericytes can mediate the
activity of a class of metalloproteinases and stabilize the microvasculature (Schrimpfetal., 2012).
Utilizing its role in angiogenesis, blocking CD146 expression can reduce pericyte-mediated-
angiogenesis in tumor vessels, and hence, slow tumor progression in cancer (Lei et al., 2015, p.
146; Nollet et al., 2017). These findings position pericytes has a promising target for therapeutic
treatment to promote revascularization after ischemic injury.

Besides their role in the vasculature, recent studies have suggested the essential role of pericyte
crosstalk in other regenerative processes. Pericyte production of Laminin 2 has been suggested
to promote oligodendrocyte precursor cell differentiation and maturation during CNS

remyelination (De La Fuente et al., 2017). Pericyte-deficient mice have disrupted oligodendrocyte
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differentiation and myelination (Montagne et al., 2018). However, it is unclear whether the
observed pathologies originate directly from pericyte crosstalk or indirectly from the pericyte-
induced BBB leakage. A pericyte’ role in fibrosis, especially in the brain, has been another area

of controversy. This controversy will be discussed in the next section.

Pericytes vs. Perivascular Fibroblasts — Origin of Fibrotic Scar

It is generally accepted that fibroblasts are the main regulatory cell type, across tissue systems,
responsible for the deposition of the fibrotic ECM. In other tissue systems, fibroblasts are
characterized by their aSMA marker, secretion of ECM protein (mainly collagen | and fibronectin),
as well as high cell contractility (van Dijk et al., 2015). The source of scar-forming fibroblasts is
still a topic of debate across different tissue systems. PDGFRb™ and pericyte-like cells have been
suggested to be the source of fibrosis in multiple organs (Alex & Frangogiannis, 2019; Kramann
& Humphreys, 2014; Y.-C. Wang et al., 2019, p. 1). In the brain, the plotline is much more
complex. Until recently, virtually all fibrotic scar after injury in the CNS used a penetrating lesion
model that tears the meninges. The source of fibrotic scar in these models was suggested to be
mainly meningeal fibroblasts that infiltrate into the injury site (Campbell & Windle, 1960). It was
commonly believed that only penetrating injuries lead to fibrotic scarring and that it is largely
absent in injuries with intact meninges (Fernandez & Pallini, 1985; Silver & Miller, 2004).
However, this view has been largely refuted in studies using injury models with intact meninges
(Soderblom et al., 2013b; Yahn et al., 2020). Using a GLAST-CreER transgenic line, pericytes
differentiated into fibroblasts and contributed to the fibrotic scar after spinal cord injury (Dias et
al.,, 2018; Gdaritz et al.,, 2011). Pericytes have been reported to be progenitor cells that
transdifferentiate into fibroblast-like cells and contribute to fibrosis (Fernandez-Klett et al., 2013;
lihara et al., 1996; Makihara et al., 2015). They also have demonstrated the ability to secrete pro-
inflammatory factors that may drive fibrosis(Jansson et al., 2014b). Using Collal-GFP mice,
perivascular fibroblasts, not pericytes, were suggested to be the main contributor of fibrotic scar

(Dorrier et al.,, 2021; Guimardes-Camboa et al., 2017; Yahn et al., 2020). While these
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independent studies confirmed the brain-resident perivascular origin of fibrotic scar, specifically
the PDGFRbPs™e cells’ contribution to scar formation, the cell nomenclature, due to similar
markers and spatial distribution of perivascular fibroblasts and pericytes, has led to significant
confusion. Does the fibrotic scar consist of pericyte differentiating into fibroblasts, or does it
consist of fibroblasts migrating to injury site, or both? Interestingly, with the current evidence, the
third option is highly unlikely, as each study demonstrated that their “chosen” cell types are
responsible for almost all the PDGFRbP°s"ve cell in the fibrotic core.

The distinction between pericytes and perivascular fibroblasts are limited. Using data from single
cell RNA seq, table 1 highlights the shared markers between perivascular fibroblasts and
pericytes (Vanlandewijck et al., 2018). In addition to some unique markers, both cell types have
a different anatomical location along the vasculature: pericytes mainly locate around the
capillaries. Perivascular fibroblasts are mainly located in the non-capillary regions that were
positive for LAMA1(Vanlandewijck et al., 2018). The heterogeneity of the pericyte thickens the
plot further. In one study, clustering analysis of pericytes showed only one type of capillary
pericyte, whereas perivascular fibroblasts had multiple subtypes (Vanlandewijck et al., 2018).
However, another independent study showed three pericyte subtypes (Zeisel et al., 2018).
Another difficulty in reconciling these studies is that many of the unique molecular marker genes,
especially for fibroblasts, encode proteins that label the ECM rather than the cell itself (lumican,

decorin, etc) (Dorrier et al., 2021).
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THIS DISSERTATION
This dissertation was carried out with two main goals: (1) to develop novel molecular tools to aid
studies of pericytes and (2) further the study of the role of pericytes after CNS injury. The work is

divided into three separate chapters as such:

Chapter 2 — Characterization of two populations of pericytes: their association with the
neurovascular niche and fibrotic scar contribution

This chapter looks specifically at periinfarct pericytes and how they respond after injury.
Transgenic mice were utilized to characterize the proliferation and cellular association pattern of
pericyte after photothrombotic stroke. Two novel molecular tools were developed to lineage
traced pericyte, perivascular fibroblasts and meningeal fibroblasts after stroke. The results show
that periinfarct pericytes proliferate and associate with the regenerative neurovascular niche. A
subgroup of pericytes detaches from vasculature and migrates into the infarcted region to
contribute to fibrotic scar. Interestingly, control studies suggest perivascular fibroblast, but not

meningeal fibroblast, contribute to the fibrotic process.

Chapter 3 - Characterization of the entire heterogeneous pericyte cell population and their
stroke-induced transcriptomic changes

This chapter outlines the molecular characterization of perivascular cells after stroke using single
cell RNAseq (scRNAseq). This technique allows for characterization of the entire heterogeneous
PDGFRbPs™ve cells after stroke and in sham. This data was used to (1) confirming the pericyte
origin of fibrotic scar using pseudotime analysis and (2) identify molecular pathways that

delineate pericyte-mediated mechanisms for neural repair after stroke.

Chapter 4 — Manipulation of post-stroke pericyte via cellular ablation, candidate gene loss-
of-function and pharmacological agent targeting a specific pathway.
This chapter is comprised of several routes of pericyte manipulation to further understand their

role after ischemic stroke. Firstly, brain pericyte ablation study was carried out using the novel
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molecular tools developed in chapter 2. Ablated tissue showed increased infarcted size and
reduction in angiogenesis and neurogenesis processes. Secondly, Stat3 and LoxI2/3 were
identified as the candidate gene systems that is responsible for pericyte’s contribution to the
fibrosis process. Pericyte-specific Stat3 was perturbed via loss-of-function studies while Lox2/3
pathway was inhibited using pharmacological small molecules delivered systematically. Stat3-
knockout mice did not show any significant phenotype on tissue level while LoxI2/3 inhibitors
showed significant reduction in infarcted size and increase in angiogenesis and neurogenesis.
These data not only confirm post-stroke pericyte contribution to fibrotic scar but also emphasize
the highly conserved nature of the brain scar formation process. Targeting the fibrotic scar is a

potential therapeutic approach to aid repair and recovery after ischemic stroke.
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Table 1

Molecular markers of brain pericytes and perivascular fibroblasts

Pericytes Pericyte and Fibroblasts
Fibroblasts

Cspg4 (NG2) Pdgfrb Dcn

Abcc9 Anpep Lum

Myl9 Lamal

Vin Pdgfra
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CHAPTER 2

Characterization of Post-Stroke Pericyte
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INTRODUCTION

Stroke is the leading cause of adult disability (Benjamin et al., 2018). The brain has a limited
regenerative capacity after stroke (Carmichael, 2016). One aspect of “regeneration” is the formation
of new neurons, termed post-stroke neurogenesis(Ohab et al., 2006; Ruan et al., 2015). Post-stroke
neurogenesis has been linked to functional improvement after stroke (Jiang et al., 2001; Lindvall &
Kokaia, 2015; Ruan et al., 2015). Immature neurons (neuroblasts) from the subventricular zone (SVZ)
migrate into a specific micro-environment adjacent to the stroke site, termed the neurovascular
niche(Brumm & Carmichael, 2012; Ohab et al., 2006). In this niche, neuroblasts associate with
angiogenic blood vessels (Ohab et al., 2006; Ruan et al., 2015). However, few of these neuroblasts
survive to become mature adult neurons (Lindvall & Kokaia, 2015). A better understanding of the
environment in the neurovascular unit in peri-infarct tissue may lead to approaches that promote
survival of newly born neurons.

Pericytes, a less-well-understood member of the neurovascular unit, are a heterogeneous population
of perivascular cell that regulates development and maintenance of structural elements of the blood
brain barrier, vascular stability, and angiogenesis. Study of pericytes in tissue repair has been difficult
due to the lack of exclusive markers and the cells’ complex heterogeneity (Attwell et al., 2016).
Several studies have suggested that in response to ischemic stimuli in organs such as the liver, skin
and kidney, pericytes coordinate extravasation of immune cells, actively participate in extracellular
matrix production (ECM) and contribute to fibrosis (Dias et al., 2018; Fernandez-Klett et al., 2013;
Goritz et al., 2011). Additionally, genetic fate mapping studies have demonstrated that pericytes may
be a source of myofibroblasts in animal models of renal and lung fibrosis (Chen et al., 2011; Edelman
et al., 2007). However, direct evidence linking pericytes to fibroproliferation and ECM remodeling in
the brain is lacking. Emerging evidence in spinal cord injury indicates that pericytes form the fibrotic
scar that blocks axonal sprouting and recovery, and not astrocytes (Dias et al., 2020b; Roth et al.,
2020). Other conflicting studies showed that perivascular fibroblasts, not pericytes, contribute to

fibrotic scar formation (Dorrier et al., 2021; Guimaraes-Camboa et al., 2017).
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In this study, we hypothesized that pericytes respond to stroke and participate in the injury response.
We utilized the PDGFRb®™® mouse strain to characterize pericyte proliferation, association with other
cell types after ischemic stroke. Periinfarct pericytes undergo a burst of proiliferation at 7-14 days
after ischemic stroke. These proliferative pericytes closely associated with the proliferative
vasculature and the immature neurons in the regenerative neurovascular niche. Using dual-promoter
lineage tracing system, we identified a population of pericytes that migrate away from vasculature
and accumulate in the infarct core, where they express ECM proteins. In control studies, we observed

the migration of perivascular fibroblasts but not meningeal fibroblasts into the infarcted core.

