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Abstract

Molecular oxygen is essential for most living species. Consequently, hypoxic or ischemic conditions are major
cellular stressors and prominent pathological features in ischemic stroke. Stroke is a global health problem and
remains the second leading cause of death or disability worldwide. Current management of the disease focuses
on rapid reperfusion by thrombolysis or thrombectomy but these therapies are time-critical and only administered
to a minority of patients. Thus, improving our understanding of stroke pathogenesis is key to ensure rapid and
accurate diagnostics to maximize benefits from existing reperfusion treatments but also to identify new therapeutic
targets. Blood-brain barrier (BBB) breakdown is one of the pathological hallmarks of ischemic stroke, excerbating
the ichemic brain injury and limiting the use of current clinical therapies. Ischemic stroke is also characterized by
endogenous repair mechanisms such as angiogenesis to restore cerbral blood flow, and neurogenesis for
functional recovery. Understanding when and how the brain transitions from injury to repair and how the
responses of specific cells may orchestrate that transition could have key implications for future stroke therapies.

Brain pericytes, surounding capillaries at the blood-brain interface have received increased attention in stroke
research as they have central roles in maintaining BBB integrity, regulating angiogenesis, and modulating
inflammation. As such, pericyte dysfunction after ischemic injury may have an unfavourable impact on BBB
breakdown due to pericyte detachment and/or disruption of blood-flow because of pericyte constriction. On the
other hand, pericytes in the peri-infarct area supports poststroke recovery by inducing angiogenesis and
neurogenesis. However, we still have limited knowledge of how pericytes sense and respond to hypoxic/ischemic
insult and further insght are needed. Towards that end, this thesis has aimed at expanding the current knowledge
of the role of pericytes in the hypoxia or ischemia challenged brain from different perspectives.

One of the first pericyte responses to hypoxia or ischemia is the rapid induction of Regulator of G-protein
Signalling 5 (RGS5), a negative regulator of G-protein signalling. Using an experimental mouse model of ischemic
stroke we established that loss of RGS5 preserved the perivascular coverage of pericytes associated with
increased vascular density and BBB integrity. In cell cultures of human brain pericytes, we show that RGS5
expression desensitizes pericytes to important chemotactic cues such as platelet-derived growth factor (PDGFBB)
necessary for pericyte recruitment and retention to the vascular wall.

Pericytes secrete various factors important for cell-cell communication. Using an in vitro BBB-model, we show that
the pericyte secretome is altered under hypoxia and dependent on cell-cell interactions of other BBB-residing
cells. Furthermore, circulating pericyte-derived microvesicles (MVs) showed an early and time-dependent increase
in stroke patients, where functional annotation of secreted molecules within the MV cargo related to inflammation
and vascular remodelling.

Using single-cell RNA sequencing in an ischemic stroke mouse model, we identified a stroke-specific subcluster of
pericytes present at different time points of the acute phase, characterized by the upregulation of specific genes
related to cytokine signalling and modulation of the immune and inflammatory response.
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To my family

“The first principle is that you must not fool yourself — and
you are the easiest person to fool.”

-Richard Feynman
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Lay Summary

Stroke, also known as ‘ischemic brain attack’, is a medical emergency caused by a
blood clot that prevents a certain brain region from receiving oxygen and nutrients.
As aresult, affected brain cells start to die within minutes and the injury progresses
for several weeks. Current treatments are aimed at restoring blood flow by clot
dissolving drugs but can only be administered within the first few hours after stroke
onset. Therefore, there is a great need to find new therapies to slow down the disease
progression or reduce the impact of the brain injury after stroke.

To develop effective treatments for stroke, it is important to have a comprehensive
understanding of the molecular events that occur at the interface between the blood
vessels and the brain. A key feature of stroke is the breakdown of the so-called
blood-brain barrier. This breakdown leads to the leakage of blood vessels, swelling,
and brain inflammation, all of which contribute to the severity of stroke.

Pericytes are cells that surround the blood-brain barrier and have important
functions in the brain, such as maintaining blood-brain barrier functionality,
initiating new blood vessel formation, and communicating with other brain cells.
However, during stroke, pericytes change their behaviour by dropping off the blood
vessels and altering their ways of communication which have a large impact on the
pathological progression.

The work of this thesis has focused on expanding current knowledge of specific
responses of pericytes after stroke and has attempted to identify novel targets that
modifies pericyte behaviour to improve stroke outcome. Towards that end, we
identified a gene known as RGSJ, unique to pericytes in the brain that allows them
to sense fluctuations in oxygen. In addition, mice lacking RGS5, had increased
numbers of pericytes surrounding blood vessels, which was associated with
protection of the blood-brain barrier after stroke.

After stroke, pericytes release a mixture of signalling molecules called the “pericyte
secretome’. This secretome may have both negative and positive effects in the brain.
While it can help repair damaged tissue and promote new blood vessel formation, it
can also contribute to inflammation and worsening of the brain damage. To better
understand its effect, we developed a technique to extract the pericyte secretome
from a cell-culture model of the blood-brain barrier. From that, we found that
pericytes modify their secretome in conditions of low oxygen that may regulate
important mechanisms such as blood vessel formation and cell metabolism.
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Furthermore, examining blood samples from stroke patients, we detected an early
increase of released signalling molecules originating from pericytes which also
supports that the pericyte secretome is important for stroke recovery.

Finally, we employed a mouse model to investigate the gene expression profiles of
individual pericytes after stroke. As stroke may provoke specific responses in
different cell types as well as in subsets of the same kind of cell type, this type of
analysis enables a comprehensive overview of the pathology. Through our analysis,
we uncovered distinct subpopulations of pericytes that exhibited a time-dependent
activation of specific genes in response to stroke, associated to brain inflammation.
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Popularvetenskaplig sammanfattning

Stroke, aven ként som ’hjérninfarkt’, dr ett akut medicinskt tillstand som orsakas av
en plotslig blodpropp som hindrar en del av hjdrnan fran att fa tillrdckligt med syre
och néring. Till foljd av detta dor de mest drabbade hjédrncellerna inom nagra
minuter, men skadan fortskrider under flera veckors tid. De nuvarande
behandlingarna fokuserar pa att aterstélla blodflodet med hjélp av propplosande
lakemedel, men som endast kan tillimpas inom de forsta timmarna efter att en stroke
har intréffat. Det finns darfor ett stort behov av att hitta nya behandlingar for att
bromsa sjukdomsutvecklingen eller att minska effekterna av hjarnskadan efter
stroke.

For att utveckla effektiva behandlingar mot stroke kridvs en omfattande forstaelse
av de komplexa molekyldra hdandelser som sker vid grinsen mellan blodkérlen och
hjérnan. Ett sdrpraglat fenomen vid stroke &r att den sé kallade blod-hjarnbarridren
bryts ner. Denna nedbrytning leder till ldckande blodkérl, svullnad och
inflammation, vilket alla bidrar till allvarlighetsgraden av stroke.

Pericyter dr celler som omger blod-hjérnbarriéiren och har viktiga funktioner i
hjérnan, s& som att upprétthalla barriéirens funktionalitet, initiera nybildning av
blodkérl och kommunicera med andra hjarnceller for att upprétthalla en fysiologisk
balans. Vid stroke éndrar dock pericyterna snabbt sitt beteende genom att lossna
fran blodkédrlen samt modifierar sina kommunikationssignaler, vilket har stor
paverkan pa sjukdomsforloppet.

Denna avhandling har inriktats pa att utoka den nuvarande kunskapen om pericyters
specifika reaktioner efter stroke och har forsokt identifiera specifika molekyler som
kan reglera deras svar efter stroke. I detta syfte har vi identifierat en gen (RGS)),
som &r unikt uttryckt av pericyter i hjirnan och fungerar som en cellulér sensor for
att kéinna av fluktuationer av syrekoncentrationer. Mdss som saknar RGSS visade
sig dessutom ha ett okat antal pericyter runt blodkérlen, vilket var associerat med
bevarandet av blod-hjérnbarriérens integritet efter stroke.

Vid stroke kommunicerar pericyter med andra celler genom att slédppa ut en
blandning av signalmolekyler som tillsammans bildar vad vi kallar ett sekretom.
Detta sekretom kan ha bade negativa och positiva effekter i hjirnan. Samtidigt som
det kan bidra till att reparera skadad vdvnad och frimja nybildning av blodkarl kan
det ocksé bidra till inflammation och forvirrande av hjarnskadan. For att béttre
forsta effekten av detta, har vi utvecklat en teknik for att extrahera pericyters
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signalmolekyler i en cellkultursmodell av blod-hjarnbarridren. Utifran detta fann vi
att pericyter snabbt modifierar sitt sekretom under syrefattiga forhéllanden som kan
reglera viktiga mekanismer som blodkérlsbildning och cellers metabolism. Nér vi
analyserade blodprover frén strokepatienter i en annan studie sig vi en tidig 6kning
av frigjorda signalmolekyler frén pericyter vilket ockséd stodde att pericyternas
sekretom &r viktigt for aterhdmtningen efter stroke. Slutligen anvéinde vi en
musmodell for att studera forédndringar i genuttryck hos enskilda pericyter i hjirnan
efter stroke, dér vi identifierade unika populationer av pericyter, varpa sérskilda
gener aktiveras vid specifika tillfidllen efter stroke som kan paverka
sjukdomsforloppet, speciellt den inflammatoriska processen.
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Introduction

Oxygen: A Brief History

Oxygen is arguably one of the most important elements to sustain life and has likely
played an important role in defining the biodiversity we see today. The combination
of fossil and molecular records has allowed scientists to reconstruct major
evolutionary events in earth’s history (/). This has provided a relatively coherent
timeline for the origin of different organisms and where they fit in the scientific tree
of life (2). Nonetheless, decoding which environmental factors that were involved
in the diversity and abundance of life is still being investigated (2-4). The rise of
environmental oxygen levels and its role as a driver for the evolution and
diversification of complex large life’, has received particular attention. While large
life such as mammals that are dependent on oxygen appear abundant today, their
appearance is still a late occurrence in the history of life. In fact, today and
throughout earth’s history, the dominant lifeforms are those of small unicellular
organisms able to survive in reduced oxygen (hypoxic) environments (3-7).

The evolution of photosynthesis, which occurred around two billion years ago (6,
9) led to a drastic increase in surface oxygen levels, although geological records
indicate that the oxygen concentration fluctuated substantially for a long period of
time. Not until around five hundred million years ago where atmospheric oxygen
levels stabilized at twenty-one percent did evolution of intracellular mechanisms
allow the efficient utilization of oxygen, which has likely paved the way for complex
multicellular life to evolve (/0-12). The availability of oxygen facilitated new
biochemical reactions by a specialized respiratory chain, since oxygen is
particularly well suited as the terminal electron acceptor within mitochondria — the
central energy-producing organelle (13, 74). This process is linked to a boost in
intracellular adenosine triphosphate (ATP) production — the universal form of
energy for all aerobic life forms. Beyond that, recent discoveries have established
oxygen as the singular most common substrate across all known biochemical
reactions (15, 16). Because of oxygen’s high redox potential, it constitutes an ideal
electron acceptor that is capturing energy for cellular use, but the utilization of
oxygen also has a cost. The presence of oxygen introduces biotoxicity due to its
high oxidizing properties where electron-transfer from biological molecules cause
intracellular damage induced by reactive oxygen species (ROS) (17, 18). It has
therefore been essential for aerobic life to evolve adequate defenses to control and
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repair the damage induced by the inherent toxic properties of oxygen isoforms (79,
20). Thus, like with all biological systems, maintaining homeostasis is key to ensure
continued survival, perhaps especially regarding oxygen concentrations. Although
we humans and other metazoan species have evolved oxygen sensing mechanisms
and adaptive homeostatic responses, large fluctuations in oxygen concentrations can
exceed our adaptive capacity, leading to tissue and organ damage (27, 22). Not
surprisingly, hypoxia is a major cellular stressor and a common pathological feature
involved in some of the leading causes of death worldwide including stroke,
ischemic heart disease, cancer, and other age-related neurodegenerative diseases
(23). Despite oxygen’s central role in evolution, physiology, and pathology we still
lack a full understanding of how cells sense and respond to oxygen fluctuations and
the consequences thereof.