RESULTS

Periinfarct pericytes proliferate in the subacute phase after ischemic injury

To observe the proliferative response of pericytes to ischemic stroke, we induced photothrombotic
stroke at the motor cortex in young adult male (2-4 months old) Pdgfrb®RE*:R269™* mice. EdU (5-
ethynyl-2’-deoxyuridine) was present in drinking water after stroke (Figure 1A). Animals were
sacrificed and tissue were collected at multiple timepoints after stroke, covering the acute (3 days),
subacute (7 and 14 days) and chronic phase (21 and 54 days) of injury. Immunohistochemistry for
vasculature (CD31) and EdU were performed. PdgfrbRE*;R26""*mice label the entire pericyte
population in the brain, but also label smooth muscle cells (SMCs), a limited number of neurons,
perivascular fibroblasts and meningeal fibroblasts. An analysis pipeline using confocal imaging and
high-throughput quantification was developed to systematically eliminate SMCs from the analysis and
quantify proliferating pericytes (based on both spatial and morphological characteristics) (Figure 1B).
The analysis of proliferating pericytes revealed a remarkable proliferating capacity across different
timepoints after stroke (Figure 1C-E). After stroke, overall periinfarct pericyte number were reduced
in the acute phase of stroke, which is quickly compensated by the burst of proliferation which peaks
at 7-14 days after injury (30% of pericyte were EdU™). During the chronic phase, the proliferative rate

returns to baseline (Figure 1C-E).
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Proliferative pericytes closely associate with the regenerative neurovascular niche

Next, we set out to further investigate the spatial characteristics of proliferative pericytes in the
periinfarct area, in particular the association with the regenerative neurovascular niche. Tissues were
stained for Doublecortin (DCX) and Olig2 to label immature neurons (DCXPositveQlig2nesativey. and
CD31 for vasculature. Using Imaris, the average distance between the proliferative pericyte cell
bodies to their closest neuroblasts and angiogenic vessels was measured. As pericytes possess long
processes that wrap around vasculature that would complicate the analysis, only the pericyte cell
body (~4um in diameter) was included in the analysis pipeline. We observed that ~30% of
proliferative pericytes closely associated with a neuroblast (within 0-5um distance) (Figure 2A-B).
Furthermore, true to its role in angiogenesis, ~60% of proliferative pericytes closely associated with
an angiogenic vessel (EdUPestveCD31rostve) (Figure 2C-D). Our data demonstrates that proliferative
pericytes are closely associated with the components of the regenerative neurovascular niche,
suggesting its participation via cell-to-cell communication to aid the tissue repair and regeneration
processes.

PDGFRb+ cell origin of fibrotic scar

In line with previously reported findings (Underly et al., 2017), in sham tissues, all the tdT* cells
wrapped around blood vessels (Figure 3A). However, at 3 days after stroke, we observed a
population of tdT* cells (~18% of total tdT* population) that were not associated with the vasculature,
and appeared to detach and be present in the brain parenchyma (termed, “floating cells”) (Figure
3B-C). These cells are mainly located within 100uM of the infarct border (identified by the GFAP*
border), expressed the pericyte-specific marker CD13 and fibroblast marker Col1Al (Figure 3F). At
3 days post stroke, there was no tdT* population or fibrotic scar inside the infarct area (Figure 3B-C).
Interestingly, within 72 hours, this phenomenon rapidly changed with the accumulation of tdT* cells
in the infarcted scar, as well as the reduction of the number of “floating pericytes” in the periinfarct
region (Figure 3D-E).

Further characterization of the tdT+ population inside the scar revealed its fibrotic scar phenotype.
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The tdT+ cells inside the infarcted core express fibrotic markers such as COL1A1 and Fibronectin
(Figure 3F & Figure 4A). We also observed that the reactive astrocytic border (GFAP*) encapsulated
and closely associated with this fibrotic tdT* scar and together they defined the injury border (Figure
4C). Interestingly, we observed a large number of neuroblasts present at this border, but mostly
populated on the peri-infarcted side, not the infarct side (Figure 4B). Morphologically, the tdT* cells
in the infarct were distinct from the peri-infarct pericytes. The infarct core tdT* cells had a larger cell
body (~8-10um) compared to that of pericytes (~4-5um). They also had more a fibrous and thicker
processes network that suggested a more complex ECM network compared to pericytes processes
with thinner processes (Figure 4D). This, together with its lack of pericyte markers and its fibroblast
marker expression, suggested that the infarct core tdT* cells possess a complete fibroblast
phenotype.

This observation is aligned with the current findings in the literature about the PDGFRb™ origin of the
scar and begs the question of whether or not these fibrotic-scar forming cells in the infarct area
originated from the periinfarct pericytes.

Development of dual-promoter pericyte lineage tracing systems

Fate-mapping pericytes after stroke has been a great challenge in the field due to lack of specific
markers, animal models and molecular tools to specifically investigate the cells. To overcome this
challenge, we combined transgenic animals and AAV virus with the FLEX labeling system; we
developed two independent, novel molecular tools to specific label brain pericytes. The first molecular
model is a dual-promoter system of AAV2-PDGFRb-Flex-GFP virus, injected transcranially into
NG2CeER* Rosa26'"™* (Figure 5A-B). In these mice, tamoxifen administration will induce the Cre
recombination in NG2* cells, resulting in not only the permanent labeling with tdTomato signal, but
also the expression of GFP protein in cells that expresses PDGFRb (Figure 5B-C). This allows for
the GFP to be only expressed in PDGFRb+ and NG2+ cells, which yields specific labeling of pericytes
(Figure 5B). Might want to put in a reference about those two markers being sufficient for

pericyte labeling. A similar molecular system using transgenic mouse model
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Tbx18¢*ER* Rosa26"™* and AAV2-Myl9-Flex-GFP virus was also developed (Figure 5D-E). To date,
there has not been any viral vector that could uniquely label pericytes. The development of these
pericyte-specific molecular tools not only will set the stage for the following lineage tracing
experiments but also allow for further interrogation of pericyte behavior in homeostasis, in disease,
and the manipulation of this elusive cell population.

Pericytes contribute to the fibrotic scar after ischemic stroke

Using the novel molecular tools, we next set out to specifically lineage-trace pericytes after stroke.
AAV was injected into the periinfarct region medially to the infarct area (motor cortex) of transgenic
mice. After 2 weeks, animals received tamoxifen injections intraperitoneal injection at concentration
of 20 mg/mL for 5 consecutive days (Figure 6A). 1 week after the last day of tamoxifen (TM) injection,
photothrombotic stroke or sham surgery was induced, allowing for a washout period to ensure no
recombination after injury (Figure 6A). Animals were sacrificed and tissues were collected at various
points after injury for further analysis (Figure 6A).

At 7 days after stroke, we observed the presence of GFP* cells inside the infarct core from both
lineage tracing systems (Figure 6B-E). This indicated that pericytes in the periinfarct area migrated
away from vasculature into the infarcted area and formed fibrotic scars after ischemic stroke. We
quantified the number of GFP* cells present in the infarcted core and found that the number of GFP*
cells in the fibrotic area increased as more days passed after injury (Figure 6F). These results are in
agreement with previous findings in the spinal cord (Dias et al., 2018; Goritz et al., 2011), that brain-
resident periinfarct pericytes migrated into the injury core and become fibrotic-scar-forming fibroblasts
in the first 7 days after stroke.

Perivascular fibroblasts, not meningeal fibroblasts, also contribute to the fibrosis process
Next, we looked to reconcile our findings with previous studies that showed perivascular fibroblasts
and meningeal fibroblasts contribute to the fibrotic scar after brain injury (Dorrier et al., 2021; Shearer
& Fawcett, 2001) by setting up a series of control experiments to lineage-trace both of these cell

populations after stroke. For perivascular fibroblasts, we developed a novel perivascular fibroblast
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labeling system using a similar FLEX system as the one for pericytes previously discussed (Figure
7A). Perivascular fibroblasts are known for their LAMA1 expression, PDGFRb"™ and PDGFRa"%"
expression (Vanlandewijck et al., 2018). Utilizing their TBX18 expression, we developed a dual-
promoter system using Tbhx18ER*:R26YT* mice and AAV2-Pdgfra-FLEX-GFP virus to specifically
label perivascular fibroblasts (Figure 7A-B). Keeping the experimental timeline consistent with that
of pericyte (Figure 6A), we found GFP™ cells inside the infarcted area 7 days after ischemic stroke,
suggesting the contribution of perivascular fibroblasts in fibrotic scar formation (Figure 6C). The
contribution of perivascular fibroblasts was highly variable between animals (Figure 6D). This could
be attributed to the variability in labeling perivascular fibroblasts due to variability in location, along
with its scarcity along the vascular bed.

Next, for meningeal fibroblasts which express similar markers compared to periinfarct pericytes, we
utilized a similar labeling system to that used on periinfarct pericyte (PDGFRb-NG2 labeling system)
(Figure 6C). The AAV virus was injected into the cisterna magna, allowing it to incorporate into the
cerebrospinal fluid (CSF) and only label the meningeal population but not the cortical population
(Figure 7D-E). After stroke, we did not see the presence of GFP+ cells inside the infarct core,

indicating that meningeal fibroblasts do not contribute to the formation of fibrotic scar after stroke.

DISCUSSION

The role of pericytes in brain ischemic injury has been an underexplored topic in understanding the
importance of these cells. We hypothesized that pericytes have dual functions after stroke:
participation in the repair processes of the regenerative neurovascular niche and formation of fibrotic
scar.

We observed the proliferative burst of pericytes that peaked around 7-14 days after ischemic injury.
This window coincided with the peak of angiogenesis, neurogenesis and other regenerative
processes in the brain (Carmichael, 2016). This, together with their close association with the
angiogenic vessel and neuroblasts, suggested that proliferative pericytes play crucial roles in the

establishment and continued restructuring of the neurovascular niche after injury. The close physical
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association suggests potential cross-talk between pericytes and other members of the neurovascular
niche. Our findings are in-line with the current literature about the role of pericytes in angiogenesis
and neurogenesis. In fact, some of the molecular signaling with pericytes in the neurrovascuar niche
has been documented in the literature. NOS-mediated pericyte and neuroblast crosstalk to promote
neurogenesis has been suggested in vitro in a traumatic brain injury model (Choi et al., 2016).
Oligodendrocyte-pericyte cross talk after injury has also been documented, which further positions
pericytes as an important regulator of the regenerative events that happen in the subacute phase of
stroke (De La Fuente et al., 2017).

Among the cellular events that happen within the first week after ischemic injury, fibrotic scar
formation is one of the most understudied, due to the lack of molecular tools to understand both its
role and cellular origin. Our initial immunohistochemistry confirmed the PDGFRb* cell origin of the
brain fibrosis. Post-mortem brain tissue from stroke patients also confirmed the PDGFRb+ cells within
the lesion site (Fernandez-Klett et al., 2013). Using multiple carefully designed labeling systems that
were specifically developed to label pericytes, we were able to control the expression of GFP spatially
and temporally in pericytes after stroke, allowing us to lineage trace the cell population after injury.
Our results demonstrated that the periinfarct pericytes migrate into the infarct area, lose the pericyte
fate and express prominent levels of COL1Al. These results highlight the trans-differentiation of
pericyte into scar-forming fibroblasts after ischemic injury and suggest its multipotency that had
previously been observed in spinal cord injury and various in vitro studies (Ahmed & El-Badri, 2018;
Dias et al., 2018; Gdaritz et al., 2011; Sakuma et al., 2016). A recent study done by the Goritz group
suggested that the pericyte-derived fibrotic scarring process is highly conserved across different
central nervous system lesions, including traumatic brain injury, ischemic stroke, and a multiple
sclerosis model (Dias et al., 2020b).

It is important to reconcile our data with previously reported findings that either refuted the role of
pericytes in brain fibrosis or suggested that its contribution to the fibrotic scar, while present, was

minimal (Dorrier et al., 2021; Guimardes-Camboa et al., 2017; Roth et al., 2020). Even in studies that
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agreed with ours about pericyte contribution to the fibrosis process, the findings were at odds with
each other about the characteristics of these pericyte scar-forming cells. Using a striatal stroke model,
one study showed that while these pericytes expresses fibroblast markers, they remained associated
with the vascular wall and rarely detached from the vasculature. Our study suggested the stromal
location of the fibrotic scar-forming cells. (Dias et al., 2020b).

The first clear difference between these studies were the different use of injury models. Traumatic
brain injury models used by some studies does not create the ischemic penumbra, therefore lacking
the significant reorganization and regeneration after injury. The stab lesion’s poor production of
fibrotic tissue and low to no fibroblast-like cell after injury were also well-documented in other studies
(Dias et al., 2020b). Using a clinically relevant model of ischemic injury along with the reevaluation of
the contribution of Thx18-expressing pericyte in the context of larger brain lesions, we confirmed the
contribution of pericytes in the injury response. The discrepancy between the characteristics of our
study that that observed in Dias et al., 2020 could be attributed to the heterogeneity between pericytes
in the cortex vs striatal pericyte.

The second area that could explain the discrepancy is the difference in animal models used by various
studies. Even in studies that use the same injury model such as experimental autoimmune
encephalomyelitis (EAE), different findings were observed (Dias et al., 2020b; Dorrier et al., 2021). It
is important to note that NG2-CreER used by some studies to lineage trace pericytes not only labels
a subpopulation of pericytes, along with its contamination of oligodendrocyte lineage-cells, it is also
not a good molecular model to fate-map pericytes after stroke. Given the discrepancies of these
findings, our study was designed to improve upon these limitations and confounders by using
conditional genetics and viral vectors, which gave us greater control of the spatial and temporal
tracking of cells after injury.

Fibroblasts migrating from the damaged meningeal layer or from the perivascular space have long
been considered the primary source of fibrotic scar tissue (Dorrier et al., 2021; Niclou et al., 2003;

Pasterkamp et al., 1999; Shearer & Fawcett, 2001; Soderblom et al., 2013a). Our studies had showed
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that in photothrombotic stroke in which the meningeal layer remains intact and limits the invasion of
the dura mater-derived fibroblasts into the lesion, the extensive fibrotic generation still exists and did
not originate from meningeal fibroblasts. Using dual-promoter control to label perivascular fibroblasts,
we found the significant contribution of perivascular fibroblasts, particularly the population that existed
prior to injury and not the population that derived from pericytes, to the fibrotic scar. However, due to
the variability of distribution, we don’t understand the exact contribution of pericytes and perivascular
fibroblasts to the scar. Additional experiments are required to pinpoint both these cell type
contributions.

Together, our study answered important questions left by previous studies and confirmed the pericyte
contribution to the scar formation processes. By developing a novel toolkit, we hope to further the

understanding of pericyte biology, and perivascular cell biology after ischemic injury.
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METHODS

Mice

NG2CER* mice and Rosa26'“"* mice were acquired from The Jackson Lab. Thx18%®* were a gift
from the Evans lab at the University of California, San Diego. PDGFRb™* mice were a gift from Dr.
Volkhard Lindner (Maine Medical Center). For all experiments, young adult (2-4 months) C57BI/6
male mice were used. All procedures were carried out with the approval of the UCLA Animal

Research Committee.

Photothrombotic Stroke

Cortical stroke at the motor cortex was induced in mice using the stereotaxic surgery. Mice were
initially anesthetized by mixture of oxygen and 5% isoflurane, then intubated at 2% for the duration
of the operation. Body temperature was monitored and maintained at 37 degree Celcius +/- 0.5
degree by homeothermic heating pads. Rose Bangel, a photosensitive chemical was injected
intraperitoneal at concentration of 10mg/mL. After 10 minutes to allow for systemic circulation of Rose
Bangel, a cold light source KL1500 LCD (Zeiss) was placed on top of the exposed skull above the
forelimb motor cortex (coordinates ML 1.5mm, AP 0.0mm). After 15 minutes, the wound was closed
and animals were returned to cages for recovery. The photothrombotic stroke can reliably generate
stroke size of 1-2 mm in diameter, dependent on the diameter and power of the light source

(Carmichael, 2005)

Transcranial Viral Injection

Mice were prepared for surgery as previously described. After anesthesia, mice received injections
in the medial intact peri-infarct cortex (Coordinates from Bregma: ML 0.5, AP 0.0mm) with the
designated virus. A dental drill was used to create a small hole in the skull to allow for needle access,
and a 33guage Hamilton needle, attached to a 25 ul was lowered into the cortex at 0.4mm coordinate
from the brain surface. There, virus was infused at rate of 0.1 ul/min. Afterward, the needle was
allowed to remain in the brain for 10 minutes to allow for additional infusion and prevent backflow

before slowly retracted. The wound was closed with vetbond tissue adhesive (3M). Animal was
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returned to the cage for recovery.

Cisterna Magna Viral Injection

Animals were prepared as previously described. After anesthesia, the skin at the base of the skull
and neck muscle were carefully dissected to expose the brainstem and cisterna magna. Using a
pulled glass pippet, attached to a 33-gauge syringe needle, virus was slowly infused into
cerebrospinal fluid at the rate of 0.1ul/min. Afterward, the needle was allowed to remain in the brain
for 10 minutes to allow for additional infusion and prevent backflow before slowly retracted. The

wound was closed with vet bond tissue adhesive (3M). Animal was returned to the cage for recovery.

Tissue Collection

At indicated time, animals were sacrificed via transcardial perfusion with cold saline containing 2%
Paraformaldehyde (PFA), 0.1M lysin, 0.01M NaO4, 0.175 NaP buffer. This mild fixation cocktail
allows for preservation of many vasculature glycoprotein. Brains were dissected out and post-fixed in
the same solution overnight at 4 degree Ceicius, then cryopreserved in 30% sucrose at 4 degree
Celcius for an additional 48 hours. Afterwards, tissues were sectioned on cryostat (Lica CM 0530).

40uM sections were collected and stored in 50% glycerol antifreeze solution at -20 degree Celcius.

Immunohistochemistry

Immunohistochemistry was prepared according to standard laboratory protocol. Sections were
removed from the antifreeze solution and washed 3 times in 0.02M KPBS for 5 minutes. Afterward,
the sections went through incubations 30-minute-permeabilization step (1% Triton-X in KPBS).
Dependent on the antibody used, antigen retrieval steps using Citric acid pH 6.0 at 80 degree Celcius
for 30 minutes was added. Tissues were blocked in solution of 5% normal donkey serum (NDS), 0.1%
Triton-X for 1 hour at room temperature. Tissues were then transferred directly into primary antibody
cocktail that is prepared in 2% NDS, 0.1% Triton-X in KBPS for 24 hours at 4 degree Celcius. The
antibody list and its respective concentration is detailed in supplemental table 1. Following the primary

incubation, sections were washed 3 times in KPBS and incubated in the secondary antibody solution
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that was prepared in 2% NDS, 0.1% Triton-X in KPBS for 1 hour at room temperature. Afterward,
tissues were washed 3 times in KBPS for 10 minutes. EdU steps might be added at this stage
dependent on the assay. Sections were mounted oonto triple-subbed slides and dehydrated with
ethanol serial wash with increased concentration from 50-100% (1 minute each step), and xylene

wash (5 minutes, twice). Next, slides were cover-slipped with the application of DPX mounting media.

EdU Administration and Immunohistochemistry Induction

EdU was administered in drinking water at the final concentration of 200ug/mL with antibiotic (cherry
flavored for taste at the recommended dose. EAU was developed with a protocol modified from the
Click-IT EdU imaging kit (Thermo Fisher). Briefly, sections were incubated for 30 minutes as the last
step of immunohistochemistry for 30 minutes in 100mM TBS, pH 7.6 containing 100mM sodium
ascorbate, 4mM CuS0O4, and 2uM sulfo-Cy5 azide (Lumiprobe D3330). Sections were protected from

light during this incubation.

Imaging and Imaris Analysis
Images were captured using a Nikon C2 confocal microscope at 40x magnification. Additional

analysis were done on Imaris, as previously published (S. Li et al., 2015, p. 10)

AAYV Virus Preparation

Appropriate promoters were developed and cloned into the AAV2-Flex virus backbone. Sequence
were verified for insertion. Afterward, the vectors were packaged into AAV2 virus using previously
published protocol (Bish et al., 2008). Briefly, the viral plasmid were transfected into HEKSs cells using
Lipofectamin 200 (Thermofisher). After 3 days of incubation, the cells were harvested into
150mMNacCl, 20mM Tris pH8.0 solution before being lyzed for 1 hour in the 10% sodium deoxycholate
solution at 37 degree celcius. The cell debris were removed by centrifugation at 3000xg for 15 minutes
and the rAAVs in supernation were harvested. Afterward, using the serial heparin column purification
method, AAVs were purified then concentrated via the Amicon ultra-4 centrifugal filter units with

100,000 molecular weight cutoff. Virus is then tittered with HEK 293 cells before storing in -80 degree
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Celcius.

Statistics

All quantification data are presented as mean + standard error of the mean (SEM) and significance was
determined by using Student's t-test or Two-way ANOVA. A p-value < 0.05 was considered

statistically significant and data were analyzed using GraphPad Prism 8.
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Figure 1
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(A) Experimental timeline (B) Schematic of excluded cell population in the analysis pipeline (C)
Pericytes proliferative rate (% Edu+ pericytes) (D) Total periinfarct pericyte population (log of density
pericyte over vasculature volume) (E ) Representative image of proliferative pericyte after injury;

yellow arrow= EdU+ pericytes. Scale bar: 50um. *p-value < 0.05.