Hypoxia

Almost all mammalian cell types (at least nucleated) can sense oxygen
concentrations and have developed mechanisms of adaptation to a hostile
environment such as hypoxia (24). Systemically, compensatory responses such as
increased ventilation, higher cardiac output, and blood vessel dilation are common
adaptive features to increase the supply of oxygen. On a cellular level, a multitude
of responses follow, where selective suppression of ATP-consuming reactions, and
altered metabolism are some of the canonical adaptations to ensure cell survival
(25). Cellular hypoxia can be transient where these adaptive responses will
discontinue once sufficient oxygen concentrations are restored. However,
persistently reduced oxygen availability (chronic hypoxia), complicates the
situation. Under such prolonged hypoxic conditions, chain-like reactions induce a
cascade that alters gene expression and protein modifications that changes cellular
behavior and could induce irreversible processes that may have detrimental effects
and even cause long-lasting pathology (26, 27).

Cells can sense and respond to fluctuations in oxygen in two distinct ways; either
by modifications of pre-existing proteins such as stabilization, phosphorylation,
ubiquitination etc., or by transcriptionally inducing a hypoxia-mediated gene-
regulatory network (23). The latter has received much attention since the discovery
of hypoxia inducible factors (HIFs) for which Gregg L. Semenza, William G. Kaelin
Jr, and Sir Peter J. Ratcliffe were jointly awarded the Nobel Prize in Physiology and
Medicine in 2019. The identification of HIFs introduced a new paradigm and
established a molecular framework for intracellular adaptation to hypoxia. Today,
thousands of genes have been identified to be regulated directly or indirectly by HIF
activation (28). HIFs are a family of a- and B-heterodimeric transcription factors,
where HIF-1a is a key player in the hypoxic response. While the HIF-1f subunit is
constitutively expressed, HIF-la is rapidly degraded under normal oxygen
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conditions (normoxia). The degradation is facilitated by oxygen sensing prolyl
hydroxylases (PHDs) — enzymes that in the presence of oxygen, hydroxylates HIF-
la and primes it for ubiquitination and degradation (29, 30). As such, hypoxia
inhibits PHDs enzymatic activity leading to the stabilization of HIFa’s. HIF-1a
dimerizes with HIF-1p to form a transcriptionally functional unit that translocate to
the nucleus and bind to hypoxia response elements in the promoter region of genes
regulating cell survival, angiogenesis, metabolism, erythropoiesis, and many other
biological functions to maintain oxygen homeostasis (37, 32).

Common features of cellular adaptation to hypoxia are shown in (Fig. 1). One of the
most prominent adaptations is the increase in cellular uptake of glucose and
upregulation of glycolytic enzymes to facilitate anaerobic glycolysis. This is at least
in part mediated by HIF-1a activation of target genes such as different glucose
transporters (GLUT1 and GLUT3) (33). Beyond modifications in glucose
metabolism, HIF-1a also shuts down the TCA-cycle by inhibiting pyruvate entry
through upregulation of pyruvate dehydrogenase kinase 1 (PDK1), which instead
leads to intracellular lactate accumulation (34). This initiates a cascade of secondary
consequences as the reduced TCA-cycle turnover limits the availability of NADH
and FADH.», which are rate limiting reducing agents in the electron transport of the
respiratory chain — leading to ATP depletion (35). In addition, dysregulation of
electron transfer at the respiratory chain leads to induced ROS levels that may
induce cellular apoptosis (36). Another consequence of diminished TCA-cycle
activity is the reduced production of aspartate — an important molecule for
nucleotide synthesis which results in reduced cell proliferation under hypoxia (37).
Cells in hypoxia also display an altered secretome because of the cellular
reprogramming and many of the induced secreted factors are directly downstream
of important transcription factors such as HIFs (38, 39).

While the above-mentioned examples are part of the general hypoxic response that
are canonically dependent on HIF-activation, many other cellular oxygen
mechanisms extend far beyond the HIF pathway. Numerous other transcription
factors that are rapidly activated under hypoxia have been previously described and
also known to be critical for cellular adaptation (40). Beyond the alterations of the
transcriptional landscape, changes in protein synthesis, stabilization and activation
are also important mechanisms integrated in the hypoxic response. In fact, a recent
study that performed a systematic assessment on cell survival identified 109 proteins
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Figure 1. Overview of general cellular responses to hypoxic stress.

The figure highlights some of the general cellular responses to hypoxia correlated to HIF-activation. Hypoxic cells
increase their glucose uptake to facilitate anaerobic glycolysis to ensure energy production as the mitochondrial
metabolism is diminished due to reduced TCA-flux because of PDK1 inhibiting pyruvate entry which also leads to
decreased ATP production from the respiratory chain. Respiratory chain dysfunction in hypoxia also leads to induced
levels of ROS which may induce cellular apoptosis. Inhibition of the TCA-cycle also leads to depleted levels of
aspartate which inhibits cell proliferation. Secreted factors important for intracellular communication have significant
changes under hypoxia and may be important to coordinate an adegauate response to hypoxic insult between cell
types. Created in biorender.com

to be essential for survival under hypoxia, where most had no known regulation by
HIFs (41). Despite many important discoveries over the last decades, we still lack a
full understanding of which genes, proteins and pathways that are responsive to
oxygen fluctuations and how they may differ depending on cell type and tissue.
Future studies are warranted to increase our understanding of oxygen homeostasis
and of clinically pathological conditions of hypoxia and ischemia.

Ischemic Stroke

Stroke is the second leading cause of death worldwide and one of the main reasons
behind acquired adult disability (42). Stroke is a global problem, every 40 seconds
someone is afflicted by stroke with an estimated death rate of approximately 42
percent. Among survivors, most stroke victims have compromised work capacity
and around 30 percent require assistance with self-care. In the USA alone, stroke
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was estimated to cost 73.7 billion dollars in 2010, and with an ageing population,
these numbers are expected to increase more than 10-fold within the next 30 - 40
years (43). This acute neurovascular pathology is caused in the majority of cases
(80 percent) by the occlusion of a blood vessel leading to brain ischemia, whereas
the remaining (20 percent) are caused by intracerebral haemorrhage (44). In
ischemic stroke — the sudden hypoxic insult and lack of nutrients such as glucose to
the affected brain region amount to immense cellular stress and initiates a cascade
of molecular events leading to cerebral ischemic injury and cell death (45). While
some cell types appear to be more resilient to ischemia, neurons are especially
vulnerable to ischemic injury due to their high dependence of oxygen and nutrient
uptake (46, 47) and neurological dysfunction occurs within seconds to minutes after
stroke onset. The complexity of stroke pathology is further characterized by a
heterogenous response that progress throughout different phases for days, to weeks,
up to months (48).

In the efforts of finding novel neuroprotectants, systematic meta-studies have shown
that from over a thousand pre-clinical studies of potential neuroprotective
candidates, only tissue plasminogen (tPA) has been translated into clinical practice
(49). However, despite the high efficacy of tPA to restore blood flow to the brain,
the treatment is only administered to a minority of patients as the risk of
haemorrhagic transformation increases dramatically after 3 - 4.5 hours after stroke
onset (50). The only other currently available treatment after stroke is mechanical
thrombectomy which is also limited by a short time window of treatment and
restricted to large vessel occlusions, only accounting for approximately 30 percent
of all ischemic strokes (57). Thus, there is a great need to increase our understanding
of stroke both for quick and efficient diagnostic purposes but also to develop new
prophylactic and therapeutic strategies beyond the narrow time window of
reperfusion strategies.

The Acute Phase of Ischemic Stroke

The brain is our most energy-demanding organ relative to its weight and consumes
approximately 20 percent of the available oxygen at rest, to generate enough ATP
to maintain full function (52). Stroke is therefore an acute condition where
intracellular ATP depletion occurs within minutes as the ischemic injury introduces
both hypoxic suppression of the respiratory chain, and the lack of supply of nutrients
such as glucose that restricts anaerobic ATP synthesis by glycolysis. The first few
hours of the ischemic injury correspond to the hyperacute phase of stroke,
characterized by early cell death and blood-brain barrier (BBB) breakdown (53).
The lack of ATP synthesis has rapid detrimental consequences in maintaining ionic
gradients leading to intracellular influx of sodium causing plasma membrane
depolarization. In addition, calcium pumps are also compromised, where the
intracellular accumulation activates several death-signalling proteins such as
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different proteases, lipases, and DNases, resulting in rapid cell death within the
infarct core (54). In neurons, glutamate accumulation in the extracellular space
because of ion pump failure and defective reuptake mechanisms leads to
excitotoxicity, where prolonged activation of glutamate receptors enhances the
influx of ions and water, which further accelerates cell death (55).

In ischemic stroke, the BBB breakdown is one of the main pathological features.
The BBB is the multicellular microvascular network of the brain that actively
regulates the transport of blood, ions, metabolites, and cells from the circulation to
the brain and vice versa. Loss of the restrictive barrier capacity compromises this
highly regulated exchange, leading to altered signalling homeostasis, and influx of
immune cells and other blood-derived molecules into the central nervous system
which further aggravates the pathology (56, 57) . The BBB breakdown is initiated
by the ischemic injury and progressively increases with prolonged hypoperfusion
due to lack of oxygen and nutrients (58, 59). While the exact timeline of BBB
breakdown is still under debate, evidence supports it starting already within the first
few hours after stroke onset (60, 67) and that increased permeability persists for
several weeks in human patients (62, 63).

Another important aspect of acute ischemic stroke is the inflammatory response.
The acute ischemia-induced cell death results in the release of damage-associated
molecular patterns (DAMPs), that initiates a localized inflammatory response by
activating vascular cells, microglia, and astrocytes to produce inflammatory
cytokines and immune attracting chemokines (64-66). The BBB breakdown after
ischemic stroke further enhances the inflammatory response by enabling infiltration
of immune cells into the brain parenchyma. Such focal brain inflammation initiates
a chain-like effect aggravating BBB damage, brain oedema, oxidative stress, and
cell death (67). While the initial inflammatory response appear to amplify the
ischemic injury, inflammation seems to have a biphasic role in promoting cellular
secretion of beneficial neurotrophic factors and proangiogenic molecules necessary
for the tissue repair at later stages of ischemic stroke (45).