53



Figure 2
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(A) Representative image of pericyte associated with angiogeneic vessel. Yellow arrow = angiogenic
vessels. (B) Distances of proliferative pericytes to its nearest vasculature (C) Representative image
of pericyte associated with neuroblasts (DCX= double cortin) (D) Distances of pericyte to its nearest

neuroblasts. Scale bar: 50um. *p-value < 0.05.
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Figure 3
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(A) tdTomato cells were observed away from vasculature in the 200um immediate region next to the
infarct border at 3 days post stroke (dps). (B,C) At 7 days after stroke, tdTomato cells accumulated
the infarcted area and expressed COL1A1l (D,E) Quantification of the tdTomato cells in the

periinfarct and infarct area, visualized by distances from vasculature. Scale bar: 100um. *p-value <

0.05.
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Figure 4
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. _ b+ cell ibuti
(A) PDGFRb+ cells expressed fibronectin markers in the core (B-C) PDGFRb+ cells formed a border
against the DCX+ cells in the periinfarct cortex and the PDGFRb+ scar were encapsulated by the
GFAP+ glia scar. (D)  Morphologically, the periinfarct pericytes are distinctly different than the

PDGFRb+ cells in the infarct core. Scale bar for panel A-C: 100um. Scale bar for panel D: 500um

59



Figure 5
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(A,B) Schematic of the first labeling system (C ) Proof of concept for the labeling system that show

the GFP expression specifically in pericytes (D) Schematic of the second labeling system (E ) Proof

of concept for the second labeling system. Scale bar: 50um.
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Figure 6
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Figure 7
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Eigure 7: Perivascular fibroblasts, not meningeal fibroblasts, contributed to the fibrotic scar

(A) Schematic to label perivascular fibroblasts (B,C) Presence to GFP+ cells in the infarct core,
suggesting the contribution of perivascular fibroblasts in the fibrotic scar after stroke. (D) Schematic
for the meningeal fibroblasts labeling system. (F, G) There was no GFP+ cell inside the infarct core.

Scale bar= 100um.
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Supplementary Table 1 Immunofluorescence Staining Antibodies

Target Manufacturer (catalog no.) Dilution
Protein
NG2 Millipore Sigma (AB5320) 1:50
CD146 Abcam (ab75769) 1:100
PDGFRf Abcam (ab32570) 1:100
PDGFRp eBioscience (14-1402-82) 1:50
VTN ABClonal (A1667) 1:50
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CHAPTER 3

Characterization of the entire heterogeneous pericyte cell population

and their stroke-induced transcriptomic changes
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INTRODUCTION

The rapid progression of next-generation sequencing (NGS) technologies in the last few years has
provided many valuable insights and answered fundamental, outstanding questions in biology (Butler
et al., 2018; Hwang et al., 2018; Islam et al., 2014). NGS-technologies, from genomics,
transcriptomics and epigenomics, increasingly focused on and appreciated the heterogeneity of cell
populations and the characterization of individual cells. These single cell analyses, especially single-
cell RNA seq (scRNAseq), allow researchers to reexamine the previous scientific foundations that
were laid forth by the traditional profiling of bulk populations to uncover new biological discoveries.
Particularly in disease settings where cellular responses are rapidly changing through a pathological
progression, delineating cell lineage relationships, subpopulations responses, or anomalous
developmental progressions are crucial and highlight the potential application of sScRNAseq

Stroke, the leading cause of adult disability and the second cause of death worldwide, remains one
of the largest unmet medical needs for patients and clinicians(Benjamin et al., 2018). Due to the lack
of therapeutic treatments, surviving patients face life-altering challenges and devastating disabilities
that affect their motor, cognitive, and sensory functions (Kelly-Hayes et al., 2003). By understanding
the biology of the brain after stroke, we hope to uncover pathways that could lay the foundations for
therapeutic treatments to improve patient lives.

After stroke, the brain undergoes a rapid wave of tissue restructuring and reorganization through a
plethora of proliferative, regenerative and scar-forming events that last weeks after injury
(Carmichael, 2005, 2010, 2016). Pericytes, an elusive member of the regenerative neurovascular
niche, are mural cells that wrap around vasculature and play crucial roles in angiogenesis,
oligodendrocyte differentiation, BBB maintenance and fibrotic scar formation (Bell et al., 2010; Birbrair
et al., 2014; De La Fuente et al., 2017; Dias et al., 2018; Goritz et al., 2011; Kisler et al., 2017;
Sweeney et al., 2016). Studies of pericytes have been particularly challenging, and evidence for the

role of pericytes in health and diseases have been conflicting, in part due to the inherent heterogeneity
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of pericytes and the lack of precise molecular markers for labeling and animal models tools. With
these characteristics, pericytes are a prime candidate for the application of sScRNAseq technologies,
especially in after ischemic injury.

Previous study has examined the transcriptome and subpopulations of perivascular and vascular
populations in homeostasis (Vanlandewijck et al., 2018). Here, using scRNAseq, coupled with cutting-
edge bioinformatics, we hope to capture the heterogeneity of pericytes that was suggested by
morphological and spatial heterogeneity in health and after injury. We utilized the PDGFRb™ mouse
strain for scRNAseq, to characterize not only the post-stroke pericyte population but also the
perivascular fibroblast population. PDGFRb is a marker for both cell types (Vanlandewijck et al.,
2018). Using cutting-edge bioinformatic analysis, we were able to confirm the diverse roles of pericyte
after ischemic injury, including its participation in the neurogenesis and angiogenesis, along with its
transdifferentiation into fibrotic scar. Via analysis of heart pericytes (in collaboration with the Ardehali
Lab at UCLA), we also found that pericyte contribution to scar is conserved across multiple organs,
including the heart. We identified several candidate gene systems that will be used for manipulated
through gain and loss of function analyses to delineate pericyte functions after stroke in the next

chapter.

RESULTS

Isolation of post-stroke PDGFRb™* cells for scRNAseq

To separate cell populations for scRNAseq, we isolated tdT+ cells from post-stroke and sham
PDGFRbRE¥*Rosa26"T* transgenic mice at 7 days after stroke via flow-activated cell sorting (FACS)
(Figure 1A). We chose this FACS to enrich the pericyte population instead of subjecting the whole
brain through the pipeline, because the pericyte component to most unselected scRNAseq is very
small. Stroke tissue was separated into stroke core (based on tdTomato fluorescent signal) and
stroke-periinfarct cortex (Figure 1A). Cells were sorted on tdTomato positive, DAPI negative and

Drag5 positive signals (Figure B). In order to assess the quality and reliability of the sorted cell
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population (Figure 1C), we performed RT-gPCR on several cell populations including pericytes,
endothelial cells, oligodendrocytes and microglia. The data confirmed our ability to FACS-isolated
pericytes from the brain. Isolated cells were subjected to the microfluidic system of 10x Genomics for

library preparation, then sequenced on Novaseq.

The pericyte population is distinctly separated from both activated fibroblasts in the stroke
core and perivascular fibroblasts

The transcriptome underwent an extensive quality control process to filter out dead cells,
mitochondrial contamination, and doublets (Figure 2A). Variable gene analysis and clustering were
carried out to reveal distinct clusters that were associated with vascular and perivascular cells (Figure
2A-B). We found that besides pericytes and fibroblast clusters, which made up 90% of the total
sampled population, we had a moderate amount of endothelial cell contamination in our samples,
along with the endothelial/pericyte doublet clusters (identified by expressing both markers of
endothelial cells and pericytes) (Figure 2A). While we did notinclude these clusters in the subsequent
analysis, we observed similar findings from a previous study of the subpopulation of the brain
vasculature, including arterial (Bmx, Efnb2,Vegfc) and venous cells (Nrf2f2)(Vanlandewijck et al.,
2018). Pericyte clusters were identified by a combination of pericyte markers including (Pdgfrb, Vitn,
Abcc9, Anpep, Des). Smooth muscle cells population markers were identified based on their Acta2,
Tagln markers. Perivascular fibroblast markers that were used included Pdgfra, Acta2, Colala2,
Lamal, as previously described (Vanlandewijck et al., 2018). We found that the sham and periinfarct
samples held similar cellular distributions and patterns whereas the stroke core sample showed a
distinct population of activated fibroblasts, which were characterized by Collal, Fnl, Acta2, FSP1
clusters (Figure 2E). Further quality control analysis revealed that our clusters are well-represented
by several samples and that they are not heavily biased by individual samples, which validated our
clustering analysis (Figure 2F).

As stroke induces a highly proliferative state in most brain cells, especially at the 7-day post-injury
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window, we used known cell cycle marker genes to compute cell cycle and predict cell cycle phase
using a previously discussed method (Tirosh et al., 2016). We revealed that while the clusters are not
biased by cell-cycle phase and most clusters were well-mixed for phases of the cell cycle (Figure
2D). However, we found a heavy concentration of activated fibroblasts which were enriched in the
G2M phase of cell cycle (Figure 2D).

Together, using scRNAseq analysis, we revealed distinct cellular distribution patterns of the stroke
core tissue and stroke periinfarct tissues. We were able to distinguish between the stroke periinfarct
pericyte population from the perivascular fibroblast populations, which laid the foundation for us to
dive deeper into each of these clusters in subsequent analyses.

Periinfarct pericytes expresses angiogenetic and neurogenetic molecular signatures

Next, we performed differential gene expression analysis between sham and stroke samples using
Monocle2 for each cluster to revealed stroke-induced changes of cellular expression profile (T. Wang
et al., 2019). We identified 7792 differentially expressed genes, DEGs, (Figure 3A). We found that
among the clusters that were analyzed, pericyte clusters have the highest number of DEGs,
suggesting their dynamic stroke-induced change in the expression profile compared to other cell
types (Figure 3B). Next, we performed the Gene Ontology (GO) enrichment analysis as previously
reported (Alexa & Rahnenfuhrer, n.d.). In brief, for each cluster, we used the top 100 significant DEGs
by average log fold change as the input into the EnrichR to query the GO Biological Process 2018
database (Figure 3C). This analysis identified specific molecular pathways that were expressed by
pericytes, fibroblasts and perivascular fibroblasts. Periinfarct pericyte clusters DEGs are distinct from
that of perivascular fibroblasts and activated fibroblasts in the infarct core. Pericytes expressed a high
level of angiogenic factors while activated fibroblasts expressed genes that regulate ECM and
assembly (Figure 3C).

Next, we subjected the dataset through Weighted Correlation Network Analysis (WGCNA), which has
been a tool for identifying the functional modules based on co-expression networks inferred from a
large number of gene expression profiles. (Cha & Lee, 2020; Langfelder & Horvath, 2008). WGCNA
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historically has been developed for bulk RNA sequencing datasets. Coupling WGCNA along with
scRNAseq has proven to be a useful tool to unveil functional modules associated with disease states
of cell types. Using our WCGNA analysis, we separated our dataset into four major groups (Figure
3D). Further analysis of the pericyte and fibroblast clusters identified distinct co-expression patterns
(Figure 3E). Periinfarct pericytes expressed high levels of angiogenesis pathways, along with cell
proliferation while the fibroblast clusters showed high level of morphogenesis, migration, astrocyte
and cell-to-cell interaction (Figure 3F).