The Chronic Phase of Ischemic Stroke

The ischemic injury results in two distinct areas defined as the stroke core and the
peri-infarct area. Brain tissue within the ischemic core is often irreversibly damaged,
even if reperfusion is restored. In contrast, the peri-infarct area that surrounds the
infarct core is still challenged by ischemia, but less so, due to some compensation
by collateral flow (68, 69). Thus, the peri-infarct area represents potentially
salvageable tissue. However, as the ischemic injury progresses, the infarct core
expands into the peri-infarct area, resulting in a defined window of opportunity to
restore blood flow to the affected brain region. During the chronic phase of ischemic
stroke starting days after ischemic injury, endogenous repair mechanisms such as
angiogenesis, neurogenesis and scar formation takes place (70, 71).
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Vascular remodelling is the brain’s endogenous repair mechanism to restore
cerebral blood flow (72). The hypoxic/ischemic insult leads to a surge in
angiogenesis (the formation of new blood vessels). The angiogenic process in the
infarct area may salvage some of the ischemic tissue but also sets the stage for
functional reconstruction of neuron repair and regeneration that are dependent on
sufficient oxygen and nutrient supply (73, 74). Typically, new vessel formations are
observed within the first few days after stroke and continuously increase for several
weeks (75). It is likely that modulating angiogenesis after stroke could have great
benefits on stroke outcome. This is supported by previous post-mortem
examinations of stroke patients showing increased microvascular density in the peri-
infarct area, which correlated to increased survival rates (76). However, it is
important to note that increased angiogenesis may induce a negative effect after
stroke. The elevated and prolonged angiogenic response is connected to immature
vessel formation that may lead to increased vascular permeability, oedema and
neuroinflammation (77, 78). Therefore, the timing and spatial region of the
angiogenic response after stroke are likely key factors in determining the tipping
point of beneficial versus detrimental outcomes.

Like with any injury, wound healing is an important factor. The activation of
astrocytes, microglia and other cell types after ischemic stroke seals off the necrotic
tissue in the brain after ischemic stroke (glial scar). This physical barrier is further
reinforced by structural extracellular matrix modifications of the infarct core that
culminate into a permanent scar formation (fibrotic scar). Together, these processes
enclose inflammatory cells within the core, preventing further brain inflammation.
Whilst initial scar formation limits further brain damage, the scar has also been
described to spread into viable regions of the brain and is widely believed to inhibit
neuronal plasticity and repair mechanisms (79, 80).

Taken together, this brief description summarizes some of the general mechanisms
of ischemic stroke pathology throughout its different phases. Yet, the complexity of
this disease cannot be overstated. While many of the above-mentioned mechanisms
have been studied in detail it is clear that we still lack enough information to
efficiently address this global health problem. Thousands of promising pre-clinical
therapeutic assessments have failed to translate into clinical application, and no new
treatment has emerged since the FDA approval of tPA in 1996 (81). It is likely that
for new efficient therapies to be discovered we must address the brain as a whole.
This is becoming increasingly recognized as many of the detrimental and/or repair
mechanisms during the pathological cascade of ischemic stroke are dependent on
the intricate communication between the different cell types of the brain (§2).
Understanding how different cell types respond and how cellular communication
affects the course of the ischemic injury will be important aspects for future research
in stroke therapy. In ischemic stroke, the cells constituting the BBB, i.e., cells
essential to maintain homeostasis within neurovascular niche, are the first to sense
and respond to injury and set the stage for the pathological progression.
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The Blood-brain Barrier

In 1885, the German scientist Paul Ehrlich injected water soluble dyes into the
peripheral circulation of rabbits to estimate the oxygen consumption of different
organs. To his surprise, the dyes did not stain the brain parenchyma, yet the other
organs were permeated and heavily stained. The observations from these
experiments led to the conclusion that the microvasculature in the brain must be
equipped with a kind of barrier that restricts molecules from passing freely between
the blood and brain (83). However, it was only several decades later that the first
characterization of the unique barrier properties of the cerebral vasculature was
described (84).

Today, the structure and function of the BBB has been well studied and is made up
of the basement membrane, endothelial cells, pericytes and astrocytes. Endothelial
cells of the BBB have distinct properties that distinguish them from peripheral
vessels. The formation of specialized structures that connect and links endothelial
cells together limits paracellular transport and transcytosis. An intact and fully
functional BBB relies on pericytes that envelop the abluminal side of the endothelial
vascular tubes, allowing direct crosstalk between the two cell types. Pericytes have
key roles in BBB maintenance and integrity supported by several studies showing
vascular dysfunction as a result of pericyte depletion (56, 85). Astrocytic endfeet
(terminal processes of astrocytes) connect to endothelial cells and pericytes at the
surface of the microvasculature and the distal neuronal synapses (56, 86). The BBB
is highly dependent on dynamic communication between these cell types to
maintain the BBB as well as construct coordinated responses when homeostasis is
challenged. In addition to the different cell types of the BBB, the basement
membrane consisting of several different extracellular matrix components, provides
an anchor for vascular cells and the breakdown of the basement membrane is
associated with increased BBB permeability (Fig. 2) (§7).
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Figure 2. The Blood-brain barrier.

Brain penetrating arterioles surrounded by smooth muscle cells branches off into smaller vessels of the
microvasculature, such as capillaries. These vessels consist of endothelial cells supported by enveloping pericytes
and astrocytic endfeet that together with the basement mebrane form the highly selective blood-brain barrier. Created
in biorender.com

Pericytes

A unique feature of the microvasculature and the BBB is the presence of pericytes.
Large vessels such as arteries and veins consist of endothelial cells and a layer of
smooth muscle cells, while smaller pre-capillary arterioles, capillaries, and post-
capillary venules (known as the microvasculature) are instead covered by pericytes.
Already in the late 19™ century, Charles-Marie Benjamin Rouget made the first
observation of branching cells that grip and envelop capillary blood vessels.
However, it would take another 50 years before Karl Wilhelm Zimmerman coined
the term pericyte referring to the cells (‘cyte’) positioned around (‘peri’) the
capillary (88). In 1919, the Danish scientist August Krogh would disprove the then
prevailing dogma that capillaries were passive vessels, but that they also regulate
blood flow just as arterioles through dilation and contraction. Krogh was awarded
the Nobel Prize for his discoveries the following year (89). Although unclear at the
time, we now know that pericytes much like smooth muscle cells can contract and
are responsible for the regulation of blood flow at the microvasculature. Since the
discovery of pericytes, other attributes have been ascribed to this multifaceted cell
type, and now we know that apart from contractility they have key roles in vascular
stability, clearance, angiogenesis, extracellular matrix reorganization, inflammatory
responses, and neurogenesis (90). However, some aspects of pericyte biology
remain somewhat of a mystery.
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Despite nearly 150 years of investigation, the definition and function of pericytes is
still not clear. Lack of a specific marker facilitates an ongoing debate on the
distinction between pericytes and smooth muscle cells (97). Another long-standing
question is whether there are different subtypes of pericytes with unique features
and functions. This hypothesis stems in part from the fact that certain brain pericytes
are derived from the neural crest, while peripheral pericytes originate from the
mesoderm (92). Isolated pericytes display multipotent stem cell abilities that rapidly
differentiate into various lineages depending on the microenvironment stimuli (93).
Further evidence of pericyte subtypes is their distinct morphology depending on
microvascular location and developmental state (97). Thus, pericyte identification
can be difficult and often require consideration of vascular location, morphology
and an expression of different surface markers for an unambiguous identification
which is not always applicable depending on the experimental setting (94).

Pericyte Function and Signalling

Over the last decades, many functions and signalling pathways have been assigned
to pericytes. The following sections will describe some of the key aspects making
pericytes an essential cell type of the brain’s vascular network.

Angiogenesis

Pericytes have key functions during the highly regulated process of angiogenesis.
Initially, proangiogenic stimuli such as hypoxia, stimulate pericyte release of matrix
metalloproteases that degrades the basement membrane, remodels the extracellular
matrix, and allow pericyte detachment from the vascular wall, necessary for
sprouting endothelial tip cells to form (95). The pericyte release of proangiogenic
factors, such as basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF-A), stimulates endothelial cell proliferation and migration
until new immature vascular tubes are formed (96, 97). To ensure vascular
maturation and stabilization, pericytes then responds to chemotactic cues mediated
by platelet-derived growth factor (PDGFBB) being secreted form endothelial cells,
initiating pericyte migration and recruitment to the vascular wall (98). Specifically,
endothelial-secreted PDGFBB stays bound to the surrounding extracellular matrix
through its C-terminal retention motif forming a concentration gradient along the
endothelial tip and stalk cells, ensuring the attraction of platelet/derived growth
factor receptor (PDGFRp)-expressing pericytes (99). Deletion of the PDGFBB
retention motif does not only impair pericyte recruitment or proper vascular
formation but has also been shown to impose pericyte detachment, illustrating the
PDGFBB/PDGFR - signalling pathway to be essential for pericyte retention (/00).

BBB maintenance and integrity
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The human brain is our best perfused organ consisting of roughly 100 billion
capillaries forming over a 650-kilometre-long vascular network (/01). Capillaries
of the central nervous system also have the highest ratio of pericytes in relation to
endothelial cells (1:1 — 1:3), compared to e.g., the vasculature of skeletal muscle
having only (1:100), indicating the important role of pericytes in maintaining barrier
properties (/02).

The closest neighbouring cell to pericytes are endothelial cells and their reciprocal
communication is essential for BBB function. Direct physical interaction between
these cell types is facilitated by peg-socket junctions, where small pericyte
protrusions penetrate the acceptor socket of endothelial cells. These contacts are
believed to be a sign of vascular maturation as the physical contact appears to
prevent endothelial cell proliferation and angiogenesis (/03). Furthermore,
endothelial cell contacts are essential for barrier integrity. Adherens junctions and
adherens plaques are necessary molecules that provide endothelial cell stability and
regulate the BBB permeability of larger plasma proteins. These adherens complexes
also facilitate pericyte anchorage that assists in controlling the orientation and
abundance of these junctional proteins (/04, 105). Unique to the BBB, is the
endothelial expression of tight junction proteins. In contrast to adherens junctions,
these complexes regulate the passage of smaller molecules less than 800 Daltons
(106). Like with adhesion junctions, endothelial cells lacking pericyte interactions
have been associated with abnormal tight junction assembly and increased vascular
permeability (/07). The intimate communication between pericytes and endothelial
cells is further characterized by gap junctions through connexin-43 channels, that
allow direct exchange of ions, small molecules and nutrients (/08). Besides the
contacts with endothelial cells, pericytes contribute to the regulation of the
extracellular matrix of the basement membrane. Pericyte release of proteases assist
in the degradation of the basement membrane, but they also contribute to the
deposition of extracellular matrix proteins such as collagen IV, fibronectin and
laminin for the functional assembly of the basement membrane around newly
formed vessels (/09). In addition, pericytes participate in the maintenance and
clearance of the BBB, where they endocytose perivascular debris, foreign proteins
and toxic metabolites (110, 111).

The pericyte secretome

Besides the direct forms of communication mentioned earlier, cells need to establish
proximal or distal communication to orchestrate coordinated responses by releasing
various signalling molecules into the extracellular space. Collectively, these
molecules are known as the secretome. It is becoming apparent that this type of
communication is not only essential to maintain physiological status but also plays
a large part in pathology and recovery. In fact, recent findings show that beneficial
effects from stem cell transplantation after central nervous system injury are mainly
due to their secreted factors rather than cell engraftment (112, 113).

29



Recently, pericytes have become increasingly recognized for their secretory
properties and release a variety of different cytokines, growth factors and
extracellular matrix components (//4). For instance, even under basal physiological
conditions, pericytes release VEGF-A, transforming growth factor (TGF-p),
angiopoietin-1 (ANG-1) and collagen IV, important for angiogenesis and vascular
maturation. In addition, immunomodulatory interleukins (IL) such as IL-1a, IL-10
and IL-6 and even neurotrophic factors including nerve growth factor (NGF) and
glial cell-derived neurotrophic factor (GDNF) are released by pericytes under
controlled physiological conditions (/75-117). Not surprisingly, pathological
stimuli alter the abundance and content of the pericyte secretome. Still, most of the
previous studies describing the pericyte secretome in different contexts are derived
from in vitro studies of pericyte monocultures, allowing controlled conditions where
secreted factors can be assigned to its cellular origin (715, 118). However, pericytes
within tissues and organs do not reside in isolation, it is therefore unlikely that
previous data accurately reflects the pericyte-secretome profiles present in vivo.
Notably, the pericyte secretome is not only restricted to soluble factors released
during paracrine signalling — secreted extracellular vesicles such as microvesicles
(MVs) are another active component in pericyte communication (/7/9). MVs are a
form of membrane budding vehicles that can transport bioactive molecules such as
proteins, RNAs, and lipids to recipient target cells (/20). These means of transport
allow for endocrine signalling - long distance pericyte communication within the
same or even different organs (/21). Thus, the pericyte secretome likely has multiple
implications in physiology as well as pathology, where our current understanding is
limited. Further elucidation of the pericyte secretome would necessitate
characterization of pericyte-specific factors in multicellular or in vivo environments
to provide better insights into its contribution to homeostasis, disease, and repair
mechanisms.

Pericytes in Hypoxia and Ischemic Stroke

Previous stroke research has revolved around a neuro-centric view. It is becoming
increasingly clear that neuroprotection is impossible without microvascular
protection or restoration. Accumulating evidence supports that pericytes play a
critical role in ischemic stroke pathogenesis and pericytes are one of the first
responders to hypoxia/ischemia — which sets the stage for the progression of the
pathological cascade.

Pericyte Constriction: The ‘No-Reflow’ Phenomenon

Brain reperfusion shortly after ischemic stroke is one of the best predictions of
improved recovery. However, dysfunction of the BBB may disrupt efficient blood
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circulation despite recanalization or dissolving of the blood-clot (122, 123). After
occlusion of cerebral blood vessels, swelling of endothelial cells and astrocytic end
processes along with fibrin deposits and aggregated leukocytes contribute to the
narrowing of capillaries (/24). Relatively recent discoveries have also attributed
pericyte dysfunction as a component of this impaired reperfusion sometimes
referred to as the ‘no-reflow’ phenomenon. In fact, within a few hours of ischemia,
pericytes contract and remain contracted, leading to the trapping of circulating cells
and continued obstruction of the blood vessel even though the initial blood clot is
removed. This constriction in a subpopulation of pericytes is induced by influx and
intracellular calcium release, thereby enhancing the myosin light-chain
phosphorylation and stimulating the actomyosin contractile apparatus (/25). The
situation is worsened by an irreversible constriction of capillaries caused by a
retained contractile state in pericytes even after cell death (similar to rigor mortis)

(126).

Pericytes and BBB Breakdown

The BBB breakdown is at least in part due to the increased expression of matrix
metalloproteinases (MMPs), that can have detrimental effects on stroke
pathogenesis. MMPs degrades extracellular matrix components of the basement
membrane that surrounds the BBB, where it exerts many essential functions such as
structural support, signal transduction and cell anchoring (/27). Previous findings
support that pericytes rapidly induce the release of MMPs which contributes to
increased vascular leakage and BBB degradation within the first 2-3 hours after
stroke (/28). BBB dysfunction is further characterized by disruption of junctional
proteins that are otherwise essential to maintain the barrier integrity. While ischemic
injury is correlated to decreased expression of different junction proteins, the initial
disruption likely stems from the increased release of MMPs and ROS leading to
their gradual degradation (/29). In addition, the early detachment of pericytes after
stroke further aggravates the situation.

Pericyte Detachment in Ischemic Stroke

One of the initial responses of pericytes to ischemic stroke is the detachment from
the vascular wall followed by the migration into the brain parenchyma. This has
been shown in several animal models supporting that pericytes leave the
endothelium within the first 2-3 hours after stroke (/30, 131). Whether this pericyte-
detachment has beneficial or detrimental consequences has been somewhat debated.
While it is a necessary step in initiating angiogenesis (as described above) as part of
a reparative mechanism, the lack of pericytes at the endothelium leads to enhanced
BBB breakdown further exacerbating injury (/32). However, since controlled
angiogenesis happens much later, this response is likely not contributing to vascular
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repair but may be a sign of pericyte dysfunction in response to the severe disturbance
in tissue oxygenation after ischemic injury. While the consequence of ischemic
injury resulting in pericyte detachment has been well established, the regulation of
this process has remained unclear. A previous study observed that pericytes leaving
the vessels after stroke expressed the protein regulator of G-protein signalling 5
(RGS5S), suggesting a possible correlation between the two (/33). However, little is
still known about the role of RGSS5 in stroke and whether it is a consequence or
effect of pericyte detachment has not been shown.

RGSS5: Regulation, Expression and Function

RGSS is a cytoplasmic protein that regulates the activity of G-protein coupled
receptors (GPCR) — the most abundant family of receptors in the human genome.
RGSS activates the intrinsic GTPase activity of the GPCR, thereby hydrolysing the
bound GTP into GDP, facilitating the termination of GPCR-signalling (/34). While
the role of RGSS5 in ischemic stroke and hypoxia has remained somewhat elusive, it
is commonly used as a pericyte marker and several biochemical properties of RGS5
have previously been described (/35). One of the intriguing aspects of RGSS is that
it is exclusively expressed by mural cells (pericytes and smooth muscle cells) in the
human brain (136, 137). Previous findings also suggest that RGS5 expression is one
of the first responses of pericytes in hypoxic environments (733, 738). This proposes
RGSS5 as possible pericyte-specific target to modulate their response during stroke
pathogenesis.

As previously mentioned, many of the so far discovered adaptive mechanisms of
hypoxia have been ascribed to HIFs. HIF-1a has also been suggested for the
regulation of RGSS5; however, this study used human umbilical vein endothelial
cells forced to overexpress RGS5 and to date no HIF-1a binding sites has been
identified at the RGS5 promoter region (135, 139). Instead, there is substantial
evidence supporting that RGS5 accumulation in hypoxia is regulated post-
translationally via the N-degron pathway. This ubiquitin dependent pathway
regulates the half-life of proteins depending on the proteins N-terminal
configuration — requiring a cysteine residue position 2 (Cys-2) acting as a
degradation signal. The N-terminal destabilization is initiated by methionine
aminopeptidases (MetAPs) cleaving of the methionine and exposing the Cys-2
residue. Under normoxic conditions the Cys-2 is then oxidized and subsequently
arginylated by arginyl transferase-1 (ATE-1), which primes RGS5 for
ubiquitination and degradation (Fig. 3) (/40-142).
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Figure 3. The degradation of RGS5 in normoxia by the N-degron pathway.

RGSS5 is a substrate of the N-degron pathway due to its cysteine residue on position 2 (cys-2). Normoxic conditions
allow the multi-step destabilization of RGSS5. First the methionine on position 1 is cleaved by MetAPs exposing the
Cys-2 residue. Next the Cys-2 residue is oxidized allowing arginine conjugation facilitated by ATE 1-2. This in turn
primes RGS5 for ubiquitination and degradation. In contrast, destabilization of RGS5 is inhibited under hypoxia,
leading to rapid intracellular accumulation where RGS5 inhibits GPCR-signalling. Created in biorender.com

Thus, even though RGSS5 is constitutively transcribed, it has a very short half-life
and low abundance in the presence of oxygen. Instead, it is likely that RGSS5 has a
role in the hypoxic response, whereby the Cys-2 oxidation is prevented, leading to
rapid accumulation of intracellular RGSS5. This response would allow quick
inhibition of several signalling pathways in response to environmental stimuli like
hypoxia or ischemia. The role of RGS5 in GPCR-signalling has been well studied,
although there is still some uncertainty about which kind of GPCRs that RGS5 binds
to. Previous studies suggest preferential binding to Gai/, and Gag and thereby exert
control over several GPCR-agonists important for vascular control including
sphingosine-1 phosphate, angiotensin II, and endothelin I (137, 143, 144). Yet, new
non-GPCR targets of RGSS5 are continuously being discovered and the molecular
and physiological function of RGS5 in brain pericytes after stroke is not completely
understood.
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Fibrotic Scar

The glial scar has been well characterized both in rodent models and in humans after
ischemic stroke involving hypertrophic astrocytes, activated microglia and
macrophages that forms a border around the damaged brain region (/45, 146). In
contrast, less focus has been given to the non-glial fibrotic scar. After stroke the
lesion introduces the influx of leukocytes and ECM-producing cells such as myo-
fibroblasts. These cells are not cleared, nor replaced by regenerated tissue. Instead,
they cluster together with the ECM-proteins in the infarct core and form the fibrotic
scar (/47). Previous studies have shown an increase in parenchymal PDGFR-
expressing cells within the infarct core, suggested to contribute to the fibrotic scar
by depositing collagen IV and fibronectin (/48, 149). While PDGFRp can be
expressed by other cells than pericytes within the brain, it is possible that the
detached parenchymal pericytes after ischemic stroke may participate in the fibrotic
scar formation. In fact, scar formation in the central nervous system in mice after
spinal cord injury or cortico-striatal lesions show that the major source of scar-
forming fibroblasts originates from a specific subset of perivascular pericytes (147).
However, little is still known of pericytes contribution to the fibrotic scar after
ischemic stroke.

Pericyte Secretome in Ischemic Stroke

The pathogenesis of stroke has rapid detrimental consequences to the affected brain
region. Unless perfusion is restored or cells made more resistant and capable of
mounting an effective response to the ischemic injury, the tissue at risk deteriorates
quickly (150, 151). The latter is getting increased attention in stroke research as the
connection between cell-cell signalling is integrated into how each cell succumbs or
adapts to hypoxic/ischemic injury (/52-154). Understanding temporal changes in
secreted factors from specific cell types after ischemic stroke will be important in
defining mechanisms that may be beneficial or detrimental to identify new potential
targets for future therapies.

Vascular cells like endothelial cells and pericytes are the initial sensors of ischemia
or hypoxia. As ischemic injury likely induces perturbations in cellular
communication, it is important to identify specific secretory changes that may drive
or prevent disease progression (45). Hypoxic pericytes have been shown to increase
the secretion of proangiogenic factors including bFGF, VEGF-A, TGF-B, and Ang-
1, indicating important roles in vascular remodelling and repair (114, 115, 155, 156).
Loss of trophic coupling between neurons and other cell types after ischemic stroke
is likely a contributing factor in neuronal and glial vulnerability. Interestingly, in
vitro studies show that hypoxic pericytes increase the release of NGF, BDNF, and,
NT-4, possibly modulating neuronal plasticity and recovery (/57). Pericytes also
have immunoregulatory properties expressing DAMPs and toll-like receptors (/58).
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In vitro studies show that pericytes release multiple proinflammatory cytokines like
IL-6, IL-8, IL-10, tumour necrosis factor-a and, IL-1f in response to various stimuli
(132, 159-161). Further indication of pericytes immunomodulatory role is their
phenotypic change after ischemic stroke where they start expressing
microglial/macrophage markers such as galectin-3, ionized calcium-binding
adapter-1 (IBA1), integrin alpha M (CD11b), and others (/33). However, a full
characterization of the pericyte secretome in response to hypoxia or ischemia is still
lacking, especially in the context of more complex multi-cellular or in vivo
environments.