Pseudo-time analysis confirmed pericyte-to-fibroblast-transition after injury

Next, we used pseudo-time analysis, TSCAN, to map out the pericyte-fibroblast transition that was
identified in chapter 2. Pseudotime analysis or trajectory inference methods are analysis that align
cell populations along a trajectory based on similarities in their single cell expression patterns
(Saelens et al., 2019). First, we used TSCAN analysis on the pericyte and fibroblast clusters and
reduced the dimension of the scRNAseq data set into clustering of cell states based on similar
expression profile and revealed 12 distinct cell states (Figure 4A). Next, the algorithm constructed a
minimum spanning tree to connect all the cluster centers using the shortest distance between each
two clusters, as previously discussed (Ji & Ji, 2016). Here, our analysis identified distinct connection
map between clusters 8, 1, 5, 4, 6 and 2 while clusters 3 and 7 were not connected to the main path
as they diverged out from the branch (Figure 4B & C). Further analysis confirmed the transition
between pericytes to activated fibroblasts via the reduction of a pericyte-specific marker (Vtn) and
increased expression of a fibroblast marker (Lum) (Figure 4D). Distribution of samples in each of
these cell states revealed that the pericyte cell fate exists predominantly in the sham sample; stroke
periinfarct sample have most of the transitional states while the fibroblast cell fates are mostly from
the stroke core sample (Figure 4E).

These observations further cemented the pericyte-fibroblast transition in the infarct core, in line with

the tissue-level data we observed in chapter 2.
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The pericyte contribution to the fibrotic process is conserved in the heart and brain

Previous studies had indicated that pericyte did not form fibrotic scar across multiple organs, which is at
odds with our current findings about the contribution of pericyte in the fibrotic scar after stroke (Guimaraes-
Camboa et al., 2017). We asked whether the pericyte-fibrotic scar formation is conserved across multiple
organs. With the collaboration with Dr. Reza Ardehali lab, we performed paralleled studies using similar

animal models to previous studies.

Using the Tbx18 “R¥* Rosa26'“"* mouse model, we performed scRNAseq on tdTomato+ cells in the
injury core and in the periinfarct region in both the brain and the heart. Clustering analysis revealed
distinct clusters of the pericytes in both organs (Figure 5A &B). The isolated cells were then
processed for single cell RNA sequencing (scRNA-seq), resulting in a transcriptomic dataset
consisting of 37,001 cells from the heart and 15,353 cells from the brain (Figure 5A). Other cell types
in the heart (i.e., endothelial cells, cardiomyocytes, fibroblasts, smooth muscle cells, leukocytes) and
the brain (i.e. endothelial cells, smooth muscle cells, microglia) were identified and excluded from our
analysis. Pericytes were identified based on expression of known markers, such as Rgs5, Mcam,
Pdgfrb and Cspg4 for the heart and Abcc9, Pdgfrb, Vin, Cspg4 and Anpep for the brain (Figure 5B).
The pericyte clusters for both systems were subjected to further downstream analysis (Figure 5B).
Our scRNAseq analysis revealed a considerable number of common up-regulated genes and
biological pathways related to fibrosis that were enriched in pericytes from the injured hearts and
brains (compared to pericytes from uninjured organs), suggesting similar pro-fibrotic activity of
pericytes in a common ischemic injury response. Gene Sets Enrichment Analysis (GSEA) identified
a significant enrichment of key fibrosis pathways, including inflammation, immune response, and

extracellular matrix (ECM) components (Figure 5C)

We next analyzed the gene expression profiles of cardiac and brain pericytes separately at a single
cell resolution. Pericytes isolated from sham tissues of the heart and brain formed a distinct cluster
from injured pericytes, suggesting a shift in their gene expression profile in response to injury (Figure

5D). We observed high expression of fibrosis-related genes in the pericytes located within the core
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infarct regions and, to a lesser extent, in pericytes in the peri-infarct areas (Figure 5D). Conversely,
genes associated with the pericyte-endothelium junction and vascular integrity were downregulated
in infarct and peri-infarct pericytes compared to pericytes isolated from sham organs (Figure 5D). To
validate these findings, we also performed unsupervised clustering to explore changes across the
transcriptomes of pericytes from injured and healthy heart and brain tissue. This analysis confirmed
that pathways associated with ECM assembly and collagen metabolism were downregulated in the
sham setting and showed significant upregulation as cells transitioned to the infarct state.

We next performed immunohistochemistry to confirm the progression of pericytes to a fibrotic
phenotype in MI and stroke and define their localization with respect to the ischemic regions.
Stroke/MI and sham surgery were conducted on animals as described above. Immunohistochemistry
for pericyte and fibrosis markers was performed on frozen sections and representative images of the
scar and uninjured tissues were chosen (Figure 5E) We observed that in the absence of injury,
pericytes maintain an intimal connection with the vascular bed and do not express detectable levels
of fibrosis markers, such as periostin (POSTN) for the heart and COL1A1 for the brain (Figure 5E).
However, in response to ischemic insult, we observed accumulation of pericytes in the infarct region
in both organs many of them expressing POSTN and COL1A1 which was not seen in sham organs

(Figure 5E).

DISCUSSION

The findings in this chapter have confirmed the heterogeneous response of pericyte after ischemic
injury. By using the Pdgfrb®R¥"* Rosa26 “T*, we captured the entire population of perivascular cells,
along with scar-forming fibroblasts in the core. The 7-day post-stroke timepoint was chosen as this is
the time of peak pericyte proliferation and regenerative activities in the periinfarct, as well as the peak
of fibrotic scar formation in the infarct core. We aimed to capture the diverse response of pericyte
during this time window through scRNAseq.

Firstly, in alignment with previous studies, we identified distinct clusters of pericyte and perivascular
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fibroblasts in sham animals and in the periinfarct area where the tissue integrity and compositions
are still intact compared to the infarct core (Vanlandewijck et al., 2018). Also in alignment with their
studies and previously described morphological and spatial distinction of mural cell subgroups, the
mural cell populations were clustered into arteriolar SMCs (Acta2"9", Abcc9"e92ve) and pre-capillary
arteriolar SMC/pericyte hybrid population ( Acta2r°sie Abcc9rostve) and capillary pericytes (Figure
2B) (Hartmann et al., 2015; Vanlandewijck et al., 2018). Interestingly, we did not observe the capillary
pericyte subgroup. The perivascular fibroblasts were also distinctly clustered into two distinct clusters
as in previous studies (Figure 2B) (Vanlandewijck et al., 2018).

Stroke induces a distinct phenotype for the pericytes in the infarcted population and the periinfarct
population. Tools developed for differential gene expression analysis on bulk RNAseq can be applied
to single cell data (Anders & Huber, 2010; Hardcastle & Kelly, 2010; Leng et al., 2013; T. Wang et
al., 2019). However, scRNAseq data can have very different characteristics due to their small number
and low capture efficiency of RNA molecules that lead to “drop-out” events (Kharchenko et al., 2014).
This can lead to multimodality in expression values in different cells and lead to the heterogeneity of
the cell-to-cell differential gene expression profile. Several methods have been developed to address
these challenges. Here, we developed a novel WCGNA method that was designed specifically for
single cell RNAseq (in collaboration with Dr. Vivek Swarup at University of California, Irvine).
WCGNA, in combination with Gene Ontology Enrichment Analysis to further delineate the periinfarct
pericyte expressed distinct molecular profile compared to that of sham (Figure 2E, Figure 3) (Y. Ma
et al., 2020). Periinfarct pericytes expressed angiogenic and neurogenic molecular profiles, which
suggested pericytes participate in the regenerative neurovascular niche (Figure 3D-F).
Interestingly, the WCGNA revealed the module pericyte-fibroblast transition that includes
mesenchymal cell differentiation, morphogenesis, and migration (Figure 3F). In fact, this
phenomenon is further cemented by the pseudotime analysis. Clear projection of periinfarct pericytes
to the infarct core perivascular fibroblasts was seen (Figure 4). It is essential to note that TSCAN

produced a linear inferable trajectory without any branches. How perivascular fibroblasts contribute
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to the infarct core and fit into this trajectory would require additional analysis that use a more

developed multifurcation such as PAGA or Monocle.

Lastly, using Thx18°RE* RosaR26 “* transgenic line (courtesy of Dr. Sylvia Evans, UCSD), we aim
to replicate the previous study in clinically relevant models that produce robust fibrotic scar formation
(Guimaraes-Camboa et al., 2017). We observed the conserved role of pericytes in fibrotic scar
formation in both the brain and the heart (Figure 5). The previous study used transaortic constriction
in the heart and cortical stab wound in the brain, which have different pathological phenotypes from
the models that were used in our studies. Transaortic constriction is a chronic form of cardiac injury
that results in diffuse interstitial fibrosis across the heart. The stab wound injury does not create an
ischemic penumbra, therefore lacking significant reorganization and regeneration upon injury. In our
studies, we performed two clinically relevant pathological models of ischemic injury: MI, which leads
to replacement fibrosis, and ischemic stroke, which results in discrete fibrotic scar enveloped by an
astrocytic scar. Although different injury models could contribute to the observed differences, the
clinically relevant models used in the current study highlight the important role of pericytes in cardiac
and brain fibrosis. In summary, our data suggest that in the two most devastating ischemic injuries,
the fibrotic response of pericytes and their contributions to ECM remodeling are highly conserved

between the heart and brain.

Together, these bioinformatic analyses provide insights into the heterogenous response of pericytes
after injury, further cement their contribution to the fibrotic scar and their regenerative role in the
periinfarct cortex. These findings will lay the groundwork for manipulation study in chapter 4.
METHODS

Mice

Pdgfrb®™* mice were a gift from Dr. Volkhard Lindner (Maine Medical Center). Thx18°R¥* RosaR26
9T+ mice were a gift from Dr. Sylvia Evans (UC San Diego). All procedures were carried out with the

approval of the UCLA Animal Research Committee.
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Photothrombotic Stroke

Cortical stroke at the motor cortex was induced in mice using the stereotaxic surgery. Mice were
initially anesthetized by mixture of oxygen and 5% isoflurane, then intubated at 2% for the duration
of the operation. Body temperature was monitored and maintained at 37 degree Celcius +/- 0.5
degree by homeothermic heating pads. Rose Bangel, a photosensitive chemical was injected
intraperitoneal at concentration of 10mg/mL. After 10 minutes to allow for systemic circulation of Rose
Bangel, a cold light source KL1500 LCD (Zeiss) was placed on top of the exposed skull above the
forelimb motor cortex (coordinates ML 1.5mm, AP 0.0mm). After 15 minutes, the wound was closed
and animals were returned to cages for recovery. The photothrombotic stroke can reliably generate
stroke size of 1-2 mm in diameter, dependent on the diameter and power of the light source

Tissue dissociation and FACS Isolation

Mice were euthanized within 1 minutes using an a gas chamber of isoflurane. The brain were
dissected and rinsed with 30mL of phosphate-buffered saline (PBS) with 10% Bovine Serum albumin
(BSA) . The meningeal were carefully removed. Infarct core were dissected and separated from the
periinfarct cortex. Using forceps, white matter was removed from the tissues. The tissues were
processed using the Milteny Biotech Adult Brain dissociation kit (Catalog 130-107-677). In brief,
tissues were enzymatically digested using the gentleMACS Octo Dissociator with Heater for 30 mins
at 37 degree Celsius. Samples were centrifuged and washed with ice-cold PBS/0.1% BSA before
filtering through a 70uM MACS SmartStrainer. Samples were collected and centrugiged again at
300xg, 10 minutes before DAPI and Drag5 (Thermofisher) were added immediately prior to FACS.
Cells were analyzed or sorted using a BD FACSAria™ |l cell sorter. All data was analyzed using
FlowJo software.

scRNAseq

Sorted cells were resuspended and counted using a hemocytometer. Cells were prepared for

scRNAseq using the 10x Genomics Chrominium controller and the Chromium Single Cell 3'GEM,

77



Library & Gel Bead Kit v3. Libraries were sequenced on a Novaseq Sequencer (llluminia) with an
average 150,000,000 reads sequenced per sample. Data was processed using 10x Cell Ranger
pipeline and further analyzed using Seurat.