Another understudied area is the secretion of pericyte-derived MVs in pathology.
Only recently, a few studies have been conducted characterizing the contribution of
pericyte-derived M Vs in models of spinal cord injury and hypertension (179, 162).
Since M Vs are generated through budding of the plasma membrane, they also carry
surface antigens, which allows them to be specifically traced back to their cellular
origin (/63). MVs can also pass the BBB and be detected in the peripheral
circulation where they could serve as a plasma biomarker of pathology such as
ischemic stroke (/64). As such, MVs have great potential to contribute to existing
diagnostic tools like magnetic resonance imaging, but analysis of the MV-cargo,
will likely also reflect the severity and progression of the pathology that could help
define new therapeutic strategies. Among vascular biomarkers in stroke,
endothelial-derived MV have been the most widely explored. A recent systematic
review analysing results from five different studies in humans, reported elevated
levels of circulating endothelial-derived M Vs after ischemic stroke (/65). However,
a previous study also highlighted the inability to discriminate endothelial-derived
MV-phenotypes between stroke mimics and stroke patients — perhaps limiting their
use as stroke biomarkers (/66). Considering pericytes early response and activation
in response to ischemic stroke, together with their extensive secretory properties,
future studies on pericyte-derived MVs could provide additional information on
stroke and how pericytes respond during the pathological progression.

Pericyte Heterogeneity and Transcriptional Landscape

Studying stroke can be a challenging task due to the complex and varied
multicellular responses the underlie the progression of the pathology. Additionally,
the presence of various subtypes of different cell types (like pericytes), adds to the
complexity of the subject. New techniques like single cell RNA-sequencing have
already contributed to our understanding of cellular heterogeneity and it is likely
that these advances will continue to increase our knowledge in this area (/67).
Transcriptional profiling has the possibility to provide important insights in the
cellular composition and specific cellular responses to various pathologies.
However, in stroke research, most previous transcriptome studies have been done
using bulk-sequencing, which is unable to detect changes in gene expression from
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different cell types or different cellular subtypes from the stroke region and mostly
reflects the most abundant and susceptible cell types within the stroke region (768,
169). Other approaches such as analysing isolated cells or multicellular structures
(e.g., microvessels) from the stroke-affected brain tissue, allow cell specific
transcriptomic analysis but do not permit exploration of different transcriptomic
patterns among other brain cells, and likely mask gene expression changes between
cellular subtypes due to selection by specific marker expression (/70). The few
existing studies on stroke that utilized single cell RNA-sequencing, have mainly
investigated the transcriptional response of neurons, astrocytes, and microglia but
less attention has been given to pericytes (/71, 172). This is partially because
pericytes constitute a small cell population compared to other brain cells leading to
difficulties in recovering enough cells for a comprehensive and reliable analysis.
Despite that challenge, a recent study using a permanent stroke model in mice
detected distinct subtypes of pericytes 24 hours after stroke onset, supporting a
heterogenic response within the stroke region (/72). Specifically, one subset of
pericytes showed upregulated genes involved in potassium and calcium ion
transport, membrane repolarization and regulation of PDGFRp signalling —
important to maintain BBB integrity. Other subsets of pericytes displayed
expression of genes highly involved in oncostatin-M-induced BBB breakdown,
inflammation, cytokine signalling, HIF-la signalling, or extracellular matrix
reorganization (/73). In addition, a small subset of pericytes were also described to
induce genes related to blood flow regulation and syndecan 1 pathway, known to
promote cellular differentiation (/74). These findings further support that the
pericyte population is heterogenous, where subtypes may even have opposing
effects after stroke onset, such as promote or prevent BBB breakdown.

Previous studies also support that the transcriptional landscape after stroke undergo
drastic changes during the different phases of stroke progression where metabolic
and inflammatory pathways are highly regulated in the early response while cell
adhesion, ECM remodelling, and angiogenic pathways supervene at the early
chronic phase (169, 170). A long-term temporal observation of the dynamic
transcriptional changes will be key to assess the complete picture of specific cellular
responses and their contribution to stroke pathogenesis.
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In Paper I, we investigated if loss of RGSS5 influences pericyte
detachment, vascular density, and BBB integrity after ischemic stroke.

Here, we aimed at characterizing RGS5 regulation in hypoxia and
determine its functional role - by assessing if RGSS5 regulated pericyte
migration, survival or proliferation in hypoxic environment.

In paper III, we aimed to characterize the pericyte secretome after
hypoxic insult in co-culture conditions that resemble in vivo
environments and using a method that allows to study the pericyte
secretome specifically.

Our aim was to explore if pericyte-derived microvesicles can be used
as biomarkers and reflect the pathophysiology of the acute phase in
human stroke patients.

Here, we aimed at characterizing the transcriptional landscape of
pericytes and assess temporal changes in the acute phase of stroke that
may have important impacts on progression of the pathology.
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Key Methodology

The following section describes the key methods that have been applied during this
thesis. For more detailed descriptions, protocols, and additional methods, see
attached papers.

Animals

All animal experiments performed in this thesis were approved by the ethical
committee of Lund University and conducted under the established guidelines and
regulations. Animals were housed under standard conditions with a 12-hour
light/dark cycle, with access to food and water ad libitum. Several different mouse
strains were used, and experiments were conducted on male mice between 8-12
weeks of age. In paper I, we used a knock-out/knock-in RGS5¢™'¢? mouse strain,
where green fluorescent protein (GFP) is expressed instead of RGS5 under the
RGSS5 promoter in a C57bl/6 background, referred to as RGS5-KO. As controls
heterozygous RGS5 /97 (referred to as RGS5-HET), and wild-type RGS5™* (referred
to as WT) were used. In paper V, RGS5-HET and WT mice were used. The
rationale for using RGSS5-HET mice was that it allows detection of RGS5-
expressing pericytes based on GFP as it is still retaining RGS5 expression from one
allele. Both in Paper I and V, RGS5-HET mice were utilized to track pericytes by
histology or by flow cytometry, respectively.

In RGS5-KO mice, the genomic sequence of exons 2-5 has been replaced by a GFP
cassette and have been thoroughly characterized showing no alterations in viability
or fertility nor any obvious developmental or behavioural deficits (/75).

pMCAO

Since the pathology of stroke has different underlying causes (ischemic or
haemorrhagic) and outcomes depending on permanent vessel occlusion or restored
blood-flow, several animal models of stroke exist. In this thesis (paper I and V),
we used a permanent model by inducing a middle cerebral arterial occlusion
(pMCAOQ), characterized by high reproducibility, resulting in a localized stroke
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lesion as previously described (/76). Briefly, mice were anesthetized by isoflurane
and marcain (AstraZeneca) was locally applied at the site of surgery for analgesia.
A small incision (~ 1 cm) was made between the left eye and ear. The apical and
dorsal part of the temporal muscle was detached and oved away from the skull,
exposing the MCA in the rostral part of the temporal area. Using a surgical drill, a
small craniotomy was made at the anterior distal bifurcation of the MCA, followed
by arterial occlusion using electrocoagulation forceps (ICC50; Erbe), before the
wound was sutured.

Tissue Collection and Cell Isolation

In paper I, mice were sacrificed at 7 days after ischemic stroke. Mice were perfused
with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA)
before the brains were removed and fixed overnight. Subsequently the mice brains
were incubated in 30% sucrose in PBS for 24 hours before sectioning. In paper V,
mice were sacrificed at 1, 12, and 24 hours after ischemic stroke to evaluate the
temporal transcriptional profile of acute ischemic stroke. Mice were perfused with
0.9% saline solution and brains were placed in saline solution on wet ice. Brains for
histological analysis were fresh frozen and stored at -80 °C. Brains for cell isolation
were kept on ice and the cortical part of the ipsilateral stroke region (ischemic core
and peri-infarct area) was dissected. As control the same region for the contralateral
cortex was also dissected. Subsequently, non-neuronal cells were isolated according
to a previously published protocol (/77). Briefly, the brain tissue was minced and
dissociated by enzymatic digestion using collagenase IV (400 U/ml, Worthington
Biochemical, Lakewood, NJ), dispase (1.2 U/ml, Worthington Biochemical
Lakewood, NJ) and DNAse I (32 U/ml, Thermo Fischer Scientific). To remove
neuronal myelin cells were resuspended in ice cold 20 % bovine-serum albumin
(BSA) and centrifuged at 1,000 x g for 25 minutes, before resuspension in PBS
supplemented with 0.5% BSA.

Histology and Immunocytochemistry

Histological preparations have varied slightly between studies. In paper I, PFA-
fixed coronal free-floating sections in 12 series at 40 um thickness were used
compared to paper V, coronal sections of fresh-frozen brains were cut on the
cryostat at 20 pm thickness and postfixed with 4% PFA on glass slides.
Immunohistochemistry was performed using standard protocols (see full method
sections in respective papers).

39



For immunocytochemistry in paper III, monocultures of human brain vascular
pericytes (HBVP, ScienCell) were seeded on coverslips coated with fibronectin (1
ug/ml) and fixed with 2% PFA for 20 minutes. Spheroids were fixed with 2% PFA
for 30 min and washed with PBS before being embedded in optimal cutting solution
(OCT) and cryo-sectioned at 16 um. The fixed cells or spheroids were blocked in
5% donkey serum diluted in 0.3% PBS-T for 1 hour before primary antibodies
incubation in blocking solution overnight at 4 °C. Correlating secondary antibodies
were incubated for 1 hour at room temperature and nuclear stain was obtained using
DAPI. Fluorescent imaging acquisition from paper I, III and V, were obtained by
either a Lecia SP8 or DMi8 confocal microscope.

BBB Leakage

Briefly, BBB breakdown and leakage were assessed by injecting 0.1 ml of 2% Evans
blue into the tail vein 2 hours before the mice were perfused. Evans blue binds with
high affinity to serum albumin with a molecular weight of 67 kDa and exhibits long
blood half-life making it a good predictor of increased vascular permeability (/78).
For further details see method section in paper 1.