RNA Extraction and Reverse Transcription gPCR (RT-gPCR)

Sorted cells were sorted directly into the Trlzol LS Reagent (Thermo Fisher). RNA was extracted
using the Trlzol™ LS Reagent and follow the manufacturer protocol. The extracted RNA was
quantified using NanoDrop ™ according to the protocol. Conversion to complementary DNA (cDNA)
was carried out using the iSript ™ cDNA Synthesis Kit (Bio-Rad) and following the manufacturer’'s
instruction. RT-gPCR reactions were prepared with SYBR Green Master Mix (BioRad) and specific
primers for target gene were used. The reactions were run on the CFX96 Touch ™ Real-Time PCR
Detection System (Bio-Rad) and analysis was done with the double delta-CT method.

Single Cell RNA Analysis

Pseudo-time analysis (TSCAN) was performed according to previously published protocol (Ji & Ji,
2016). Gene Sets Enrichment Analysis (GSEA) & Gene Ontology Analysis was performed using
previously published parameters (Y. Ma et al.,, 2020). WCGNA protocol was modified to befit
scRNAseq analysis according to previous publication (Cha & Lee, 2020)

Statistics

All quantification data are presented as mean + standard error of the mean (SEM) and significance was
determined by using Student's t-test or Two-way ANOVA. A p-value < 0.05 was considered
statistically significant and data were analyzed using GraphPad Prism 8. The heatmaps shown in our
figure were created using the DoHeatmap function in Seurat, which visualizes the expression of
selected genes after scaling the data. Based on these results, we found that there was a trend in the
expression of fibrosis-related genes, suggesting a transition in the transcriptomes of pericytes
between sham and injured hearts and brains. Many of these genes were associated with ECM
assembly and the significance of this was further supported by our GSEA results (determination of

significance is described below). However, as the DoHeatmap function itself does not indicate
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significance, we have changed the manuscript to more accurately describe our findings.

To confirm the significance of the NES scores in our GSEA, we analyzed the false discovery rates
(FDR) associated with our pathways of interest. A threshold of FDR <0.05 was set to determine
significance in enrichment for each pathway. Below is a plot depicting the mean -log10(FDR) for each
pathway across the pericyte clusters in both the heart and the brain. To avoid any confusion, we have
changed the wording in our manuscript from “robust” to “significant” and have included the FDR

threshold in the description of our GSEA.
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(A) Schematic of the single cell analysis pipeline (B) FACS sorted tdTomato cells (C) gPCR

analysis confirms the high purity of sorted cells.
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Figure 2
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(A ) Schematic for bioinformatic analysis (B) UMAP of all cell types across sham, stroke core and
stroke periinfarct sample (C) Cell clusters distribution across conditions revealed that sham and
periinfarct samples have similar cell types components while stroke core samples contain of unique
activated fibroblasts clusters (D) All clusters are well-distributed across sample conditions (E) Cell

cycle analysis revealed that there is no bias of clustering due to cell cycle states. Stroke core activated

fibroblast cluster (circle) have the most proliferating cells
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Figure 3
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: . ity of peri | fibrobl |

(A) Gene-set-enrichment-analysis (GSEA) revealed 7,734 differential gene expression across
different clusters (B) Pericyte clusters (cluster 13) has the highest number of differential gene
expression (C) Gene ontology analysis for single cell revealed distinct enrichment of molecular
pathways for pericyte clusters ,activated fibroblasts and perivascular fibroblasts clusters (D)
GWCNA analysis revealed 4 distinct clusters. Smaller clusters in the dataset (i.e., astrocytes,
oligodendrocytes) were not included. (E & F) Dendogram showed distinct module between
pericytes (E ) and perivascular fibroblasts (F). (G) Close analysis of pericyte cluster reveal gene
network associated with angiogenesis, cell proliferation, astrocyte interaction and mesenchymal

morphogenesis.
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Figure 4
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Figure 4. Pseudotime analysis confirmed pericyte contribution to the fibrotic scar
TSCAN analysis use PCA to reduced dimensions of the dataset and revealed (A) 12 independent

cell states . (B&C) Among these cell states, the algorithm created a “walk” through the most
closely associated clusters and revealed 6 closely associated cell state, representing the transition
between one clusters to the other. (D) Further analysis of the pseudotime revealed the increase
expression of fibroblast marker (Lum) and reduction of pericyte marker (Vtn), which suggests the
transition between pericyte to fibroblasts in the scRNAseq data. (E ) We also confirmed that the
sample distribution of pericytes is mostly in the sham and stroke periinfarct sample while stroke

core is populated with the activated fibroblasts, which gave us the direction of the pseudotime
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Figure 5

A

Heart
]

Brain

B Svcks - pusin

Apcptctic Signaling Pathwary

Celuar Response to Reactive Oxygen Species
Extraceikfar Matrix Component

Imarane System Process

Innate Imenune Response

Multicelhsar Organismal Response 1o Stress

Regulaton of Adaptive Immune Response
Regulaton of Cell Cyde
Regulaton of Intrinsic Apoptotic Signalng

Response % Wounding

Reguiation of Smoath Muscie Contracton
Response 1o Endoplasmic Retculum Stress
Response to Oxidaive Stress

L

B vt com

Heart

Brain

L

Epithelum

Blood Vessel Morphogenesis

M - part- et
—
f—
—
——.
—
—_—
Regeneraton
s
y
Pathwary p——
prn
e
p—
——
%
Cel Juncson Yy
————{
Angiogenesis
T 1
-1 t 4
NES

Hoart

Brain

Pewyw

Eatatwhet

90

oon

o

Mo drkn Prcxsan

reviton

[

3=

Praxsan

Mok darn

soran

Refative gene
expression
(average for cach
treatment)



Fiqure 5. Isolation and characterization of pericytes from brain and heart after ischemic
injury.
A, Single cell RNA-seq analysis of lineage-traced TBX18-expressing cells from the injured and

un-injured hearts and brains (n=3 biologically independent samples). UMAP analysis revealed
presence of other cardiac and brain cell types (fibroblasts, endothelial cells, smooth muscle cells
and immune cells). Feature plot of pericytes reveals a cluster of pericytes from the infarct and peri-
infarct regions distinctly separated from uninjured pericytes (i.e. sham). SMC = Smooth Muscle
Cells, CM = Cardiomyocytes. B, Feature plots of known pericyte markers in the heart and brain
confirm the clustering and identification of pericytes. C, Gene Ontology categories reveals
pathways that are similarly enriched in infarcted heart and brain pericytes when compared to
uninjured pericytes. We observed parallel upregulation of pathways associated with ECM
production, immune response and fibrosis. Conversely, pathways associated with blood vessel
formation were downregulated, NES = Normalized Enrichment Score. D, Heatmap of genes
associated with ECM production, ECM modulation, and pericyte-endothelium junction. While pro-
fibrotic genes that regulate ECM remodeling were upregulated in cardiac pericytes isolated from
the infarct core and to a lesser extent in the peri-infarct region, we observed a reduction in the
expression of genes that regulate endothelial cell-pericyte interaction. Expression value on the
color scale equates to log-2 fold change of gene expression. E, Confocal images show expression
of POSTN (heart) and COL1A1l(brain), markers associated with activated fibroblasts, in TBX18-
expressing pericytes in the hearts and brains of animals that underwent sham, MI, or stroke.

Images from MI and stroke were taken from the infarct core. Scale bar = 20um. tdT = tdTomato.
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CHAPTER 4

Manipulation of post-stroke pericyte via cellular ablation, candidate gene loss-of-function

and pharmacological agent targeting a specific pathway
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INTRODUCTION

Based on the bioinformatic analysis of the scRNAseq dataset described in Chapter 3, combined
with the molecular tools developed in Chapter 2, we set out to further dissect the functional role
of pericytes after stroke via three distinct methods of manipulation: complete ablation (via diptheria
toxin, DT), molecular loss-of-function (Stat3 knockdown) and pharmacological intervention

(LOXL2/3 inhibition).
Ablation Study

Ablation studies in mural cells have been difficult, especially in the brain due to the essential role
of pericyte in the BBB, vasculature development and maintenance (Armulik et al., 2011; van Dijk
et al., 2015). Thus far, pericyte loss-of-function studies have been predominantly carried out in
mice with Pdgfrb mutations or knockouts that lead to a reduction in pericyte numbers (Kisler et al.,
2017; Montagne et al., 2018; Nikolakopoulou et al., 2019). These animals only have up to 50%
pericyte coverage in the brain which leads to BBB leakage, developmental abnormalities,
neurovascular coupling dysfunctions and other pathologies (Kisler et al., 2017; Montagne et al.,
2018; Nikolakopoulou et al., 2019). These abnormalities and dysfunctions complicate study in the
context of stroke, as it would be difficult to attribute the causal role of pericyte loss to the observed
tissue phenotype. Alternatively, other studies have crossed the Ras-less mice with a pericyte-
specific transgenic line (Glast°RE) to inhibit the proliferation of pericytes after spinal cord injury
(Dias et al., 2018; Géoritz et al., 2011). This method, while elegantly executed, lacks the spatial

control needed to dissect pericyte heterogeneity in the periinfarct region and in the infarct region.

Here, we crossed Thx18“RE*Rosa26 “" with iDTR animals (Jackson Laboratory, Cat 007900) and
microdose DT was delivered transcranially into the periinfarct regions. We observed differential
tissue phenotypes compared to control that suggest worsening tissue phenotype and functional

outcome. Upon ablating the Tbhx18+ cells on one side of the infarct (medial or lateral), while we
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observed the loss of pericyte coverage in the injected site, we also saw the gradient formation of
fibrotic scar as non-ablated pericytes migrate from the surrounding area into the infarcted area,

suggesting that the process of pericytes’ fibrotic scar formation is highly conserved.
Stat3 Knockdown Study

Stat3 was identified from the previous chapter as one of the top gene candidates (5.6 fold increase
after stroke) that was responsible for the pericyte-fibroblasts transition. Previously, Stat3 has been
shown to play a role in astrogliosis (Anderson et al., 2016). Using viral knockdown of Stat3, we
observed a reduction of pericyte density in the periinfarct regions while the infarct area volume
and density remained unchanged. This either suggests Stat3 plays little role in fibrotic scar

formation or brain fibrosis is compensated by other pathways.
Study of LOXL2/3 Inhibitors

LoxI2 and LoxI3 were other top candidates that were most differentiated in pericytes after stroke
(5-6 fold expression increase compared to sham (FDR <0.01) . LOXL is a Cu-dependent amine
oxidase that is involved in the post-transcriptional modification of type 1 collagen and elastin,
which forms the crosslinks that stabilize the extracellular matrix (Puente et al., 2019, p. 2).
Stabilization of ECM and increased tissue stiffness was found to be the main reason for persistent
fibrosis and fibrotic associated-pathologies across multiple organs (Puente et al., 2019, p. 2).
Previous studies had shown that increased LOXL2 or 3 correlates with the worsening outcomes
in cardiac dysfunction, liver fibrosis, interstitial fibrosis, and pulmonary fibrosis, while inhibition of
LOXL2 or 3 via antibody or genetic manipulation has improved functional outcomes (Aumiller et
al., 2017; L. Ma et al., 2018; Matsuo et al., 2021, p. 2; Puente et al., 2019; Xu et al., 2019; J. Yang
et al., 2016, p. 2). Interestingly, as LOXL2/3 inhibition will lead to softening of tissue, tissue
stiffness in the brain correlates very well with its regenerative capability. Particularly, young mice
with higher regenerative capability have softer brains compared to older mice (Guo et al., 2019).

Moreover, the stiffer tissue in aged animals inhibits oligodendrocyte progenitor cell (OPC)
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proliferation and differentiation (Segel et al., 2019).Together, this suggested the beneficial
outcomes of LOXL2 and LOXL3 inhibition on functional recovery after stroke via attenuation of

fibrosis and the promotion of regenerative events in the brain.

Here, systemic delivery of novel small molecule inhibitors of LOXL2/3 (Pharmaxis, Inc) showed
significant reduction in infarcted area, along with robust regenerative events such as angiogenesis

and neurogenesis. This positions LOXL2/3 as an attractive candidate to promote stroke recovery.

RESULTS

Ablating mural cells worsened tissue outcome after stroke

To further delineate the role of pericytes in the infarct core and the periinfarct regions, we used
Thx18%®*RosaR26"Tma* mice, couple with the viral delivery of Diphtheria toxin receptor (DTR)
and transcranial delivery of DT to achieve well-controlled ablation of mural cells (Figure 1A). We
attempted at multiple strategies to achieve brain-pericyte-specific ablation and found that systemic
injection of DT led to sicker animal with higher mortality, hence, confounded the study. We decided
to go with well-control transcranial delivery of DT. Ablated animals had significantly larger infarct
areas (Figure 1B-C). In the periinfarct area, we observed significantly lower pericyte coverage
(Figure 1D), vasculature density (Figure 1E) and neuroblast number (Figure 1F). Interestingly,
we observed a lower intensity of GFAP in the astrocytic scar in these animals compared to sham

at 10 days post injury (Figure 1G), suggesting disruption of the fibrotic-glial scar is dynamic.

Next, we injected a small dose of DT into either the lateral or the medial side of the cortex to ablate
the mural cells on either side of the injury. We observed a reduction 30% reduction of pericyte cell
number in the periinfarct compared to control. We see a migration and gradual formation from the
fibrotic scar from the opposite side of the injury (Figure 2), which suggested the highly conserved
process of pericyte-fibrotic scar formation. Interestingly, we saw the concentration of EdU+ cells
which are mostly immune cells concentrated where the fibrotic scar are, suggesting the role of

fibrotic scar in neuroimmune regulation. Futher studies are needed to examine the vascular tree,
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angiogenesis and neurogenesis differences between the ablated side and non-ablated side.
PDGFRb+ cell-specific Stat3 knockdown significantly attenuates the regenerative events
in the periinfarct area

Stat3 is one of the top genes that came out of the sScRNAseq dataset in chapter 3. We observed
significantly increased expression of Stat3 in both periinfarct pericytes and stroke core cells after
stroke (Figure 3A). Ingenuity Pathway Analysis (IPA) identified Stat3 as one of the hub genes in
our network of differential genes on IPA, which means it participated in multiple gene networks
that are differentially expressed after stroke(Figure 3B). Using qPCR on FACS-sorted pericytes
in sham and stroke, we confirmed the upregulation of Stat3 in stroked tissue (3-fold-increase in
periinfarct and 4-fold-increase in infarct tissue compare to sham) (Figure 3C). On the tissue level,
we confirmed the increased expression of phosphorylated version of STAT3 (pSTAT3) at 3 days
after stroke (Figure 3D). To knockdown Stat3 in PDGFRb+ cells, we cloned the Cre-recombinase
cassette into the AAV2-Pdgfrb backbone and injected the packaged AAV virus into the Stat3 F/™
mice (a gift from Dr. Michael Sofroniew at UCLA) (Figure 4A). Virus was injected at two separate
site, (1uL, titer 10*®) 0.5mm medial and lateral to the injury core, 4 weeks prior to surgery to allow
for sufficient recombination and knockdown. The knockdown efficiency was confirmed via gqPCR
(Figure 4B) and IHC (Figure 4C). In the Stat3 knockdown-animals, we observed significant
disruption of the neurovascular niche. Pericyte coverage and vasculature density were
significantly reduced (Figure 4D-G). Interestingly, we observed not only a reduction of neuroblast
number (Figure 4H) but also the lack of neuroblast-pericyte association (Figure 4I1-J).
Interestingly, infarcted area volume remained unchanged (Figure 4K).

LOXL2/3 inhibition promotes regeneration of the periinfarct cortex

LoxI2 and LoxI3 are differentially upregulated in the stroke core and stroke periinfarct area (Figure
5A). To manipulate the LOXL2/3 pathways, we used a set of previously published small-molecule
inhibitors to LOXL2 and LOXL3 that are currently in phase 1/2a clinical trial for thrombocythemia

myelofibrosis (provided by Pharmaxis, Inc) (Chang et al., 2017; Jones et al., 2018; Leiva et al.,
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2017). PXS-5382 is a LOXL2 inhibitor while PXS-5505 is a pan-LOXL2/3 inhibitor. Both were
delivered to mice subdermal systemically via osmosis pump starting 3 days after injury (Figure
5B). At 10 days after injury, we observed a significant increase in proliferative events such as
angiogenesis (Figure 5C), pericyte proliferation (Figure 5D) and neuroblast number (Figure 5E)
in the periinfarct regions in treated animals compared to the control group. Interestingly, while
there was no difference in pericyte proliferation, PXS-5382-treated group showed increased
vasculature density and neuroblast number compared to the PXS-5505 (Figure 5C-E).

LOXL2/3 inhibition led to significant reduction in infarct size and changed the glia-fibrotic
scar border

In the infarct region, we observed overall remarkable tissue phenotypes. Infarcted volume is
significantly reduced in the treated group compared to the non-treated group with smallest infarct
in the PXS-5505-treated group (Figure 6A & B). Density of vasculature was significantly increased
inside the infarct area in the treated group (Figure 6C &D). We next asked whether the
vasculature network connected with the periinfarct vasculature network. By quantifying the “cross
point” of vasculature into the infarct area, we found that the drug treated group had significantly
more vessels crossing through the fibrotic-glial border to the infarct area compared the control
group (Figure 6E). Interestingly, in contrast to the clean and precise fibrotic-glial border in control
group, we observed significant overlapping and “invasion” of the reactive astrocyte boundary in

the fibrotic scar area (Figure 6F &G).

DISCUSSION

To further understand the pericyte role after ischemic stroke, our studies have delineated the role
of mural cell populations after injury. We found that the loss of pericytes led to significant
enlargement of the infarct area, along with the breakdown of regenerative events such as
angiogenesis in the periinfarct area (Figure 1). As reduction of angiogenesis after stroke leads to

worsening outcome, our tissue data suggested the functional outcomes post-stroke would be
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expected to be worse in pericyte-ablated animals (Ruan et al., 2015),. This finding is line with
previous studies in the spinal cord that complete ablation of pericytes led to worsening functional
outcome (Dias et al., 2018; Goritz et al., 2011). Tbx18“R¥* Rosa26"™* express in not only pericytes
but also perivascular fibroblasts, the ablation targeted the fibrotic-scar contribution from both
populations. Our data confirmed that during the acute phase, fibrotic scar ablation seems to be
detrimental to tissue regeneration, as reported previously (Dias et al., 2018; Goritz et al., 2011).
Interestingly, by doing local ablation of TBX18+ cells, we found that the fibrotic scar forming
process is highly conserved: if the process is disrupted in a specific area of the infarct, it is
compensated by a fibrotic response from another,adjacent area (Figure 2). Further studies are
needed to understand the extent of region-specific ablation that leads to specific delays in scar
formation and whether the delay would affect functional outcomes. Furthermore, it would be of
interest to understand the degree of contribution between perivascular fibroblasts and pericyte
populations to the fibrotic scar and if one cell population is ablated or dysfunction, whether the
other cell population would carry out the fibrotic scar formation responsibilities.

Our Stat3 knockdown study suggested that the heterogeneous role of pericyte after stroke needs
to be taken into consideration during pericyte-specific manipulation. In particular, we initially
hypothesized that Stat3 knockdown will lead to a partial reduction of fibrotic scar and potentially
promote regeneration, in line with previous studies (Dias et al., 2018). However, our tissue data
did not show a significant reduction in infarct scar, but demonstrated a worsening tissue outcome
with the disruption of angiogenesis in the periinfarct regions (Figure 3 & 4). The lack of change in
the infarcted area could be due to two particular reasons. The first and most obvious reason is
that Stat3 does not play an important role in fibrotic scar formation processes as our bioinformatic
analysis has suggested. The second reason is that the scar-forming process is highly conserved
and that manipulation of one gene or even one contributing cell population (i.e., pericytes or
perivascular fibroblasts) would not make a significant impact in the total scar phenotype. Further

studies are needed to clarify this.
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Interestingly, our remarkable results in the LOXL2/3 studies, especially in the infarct area, showed
that manipulation of the fibrotic scar is potentially beneficial for tissue regeneration and functional
outcome. While we did not measure the tissue stiffness of the LOXL2/3 inhibitors treatment,
previous studies had shown that PXS-5505 and 5382 had significantly soften fibrotic tissue in the
lung and heart (How et al., 2020; J. Yang et al., 2016, p. 2). Softening tissue stiffness has been
linked to increased regeneration (Guo et al., 2019; Segel et al., 2019) Previous studies showed
that astrocytic boundary is beneficial to regeneration and functional outcomes in spinal cord injury
(Anderson et al., 2016). With the increased angiogenesis, vasculature density and the intrusion of
astrocytic scar, the tissue outcome hinted at the regenerative capacity and better outcomes of the
treated animals. Further behavior studies are needed to provide concrete evidence of improved
functional outcome in treatment groups. Since this is a pharmacologic study, it is possible that the
inhibitors are acting on other cells which mediate the results.