Cell Culture

Different cell lines have been used for the in vitro studies conducted in this thesis.
In paper I, we used primary HBVPs isolated from cortex tissue (Cell-systems).
The HBVPs were maintained in complete classic medium (Cell-system)
supplemented with 10% serum, 5 ml of CultureBoost and 2 ng/ml of Bac-off and
seeded in culture plates coated attachment factor (Cell-systems). For paper I1I,
HBVPs from ScienCell were seeded on 0.1% gelatine coated plates and cultured in
pericyte medium (PM, ScienCell), supplemented with 2% serum, 100 pg/ml of
penicillin/streptomycin, and growth factor supplement supplied by the
manufacturer. In addition, human brain microvascular endothelial cells (HBMEC,
ScienCell) seeded on 0.1% gelatine plates were maintained in in endothelial cell
medium MV2 with 5% serum (ECM, PromoCell), and human primary hippocampal
astrocytes (HAsc) seeded on 1 pg/ml fibronectin coated plates were cultured in
Advanced Dulbecco’s Modified Eagle Medium (DMEM F12, Gibco),
supplemented with 10% serum and 100 pg/ml P/S. Co-culture spheroids were
generated by combining HBVP, HBMEC, and HAsc in a 1:1:1 ratio of 10,000 cells
of each cell type. To prevent cell attachment and allow spheroid formation the cell
suspension was seeded in 96-well plates coated with 1% agarose and maintained in
medium generated by mixing PM, MV2 and astrocyte medium in a 1:1:1 ratio.
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Generation of TurbolD-expressing Pericytes

To label the pericyte secretome, we generated a stable pericyte cell-line expressing
the biotin ligase TurbolD, using lentiviral transduction. Lentivirus was prepared in
HEK293 cells maintained in DMEM supplemented with 10% serum and 100 pg/ml
P/S before transfected at 80% confluency. The HEK293 cells were transfected with
the lentiviral vector TurboID-V5 pLX304 (1573 ng), envelope plasmid pMD2.G
(397 ng), and packaging plasmid pBR8.1 (849 ng) using lipofectamine 2000
(Thermo Fischer Scientific). Six hours after transfection the medium was changed
to normal pericyte medium. Next, the virus was harvested at 48 and 72 hours after
transfection and filtered through a 0.45 pum filter. Subsequently, HBVPs were
transduced with 1.5 ml of the virus titre and cultured for 24 hours before expansion
in selection medium containing 4 pg/ml of blasticidin, replacing the medium every
3 days for two weeks.

Hypoxia in vitro

Hypoxic Induction

To achieve a hypoxic environment, utilized in paper II and III, cells were
transferred to a humidified gas-tight hypoxia chamber (Electrotek) with a gas
composition of (85% N, 10% Ha,, and 5% CO,) generating an oxygen supply
between ~ 0.5-1%. For consistency, the cell medium used in hypoxic experiments
was pre-bubbled with N, gas for 15 minutes for deoxygenation before being applied
to the cells. To monitor the hypoxic environment, an anaerobic indicator solution
(Electrotek) with a threshold of less than ~ 1% oxygen was used containing (2%
w/v CsH1206, 9% w/v NaHCO3, and 1% w/v methylene blue solution).

Hypoxic Live-imaging and Analysis

For hypoxic live-imaging to assess pericyte chemotaxis, pericytes were seeded on
fibronectin (10 pg/ml)-coated chemotaxis p-slides and left to adhere overnight.
Next, pericytes were transferred to the hypoxic chamber and the media was
exchanged to deoxygenated N pre-bubbled media. Next, PDGFBB (50 ng/ml) or
S1P (1 uM) was applied to the left chamber of the p-slide forming a concentration
gradient to evaluate their chemotactic properties. The p-slides were incubated for 1
hour in the hypoxic chamber before they were transferred and imaged using a Cell
Discoverer microscope (Zeiss), with a humidified chamber at 37 °C and a hypoxic
atmosphere with 0.1 % oxygen. Pericytes were imaged at 15-minute frame intervals
for the duration of 22 hours using a 20x objective with 0.5x magnification. For
imaging analysis, pericytes were tracked using the ImagJ plugin Mtrack] where the
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x and y coordinates were extracted, computed and statistically analysed using the
chemotaxis and migration tool 1.01 (Ibidi Integrated BioDiagnostics). All cell
trajectories were extrapolated so that the x, y = 0 at the start point of time 0 hours of

live-imaging.

RNA

Table 1. List of primers used in this thesis.

Paper Gene Forward primer Reverse primer

Il RGS5 GGTCTTGGCTGGTTTCTCTG GTGCAAAGGACTTGCAGCTT

I HIF-1a AGGGCAGGATACACANGATTTG TTCCCGACTAGGCCCANTC

Il S1PR1 TCTGCGGGAAGGGAGTATGT CGATGGCGAGGAGACTGAA

I S1PR2 CGTTGGCATCAAAGATGGACA CGATGGCGAGGAGACTGAA

Il S1PR3 TCTACCATCCTGCCCCTCTAC ACACGCTCACCACAATCACC

I S1PR4 CAACCCCATCATCTACTCCTTCC AAAGCTGTCCCTTGGCCTC

Il S1PR5 TGTATTTATGCAGCGACACCCC CTTCCCTGACCACCATCACC

\Y ADAMTS4  CCCATTTCCCGCAGAACCAAG CCTGCCGGGTGAACAGAATG

\Y RDH10 CAGGCATGGTTCGCCACATC CCTCACCTTTTCCAGCTTGCAG
\Y IL6 CGTGGAAATGAGAAAAGAGTTGTGC GGAGAGCATTGGAAATTGGGGT
\Y MT2 TCTCGTCGATCTTCAACCGC GCACTTGTCGGAAGCTCTT

\Y FSTL1 GAAGCCTCTGTGTTGACGCC TCCTCCAGGGCACACTTCTTC
\Y DBN1 GTCGTCCGTACTGCCCTTTCA AGTCTCCTGGGCCTCTTGAGT
\Y EDNRB CTGCGGAGGTGACCAAAGGA TCCTCTGCGAGCAACTTGTAGG
\Y STC1 TCGCCAATGGGATCACCTCC CGGACAAGTCTGTTGTAGTATCTGT
\Y ccL2 CTTCCTCCACCACCACCATGCG AAGGCATCACAGTCCGAGTCA
Iland V B2M CATTCCTGAAGCTGACAGCATTC TGCTGGATGACGTGAGTAAACC

Quantitative Real-time qPCR

Total RNA was extracted using RNeasy plus Mini kit (Qiagen) according to the
manufacturers protocol. Next, cDNA amplification was performed using Maxima
First Strand Synthesis kit (Thermo Scientific) and Real-time qPCR samples were
prepared using, Sso advanced Universal SYBR Green supermix (paper II) or
PowerUp SYBRgreen Master Mix (paper V) (Thermo Scientific) and run on a
CFX96 PCR-system (Bio-Rad). Primers used in this thesis are listed in (Table 1).

Single-cell Sequencing

In the preparation for single-cell RNA-sequencing, we used fluorescence-activated
cell sorting (FACS). We first verified that our isolated cells contained sufficient
numbers of live pericytes using RGS5-HET reporter mice positive for GFP. Pericyte
validation was confirmed by (CD140b", CD13", GFP", DAPI’, and PECAM"). For
transcriptomic analysis, we sorted 8,500 live-cells (DAPT), for each sample using
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BD FACS Aria Il flow cytometer system. Next, RNA was prepared for 10x
reactions using the v3.1 3’ x10 kit and cDNA libraries were amplified according to
the manufacturer’s instructions. Then, the single-cell libraries were sequenced on
the [1lumina NOV A-seg platform for samples analyse at 1 and 12 hours, and HiSeq-
seq for the 24-hour samples after stroke. The genes were counted using the Cell
ranger software version 5, and cell ranger aggr was used for sequence-depth
normalization between each run. Next, the sequencing data was normalized using
the Seurat suite version 4 and cells with a feature <200 or a mitochondrial gene
content of >10% were filtered out. The data was log-normalized, before
bioinformatic analysis.

Protein

Mass Spectrometry Preparation

In paper III, we used biotin-streptavidin pull downs for protein purification of the
pericyte-specific secretome. Supernatant, harvested after 24 hours of hypoxia or
normoxia were purified the same way for both monocultures and spheroid co-
cultures. To eliminate streptavidin contamination and increase our sampling depth
for proteomic analysis we chemically modified magnetic streptavidin beads making
them resistant to proteolytic cleavage from proteases such as trypsin (Thermo
Scientific), according to a previously published protocol (179). The streptavidin
beads were then incubated with the cell culture supernatant (450 pl) containing
biotinylated secreted proteins of pericyte origin and mixed with 450 pl of RIPA
buffer and left rolling overnight at 4 °C. Next, we applied a protein enrichment
protocol published previously (/80). To eliminate non-biotinylated proteins beads
were thoroughly washed twice with RIPA, once with 1M KCL, once with 0.1M
Na,COs, once with 2M Urea in 10 mM Tris-HCL, twice with RIPA, once with 50
mM Tris-HCL followed by 2 washes with 2M Urea in 50 mM Tris-HCL. For protein
recovery by on-bead tryptic digestion, beads were incubated for 1 hour in 80 pl of
2M Urea in 50 mM Tris-HCL supplemented with 1 mM dithiothreitol (DTT) and
0.4 pg of sequencing grade trypsin (Promega) at 37 °C with shaking (1,000 rpm).
Next, DTT was added to a final concentration of 4 mM to reduce the disulphide
bonds before a final concentration of 10 mM of iodoacetamide used as an alkylating
agent was added and incubated at 25 °C for 45 min in the dark. An additional 0.5
ug of trypsin was added to the samples before overnight digestion followed by
desalting using C18 stage tips before running on the Exploris 480 mass spectrometer
(Thermo Fischer Scientific) coupled with a Vanquish Neo Ultra-high performance
liquid chromatography system.
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Western Blot and Silverstaining

In paper II and III, western blotting constituted one of the key methods. Protein
was denatured in Laemmli buffer (Bio-Rad) supplemented with 0.1 M DTT and
boiled at 95 °C for 5 minutes. Samples were run on 15-well precast 4-15% SDS-
PAGE gels (Bio-Rad) before transfer to nitrocellulose membranes (Bio-Rad). The
membranes were blocked with 5% milk diluted in tris buffered saline supplemented
with 0.1% Tween-20 (TBS-T), for 1 hour. Primary antibodies were suspended in
5% bovine serum albumin (BSA) diluted in TBS-T and incubated with the
membranes overnight at 4 °C. Membranes were then washed and secondary horse
radish peroxidase (HRP)-conjugated antibodies were diluted in 5% milk in TBS-T
and incubated for 1 hour at room temperature. After washing, HRP substrates such
as Clarity or Clarity Max (Bio-Rad) was used to measure chemiluminescence using
a ChemiDoc XRS-system (Bio-Rad). All primary antibodies used for western
blotting are listed in (Table 2). For visualization of biotinylated proteins in paper
III, membranes were incubated directly with streptavidin-HRP conjugated
antibodies diluted in 5% BSA in TBS-T directly after blocking. To visualize total
protein, we applied silverstaining (Thermo Fischer Scientific), according to the
manufacturer’s protocol. Briefly, samples were prepared and run in the same way
as for western blots. Gels were washed with MilliQ water before fixated in 30%
ethanol and 10% acetic acid. Next the gel was washed with 10% ethanol and MilliQ
water, then submerged in sensitizer solution and later stained with working solution
for 30 min at room temperature. The gel was then developed for 2-3 minutes before
adding the stop solution. Gels were imaged on the same ChemiDoc XRS-system.
Western blotting was also performed in paper I, for further details, see attached

paper.

Table 2. List of antibodies used for western blot in this thesis.

Paper Antibody Species Company Cat. Number Dilution
1] RGS5 Rabbit Protein Tech 11590-1-AP 1:1000
1] p-P44/42 Rabbit CST 9101s 1:1000
1] P44/42 Rabbit CST 9102s 1:1000
1] p-AKT Rabbit CST 9271s 1:1000
1] AKT Rabbit CST 9272s 1:1000
land Il p-PDGFRB (Y751) Rabbit CST 3161s 1:1000
1] p-PDGFRB (Y1021) Rabbit CST 2227s 1:1000
land Il PDGFRB Rabbit CST 4564s 1:1000
1] HIF-1a Rabbit CST 36169s 1:1000
1] Anti-V5 Mouse Thermo Scientific R96025 1:400
1 Streptavidin-HRP - Southern Biotech 7100-05 1:50,000
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Stroke Patients

Ethical Considerations

The study was approved by local ethical committees in accordance with the
Declaration of Helsinki. Reporting guidelines according to Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) was followed and
samples and clinical data was acquired after written consent of the patient or
authorized representative.

Plasma Sample Collection

Blood samples collected in EDTA tubes between 0-6 hours, 12-24 hours, or 2-6
days after stroke onset were placed on ice for a maximum of 2 hours. Next, the blood
samples were centrifuged at 750 x g for 20 minutes at 4 °C and the plasma was
extracted. Subsequently the plasma was centrifuged at 1,500 x g for another 20
minutes before the platelet-free plasma was stored at -80 °C, until further use.

MYV Isolation and Phenotype Characterization

For MV isolation, platelet-free plasma was centrifuged at 21,000 x g for 45 minutes
and supernatant was removed. MVs were then resuspended in 0.9% saline and
stored at 4 °C. Pericyte-derived MVs were isolated based of PDGFRf-expression
using a CD140b-PE anti-human (Biolegend) and isotype-matched irrelevant human
IgG served as a negative control. MV samples were then run on a BD FACS ARIA
III flow cytometer.

Statistics

Statistics was performed using either IBM SPSS for two-tailed univariable linear
regressions (paper IV) or using GraphPad prism. Normality testing was done when
applicable. Nonparametric data were analysed by Mann-Whitney. Parametric data
was analysed by unpaired Student’s #-test and for multiple group comparisons one-
way or two-way ANOVA with Tukey’s multiple comparison, or multiple #-tests for
specific group comparisons. P value < 0.05 was considered significant.
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Summary of Key Results

This section will summarize the key results from the respective papers presented in
this thesis. For more details, see attached papers at the end of this thesis.

Paper I | Regulator of G-protein Signalling 5 Regulates
the Shift from Perivascular to Parenchymal Pericytes in
the Chronic Phase After Stroke

Previous studies have established RGSS5 being exclusively expressed by activated
mural cells in the adult brain after hypoxic/ischemic insult. Interestingly, RGS5-
expressing pericytes are associated with pericyte detachment after ischemic stroke.
However, whether RGSS5 is the cause of this effect has not been shown (133, 181).
To elucidate the role of RGS5, we used RGS5-KO, RGS5-HET, and WT mice to
evaluate whether loss of RGS5 has an impact on pericyte detachment and
pathological outcome after ischemic stroke, using a pMCAO stroke model.

Loss of RGSS5 Results in Reduced Density of PDGFRp-expressing Cells
in the Infarct core

It has previously been established from several independent studies that the density
of PDGFRp-expressing cells progressively increases in the infarct core after
ischemic stroke, likely contributing to the fibrotic scar formation (733, 148, 182).
To assess whether RGSS5 affected the morphology or density of PDGFR expressing
cells, we compared WT and RGS5-KO mice 7 days after ischemic stroke.
Examining the contralateral hemisphere, PDGFRp-cells showed no obvious
difference in density between genotypes and PDGFRJ expression was confined to
cells with typical pericyte morphology. Within the infarct core, both WT and RGS5-
KO mice displayed a densely packed area of PDFGRB" cells with atypical cellular
protrusions and morphology (Fig. 4A). However, the quantitative analysis showed
that RGS-KO mice had significantly lower density of PDGFRp staining compared
to the WT (Fig. 4B).
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Figure 4. Lack of RGS5 results in reduced density of PDGFRB-expressing cells within the infarct core.

A Representative bright field images of PDGFR@-staining of WT or RGS5-KO mice, 7 days after ischemic stroke. Left
panel illustrates genotype and overview images where the black boxes indicate the region of the magnified images
displayed in the right panel. B Quantification of the PDGFRp-staining in the infarct core. Data is presented as means
+ S.D. Statistical testing was performed using Students f-test, n=6. Scale bars are 500 um (overview) and 10 ym
(magnified).

Loss of RGSS5 Leads to Increased Numbers of Perivascular Pericytes

Next, we assessed whether RGSS5 regulates the perivascular or parenchymal location
of pericytes after stroke. Immunohistochemical evaluation 7 days after ischemic
stroke revealed the RGS5-KO compared to RGSS5-HET mice retained a 2-fold
change higher pericyte coverage of the vascular wall in the infarct core, evident
from the increase in the number of GFP" pericytes located around the podocalyxin
(PDCLX)-positive capillaries. Importantly, pericytes in the infarct core of RGS5-
KO animals were only found to have a perivascular rather than parenchymal
location (Fig. 5A). Next, we assessed the relation between PDGFRB™ and GFP” cells
within the infarct core. Interestingly, only perivascular PDGFRB" cells expressed
GFP. Quantification showed that the number of PDGFRB/GFP" pericytes was over
2-fold higher in the RGS5-KO mice, further supporting that lack of RGSS5 results in
increased perivascular location of pericytes, while RGS5-expressing pericytes likely
detach and migrate into the parenchyma (Fig. 5B).
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Figure 5. Loss of RGS5 leads to higher vascular coverage of pericytes 7 days after ischemic stroke.

A Representative confocal images of the infarct core after experimental ischemic stroke of GFP expressing pericytes
in green and the vasculature in red stained for podocalyxin (PDCLX). The right panels of fluorescent images shows
single channels of PDCLX and GFP, respectively. The quantification of the percentage of the vasculature covered by
GFP expressing cells is shown to the far right. B Representative confocal images of GFP expressing pericytes in
green and PDGFR cells in the infarct core.The boxes idicates where the pictures of higher magnification were taken,
shown in the right panels of single channel PDGFR and GFP expressing cells, respectively. The quantification of the
number of PDGFRP and GFP expressing pericytes per mm? is presented to the far right. Data is presented as means
+ S.D. Statistical analysis was performed using Student’s t-test, n=6. Scale bars are 20 ym (10 ym for higher
magnification images).

Loss of RGSS Results in Reduced Vascular Leakage and Increased
Vascular Density of The Infarct Core

After establishing that loss of RGSS5 increases the pericyte coverage of the
microvasculature, we moved on to assess if this observation would correlate to
increased BBB integrity. For that, we injected Evans blue intravenously 7 days after
stroke in RGS5-KO and WT mice to evaluate vascular leakage (Fig. 6A). As
expected, we observed that Evans blue permeated the brain parenchyma in the
ipsilateral cortical region but not in the unaffected contralateral hemisphere.
Interestingly, the vascular leakage was significantly reduced in RGS5-KO
compared to WT mice, suggesting that the increased perivascular coverage of
pericytes in mice lacking RGS5 expression shows improved barrier integrity (Fig.
6B). Next, we examined whether RGSS5 affected the vascular morphology and/or
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density within the infarct core. In the contralateral hemisphere, no vascular
alterations were observed between genotypes (RGS5-KO and WT). However, in the
infarct core, we detected a significant increase in vascular density in the RGS5-KO
compared to the WT mice (Fig. 6C).
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Figure 6. Loss of RGS5 reduces BBB leakage and improves vessel density in the infarct core 7 days after
ischemic stroke.

A Schematic of the experimental design where we compared RGS5-KO and WT mice which after the experimental
ischemic stroke model pMCAO, received a tail vein injection of Evans blue to assess BBB leakage. B Representative
images of the whole brain (upper row) and brain sections (lower row) of the different genotypes with Evans blue
laekage, 7 days after ischemic stroke. The quantification of extravascular Evans blue is shown to the far right. C
Representative confocal images of the vasculature within the infarct core positive for PDCLX expression 7 days after
ischemic stroke. The left panel shows the WT and the right panel showns the RGS-KO genotype. The quantification of
PDCLX* vessels per designated area is presented to the far right. Data is presented as means + S.D. Statistics was
performed using two-way ANOVA with Tukey’s multiple comparisons, n=6. Scale bars are 40 pm.

Paper 11 | RGS5: A Novel Role as a Hypoxia-responsive
Protein That Suppresses Chemokinetic and Chemotactic
Migration in Brain Pericytes

As previously established; RGSS5 is specifically expressed by mural cells in the brain
and loss of RGSS5 increases the number of perivascular pericytes upon
hypoxic/ischemic injury. However, whether this is due to reduced detachment,
increased recruitment or increased survival of pericytes has not been shown. To
elucidate the role of RGS5 in hypoxia we silenced RGSS5 using siRNA in pericytes
and evaluated chemotactic migration in response to PDGFBB, an important growth
factor regulating pericyte recruitment and retention at the vasculature.
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RGSS Induction in Hypoxic Pericytes is Regulated on The Protein
Level and is Independent of HIF-1a

First, we characterized RGS5 expression in human brain pericytes subjected to
hypoxia. Endogenous protein levels of RGS5 remained very low under normal
oxygen conditions. In contrast, when pericytes were exposed to hypoxia, RGS5
protein levels were rapidly induced in a time-dependent manner with nearly a 5-fold
increase after 1 hour and peaked at 12 hours of hypoxia before they started to decline
(Fig 7A, B). The well-known hypoxic transcription factor HIF-1a showed a similar
profile with a rapid increase, showing the strongest expression at 6 hours of hypoxia
before returning towards baseline (Fig. 7A). However, mRNA levels of RGS5
remained relatively stable throughout the hypoxic time-period and even
significantly reduced at 1 hour and 24 hours of hypoxia (Fig. 7C), suggesting that
the hypoxic induction of RGS5 happens post-translationally. Nonetheless, RGS5
induction under hypoxia has previously been suggested to be regulated by HIFs
(139) and to examine that possibility, we directly evaluated if the HIF-la
transcription factor impacts on RGSS5 expression using HIF-1a siRNA. Silencing of
HIF-1a did not induce a significant change in RGS5 protein levels in any of the
assessed time-points of hypoxic exposure, confirming that RGS5 induction is
independent of the hypoxia-induced transcriptional network of HIF-1a (Fig. 7D, E).
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Figure 7. RGS5 is induced under hypoxia, independent of HIF-1a.
A Brain pericytes were exposed to hypoxia (02<1%) for 0, 1, 3, 6, 12 or 24 hours. Representative western blot images
of RGS5, HIF-1a and (B-actin as housekeeping control). B Quantification of relative protein levels of RGS5. C
Quantification of relative mRNA levels of RGS5. D Representative western blot of HIF-1a, RGS5 and B-actin after
pericytes were exposed to hypoxia for 0, 3, 6, 12 or 24 hours. E Quantification of RGS5 protein expression in
pericytes treated with HIF-1a siRNA or scrambled control siRNA and exposed to hypoxia for 0, 3, 6, 12 or 24 hours.
Data is presented as means * S.D. Statistical testing was performed using one-way ANOVA with Tukey’s multiple
comparison (B, C) or multiple t-tests (E), n=3 — 6. Significance was set at p< 0.05.

50



RGSS Desensitizes Pericytes to PDGFBB-induced Chemotaxis

Pericytes recruitment and retention to the endothelium is actively modulated by the
release of chemotactic factors such as PDGFBB that attract pericytes to the vascular
wall. To assess the role of RGS5 in hypoxia we silenced RGS5 with siRNA
(siRGS5) and compared that to a scrambled control siRNA (siCTRL). Next, we used
a microfluidic chamber that produces a stable linear concentration gradient of
PDGFBB and measured pericyte chemotactic migration (Fig. 8A). Silencing RGS5
in hypoxic pericytes resulted in a significantly increased sensitivity to PDGFBB,
where pericytes migrated parallel towards the concentration gradient. In contrast,
RGSS5 expressing pericytes in the siCTRL condition exhibited a more random
migration and did not display a clear chemotactic phenotype (Fig. &B).
Quantification of cellular trajectories revealed that the forward migration index
(FMI) parallel to the gradient was significantly higher in RGSS silenced pericytes
compared to the control (Fig. 7C).
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Figure 8. RGS5 desesitizes pericytes to PDGFBB chemotactic cues under hypoxia.