The dual roles of pericytes are essential and targeting one of the roles can potentially lead to the
disruption of the other processes to which the pericytes contribute, as we saw significant disruption
of the periinfarct tissues with both Stat3 knockdown and LOXL2/3 studies even though both
studies were carried out to target fibrotic scars (Figure 4 & 5).

Together, our studies provide evidence of the essential role and highly conserved nature of the
fibrotic scar formation process. Pericyte heterogeneity needs to be taken into consideration during
therapeutic intervention and mechano-manipulation of the fibrotic scar via pharmacological agents

could lead to improved tissue repair and regeneration after ischemic injury.

METHODS

Mice

Pdgfrb®®* mice were a gift from Dr. Volkhard Lindner (Maine Medical Center). Thx18CRE*
Rosa26 "“* mice were a gift from Dr. Sylvia Evans (UC San Diego). Stat3 . All procedures

were carried out with the approval of the UCLA Animal Research Committee.
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Photothrombotic Stroke

Cortical stroke at the motor cortex was induced in mice using the stereotaxic surgery. Mice were
initially anesthetized by mixture of oxygen and 5% isoflurane, then intubated at 2% for the duration
of the operation. Body temperature was monitored and maintained at 37 degree Celcius +/- 0.5
degree by homeothermic heating pads. Rose Bangel, a photosensitive chemical was injected
intraperitoneal at concentration of 10mg/mL. After 10 minutes to allow for systemic circulation of
Rose Bangel, a cold light source KL1500 LCD (Zeiss) was placed on top of the exposed skull
above the forelimb motor cortex (coordinates ML 1.5mm, AP 0.0mm). After 15 minutes, the wound
was closed and animals were returned to cages for recovery. The photothrombotic stroke can
reliably generate stroke size of 1-2 mm in diameter, dependent on the diameter and power of the
light source

Tissue dissociation and FACS Isolation

Mice were euthanized within 1 minutes using an a gas chamber of isoflurane. The brain were
dissected and rinsed with 30mL of phosphate-buffered saline (PBS) with 10% Bovine Serum
albumin (BSA) . The meningeal were carefully removed. Infarct core were dissected and
separated from the periinfarct cortex. Using forceps, white matter was removed from the tissues.
The tissues were processed using the Milteny Biotech Adult Brain dissociation kit (Catalog 130-
107-677). In brief, tissues were enzymatically digested using the gentleMACS Octo Dissociator
with Heater for 30 mins at 37 degree Celsius. Samples were centrifuged and washed with ice-cold
PBS/0.1% BSA before filtering through a 70uM MACS SmartStrainer. Samples were collected and
centrugiged again at 300xg, 10 minutes before DAPI and Drag5 (Thermofisher) were added
immediately prior to FACS. Cells were analyzed or sorted using a BD FACSAria™ Il cell sorter.
All data was analyzed using FlowJo software.

Transcranial Injection

Mice were prepared for surgery as previously described. After anesthesia, mice received

injections in the medial intact peri-infarct cortex (Coordinates from Bregma: ML 0.5, AP 0.0mm)
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with the designated virus. A dental drill was used to create a small hole in the skull to allow for
needle access, and a 33guage Hamilton needle, attached to a 25 ul was lowered into the cortex
at 0.4mm coordinate from the brain surface. There, virus was infused at rate of 0.1 ul/min.
Afterward, the needle was allowed to remain in the brain for 10 minutes to allow for additional
infusion and prevent backflow before slowly retracted. The wound was closed with vetbond tissue
adhesive (3M). Animal was returned to the cage for recovery.

RNA Extraction and Reverse Transcription qPCR (RT-gPCR)

Sorted cells were sorted directly into the Trlzol LS Reagent (Thermo Fisher). RNA was extracted
using the Trlzol™ LS Reagent and follow the manufacturer protocol. The extracted RNA was
quantified using NanoDrop ™ according to the protocol. Conversion to complementary DNA
(cDNA) was carried out using the iSript ™ cDNA Synthesis Kit (Bio-Rad) and following the
manufacturer’s instruction. RT-gPCR reactions were prepared with SYBR Green Master Mix
(BioRad) and specific primers for target gene were used. The reactions were run on the CFX96
Touch ™ Real-Time PCR Detection System (Bio-Rad) and analysis was done with the double

delta-CT method.

Tissue Collection

At indicated time, animals were sacrificed via transcardial perfusion with cold saline containing
2% Paraformaldehyde (PFA), 0.1M lysin, 0.01M NaO4, 0.175 NaP buffer. This mild fixation
cocktail allows for preservation of many vasculature glycoprotein. Brains were dissected out and
post-fixed in the same solution overnight at 4 degree Ceicius, then cryopreserved in 30% sucrose
at 4 degree Celcius for an additional 48 hours. Afterwards, tissues were sectioned on cryostat
(Lica CM 0530). 40uM sections were collected and stored in 50% glycerol antifreeze solution at -
20 degree Celcius.

Immunohistochemistry

Immunohistochemistry was prepared according to standard laboratory protocol. Sections were
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removed from the antifreeze solution and washed 3 times in 0.02M KPBS for 5 minutes. Afterward,
the sections went through incubations 30-minute-permeabilization step (1% Triton-X in KPBS).
Dependent on the antibody used, antigen retrieval steps using Citric acid pH 6.0 at 80 degree
Celcius for 30 minutes was added. Tissues were blocked in solution of 5% normal donkey serum
(NDS), 0.1% Triton-X for 1 hour at room temperature. Tissues were then transferred directly into
primary antibody cocktail that is prepared in 2% NDS, 0.1% Triton-X in KBPS for 24 hours at 4
degree Celcius. The antibody list and its respective concentration is detailed in supplemental table
1. Following the primary incubation, sections were washed 3 times in KPBS and incubated in the
secondary antibody solution that was prepared in 2% NDS, 0.1% Triton-X in KPBS for 1 hour at
room temperature. Afterward, tissues were washed 3 times in KBPS for 10 minutes. EdU steps
might be added at this stage dependent on the assay. Sections were mounted oonto triple-subbed
slides and dehydrated with ethanol serial wash with increased concentration from 50-100% (1
minute each step), and xylene wash (5 minutes, twice). Next, slides were cover-slipped with the

application of DPX mounting media.

EdU Administration and Immunohistochemistry Induction

EdU was administered in drinking water at the final concentration of 200ug/mL with antibiotic
(cherry flavored for taste at the recommended dose. EdU was developed with a protocol modified
from the Click-IT EdU imaging kit (Thermo Fisher). Briefly, sections were incubated for 30 minutes
as the last step of immunohistochemistry for 30 minutes in 100mM TBS, pH 7.6 containing 100mM
sodium ascorbate, 4mM CuSO4, and 2uM sulfo-Cy5 azide (Lumiprobe D3330). Sections were
protected from light during this incubation.

Imaging and Imaris Analysis

Images were captured using a Nikon C2 confocal microscope at 40x magnification. Additional
analysis were done on Imaris, as previously published (S. Li et al., 2015, p. 10).

AAV Virus Preparation
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Appropriate promoters were developed and cloned into the AAV2-Flex virus backbone. Sequence
were verified for insertion. Afterward, the vectors were packaged into AAV2 virus using previously
published protocol (Bish et al., 2008). Briefly, the viral plasmid were transfected into HEKs cells
using Lipofectamin 200 (Thermofisher). After 3 days of incubation, the cells were harvested into
150mMNaCl, 20mM Tris pH8.0 solution before being lyzed for 1 hour in the 10% sodium
deoxycholate solution at 37 degree celcius. The cell debris were removed by centrifugation at
3000xg for 15 minutes and the rAAVs in supernation were harvested. Afterward, using the serial
heparin column purification method, AAVs were purified then concentrated via the Amicon ultra-4
centrifugal filter units with 100,000 molecular weight cutoff. Virus is then tittered with HEK 293
cells before storing in -80 degree Celcius.

Statistics

All quantification data are presented as mean + standard error of the mean (SEM) and significance
was determined by using Student's t-test or Two-way ANOVA. A p-value < 0.05 was considered

statistically significant and data were analyzed using GraphPad Prism 8.
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Figure 1
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(A) Experimental timeline (B) Volume of infarct was calculated as the volume tissue by subtracting
the volume of cortical tissue from the ipsilateral infarct. Ablated animals showed significant increased
in infarct size. (C) Representative image of the lack of fibrotic tissue (PDGFRb staining) inside the
infarct area. (D-F) Ablation of TBX18+ cells also affect the regenerative capability in the infarct area:

(D) pericyte number (E ) vasculature density and (F) number of neuroblasts in the periinfarct cortex

Scale bar: 100um. *p-value < 0.05.
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Figure 2
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. _ al : { the fibroti : :

(A) Schematic of the injection in the medial and lateral side of the infarct. (B) Sham animal showed
equal distribution of the scar laterally. (C) Medial DT injection showed ablation occured in the medial
side of the infarct and led to reduction in fibrotic scar (PDFRb+) on the medial side while the lateral
scar formation was undisturbed. (D) Lateral DT injection showed ablation occurred in the lateral side
of the infarct and led to reduction of fibrotic scar on the medial side lateral side while the medial side

scar formation was undisturbed. Scale bar: 250um. *p-value < 0.05.
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Figure 3
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. _ : lated in peri : |

(A ,C) Stat3 is upregulated after stroke, confirmed by the scRNAseq and gPCR of sorted PDGFRB+

cells from stroked PDGFRb “RE* mice. (D) Phosphorylated STAT3 (pSTAT3) is increased after

stroke. Scale bar: 50pm, p<0.05.

130



Figure 4
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(A) Experimental timeline to knockdown Stat3. (B) qPCR of FACS-sorted PDGFRb+ cells from
experimental animals and control animals confirmed the knockdown level of Stat3 after viral ablation.
(C) pSTAT3 level was decreased after ablation. (D-E) Stat3 knockdown animals showed reduction
in pericyte numbers and (F-G) vascular density . (H-1) Stat3 knockdown also reduced neuroblasts

association in the neurovascular niche. (J) Stat3 knockdown did not change the infarct size.
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Figure 5
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Figure 5. LOXL2/3 inhibitors promoted regeneration in the periinfarct tissue.

(A ) Heatmap of differentially expressed genes aross sample that showed LOXL2 and LOXL3
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were highly expressed in the infarct and periinfarct samples compared to sham. (B) Experimental
timeline (C-E) LOX2/3 inhibitors-treated group showed significant increased in angiogenesis (C),

pericytes proliferation (D) and neuroblasts number (E ) in the periinfarct cortex after stroke
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Figure 6
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Figure 6. 1L OXL2/3 inhibitors_significantly reduced the infarct size and promote
regeneration after stroke.

(A -B) LOXL2/3 inhibitors decreased infarct size significantly. (C-D) LOXL2/3 inhibitors increased

vasculature density inside the infarct (E-G) Treated animals significantly decrease the infarct size

and (F) increased GFAP infiltration in the infarct core. Scale bar = 50um. tdT = tdTomato.
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