A lllustration of microfluidic chemotaxis p-slides used for chemotactic evaluation that produces a stable linear
concentration gradient from concentration (C) 100% to 0%. Chemotactic migration evaluation was based around FMI"
parallel to the gradient or FMI-- perpendicular to the gradient. B The role of RGS5 on chemotactic migration in
response to a PDGFBB concentration gradient with C 100% being (50 ng/ml) and tracked using live-imaging for 22
hours of hypoxia. The sum of 160 cellular trajectories from siRGS5 or siCTRL pericytes are displayed in rose plots. C
Quantification of the parallel and perpendicular FMI. Data is presented as means + S.D. Statistical testing was
performed using multiple t-tests, n=3.

Paper 111 | Pericyte-specific Secretome Profiling Using
TurbolD in an In Vitro Blood-Brain Barrier Model

Cell-cell communication is paramount to maintain homeostasis in the brain under
physiological conditions but is also important to instigate a response to pathological
stimuli such as hypoxia or ischemia. Pericytes have been shown to have an extensive
secretome, but the current knowledge is mostly limited to in vitro monocultures and
a full characterization of the pericytes secretome profile in hypoxia has been
lacking. To examine the hypoxic pericyte-secretome profile in more complex multi-
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cellular environments, we used the biotin ligase TurboID to label secreted factors of
pericyte origin, in co-culture with human endothelial cells and human astrocytes.

TurbolD Biotinylates Pericyte-Secreted Proteins in Spheroid Co-

Cultures
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Figure 9. TurbolD biotnylates intracellular and secreted proteins of pericyte origin in spheroid co-cultures.

A lllustration of co-culture cell types. The zoomed in picture showsTurbolD anchored to endoplasmic reticulum (ER) in
pericytes which labels proximal proteins in the range of ~20 nm and the conventional secretory pathways via ER/Golgi
trafficking or release of extracellular vesicles. B Section of a spheroid stained for PDGFRp (pericytes, blue), CD31
(endothelial cells, red) and GFAP (astrocytes, green). C Spheroids with either TurbolD-expressing pericytes or WT-
pericytes, treated with 500 uM of exogenous biotin and stained for the ER-marker calnexin (blue), V5-tagged TurbolD
(red), streptavidin for biotin labelling (green) and DAPI (white). D Streptavidin blotting of supernatant samples from
spheroids harvested 24 hours after biotin treatment. E Total protein content of the same samples were analysed by
silverstain. Abbreviations: N, Normoxia; H, Hypoxia; TID, TurbolD. Scale bars are 50 um.
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TurboID has been extensively used as biotin ligase to study protein-protein
interactions, but few studies have utilized TurbolD to label the secretome of specific
cell types (/83). Since most proteins translated in the endoplasmic reticulum (ER)
are destined for secretion, we generated a stable cell line of pericytes expressing an
ER-anchored TurbolD protein facilitating biotin labelling of secreted molecules
(Fig. 9A). To validate if pericyte-specific labelling was possible in co-culture
conditions, we generated spheroids of human TurbolD-expressing pericytes,
endothelial cells and astrocytes. PDGFRB" pericytes and CD31" endothelial cells
were distributed evenly throughout the spheroid while GFAP" astrocytes occupied
the spheroid border (Fig 9B). Next, we evaluated TurbolD activity by measuring
biotin-labelling of endogenous proteins using immunocytochemistry. Endogenous
proteins were clearly biotinylated, evident from the streptavidin immunostainings
in the TurbolD-expressing pericytes compared to WT-pericytes having no, or very
low, streptavidin signal. Furthermore, streptavidin labelling co-localized to the
TurbolD V5-tag and the endoplasmic reticulum marker calnexin (Fig. 9C). As
immunocytochemistry evaluation cannot distinguish between intracellular and
extracellular proteins, we evaluated the cell culture supernatant for the presence of
secreted biotinylated proteins using western blotting. We detected a clear signal
from streptavidin-blotting in both normoxic and hypoxic conditions in TurbolD-
pericytes in the presence of exogenous biotin, indicating successful biotinylation.
Importantly, our negative controls WT-pericytes or TurbolD-pericytes with omitted
exogenous biotin had undetectable levels of biotinylated proteins whilst a strong
signal from the total protein content was observed in the silver stain (Fig. 9D, E).

Proteomics of The Pericyte Secretome in Hypoxia

To characterize the pericyte secretome in hypoxia we performed shotgun
proteomics. Furthermore, we analysed the differences in protein identities between
monocultures of pericytes compared to pericytes cultured in spheroids. For that, we
purified biotinylated proteins from the cell cultures supernatants using streptavidin-
biotin affinity pull-downs and samples were analysed using LC-MS/MS (Fig. 10A).
From the purified supernatant samples, we detected on average over 2,000 different
proteins, suggesting that a large fraction of the pericyte secretome was biotin
labelled. An UpSet plot of our mass spectrometry dataset indicated differentially
expressed proteins between experimental conditions. For instance, we identified 33
and 20 proteins that were significantly different and specific in hypoxic compared
to normoxic pericytes in monocultures or spheroid cultures, respectively.
Interestingly, we observed the largest differences in secreted proteins between
monocultures and spheroid cultures, regardless of experimental condition (hypoxia
or normoxia). Specifically, we identified 73 secreted proteins that were significantly
different between hypoxic spheroids (HS) and hypoxic monocultures (HM).
Furthermore, 87 proteins were significantly different and specific when comparing
normoxic spheroids (NS) to normoxic monocultures (NM), demonstrating that the
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Figure 10. Proteomics of the pericyte-specific secretome profile in hypoxia.
A Experimental design wehre cell culture supernatant was extracted from pericyte monocultures and spheroid
cultures after 24 hours of normoxia or hypoxia with WT as negative control. Supernatants containing biotylated
proteins of pericyte origin were purified using protease resistant strepatvidin beads (PrS)-biotin affinity pull-downs
where proteins underwent trypic digestion before peptides were anlysed by LC-MS/MS. B UpSet plot showing shared
or specific — differentially expressed proteins between the experimental conditions. C Volcano plot showing the
differentiall expressed proteins between HM versus NM. D Volcano plot showing the differrentially expressed proteins
between HS versus NS. Abbreviations: TID, TurbolD; HM, Hypoxia monoculture; NM, Normoxia monoculture; HS,
Hypoxia spheroids; NS, Normoxia spheroids.

cell-cell interactions at the BBB have a large impact on the pericyte secretome (Fig.
10B). To give additional insight into the secretome profile of pericytes we generated
volcano plots showing the significant differences in the binary comparisons between
hypoxia and normoxia. In monocultures (HM vs NM), some of the top hypoxia-
enriched secreted proteins included cellular nucleic acid binding protein (CNBP),
NAD(P)HX epimerase (NAXE), N-Myc downstream regulated gene 1 (NDRGI),
angiopoietin-like 4 (ANGPTL4) and others. In contrast, we observed a significant
downregulation of succinate dehydrogenase complex subunit A (SDHA), protein S
(PROS1), insulin-like growth factor binding protein 2 (IGFBP2), and matrix
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metalloproteinase-2 (MMP2) (Fig. 10C). Interestingly, the spheroid culture
comparison (HS vs NS) displayed a different pericyte secretome profile. Here, some
of the most significant hypoxia-enriched secreted proteins of pericyte origin
included Acyl-CoA thioesterase 1 (ACOT1), NAXE, 3-oxoacid CoA-transferase 1
(OXCT1), alanine aminopeptidase (NPEPPS), while we observed a downregulation
of proteins such as protein phosphatase 2A (PTP2A), tumour protein-
translationally-controlled 1 (TPT1), and others (Fig. 10D). Notably, although some
of the differentially expressed proteins in hypoxic compared to normoxic pericytes
were conserved between monocultures and spheroid cultures such as NPEPPS and
NAXE, a majority of differentially expressed proteins were unique to its respective
cell culture condition. Together, these results support that pericytes display a
different secretome profile in response to hypoxia and that their secretory response
is highly dependent on cell-cell interactions between BBB-residing cells.

Paper IV | Pericyte-derived Microvesicles as Plasma
Biomarkers Reflecting Brain Microvascular Signalling
at Different Stages of Acute Ischemic Stroke

Identification of circulating biomarkers that can be detected in peripheral blood is
still an unmet need in stroke research. The cellular release of MVs has great
potential to not only serve as a biomarker but also potentially reflect the
pathogenesis of stroke evolution. While pericytes are known to release MVs,
previous studies are mostly limited to in vitro or animal models and whether the
characteristics of pericyte-derived MVs from blood plasma changes after ischemic
stroke is not known. To assess whether pericyte-derived MVs can serve as a plasma
biomarker we analysed blood samples from patients at different timepoints after
stroke onset compared to controls (Fig. 11A).

Ischemic Stroke Leads to an Early Increase in Pericyte-Derived MVs

The plasma levels of pericyte-derived M Vs in the hyperacute phase 0-6 hours after
ischemic stroke onset, did not show a significant difference compared to the control
group. However already at 12-24 hours after ischemic stroke, the concentration of
pericyte-derived MVs was significantly higher in stroke patients compared to
controls (median [range], 1569 [108-4755] MVs/ul versus 658 [18-2971] MVs/ul;
P < 0.0002. Furthermore, the increase in circulating pericyte-derived MVs was
sustained up to 2-6 days in stroke patients compared to controls (1300 [26-5187]
MVs/ul versus 658 [18-2971] MVs/ul; P=0.0076 (Fig. 11B).

55



A B
Stroke patients Control subjects

000 000
wow aae

8 Plasma
samples

% Plasma
] samples

0-6h 12-24h 2-6d

v
@ MV isolation
v ‘O-6h 1224 2-6d
FACS
'“5?. PDGFRB* MVs Stroke group

Figure 11. Early increase of circulating pericyte-derived MVs after ischemic stroke onset.

A Overview of experimental design. B Box plots showing the quantification of pericyte-derived MVs analysed from
blood plasma in stroke patients between 0-6 hours, 12-24 hours or 2-6 days after stroke onset compared to the
control group. Statistical testing was performed using Mann-Whitney nonparametric test. P® < .01, P® < .001.

The Protein Cargo of Pericyte-Derived MVs Displays Temporal
Changes After Ischemic Stroke Onset

Next, we evaluated the protein cargo of the isolated pericyte-derived MVs at the
different time points after ischemic stroke onset compared to controls. At the hyper-
acute phase (0-6 hours) after stroke onset, the protein level of pericyte-derived MVs
in stroke patients was significantly decreased compared to controls. Many of the
downregulated proteins corresponded to inflammatory chemokines or cytokines
such as cluster of differentiation 40 (CD40), interleukin (IL)-17C, IL5, IL6 and 1L2
(Fig 12A).

Interestingly, between 12-24 hours after stroke onset, the protein cargo of pericyte-
derived MVs in stroke patients displayed an upregulation in proangiogenic and
proinflammatory signalling molecules, possibly reflecting the pathogenesis of
ischemic stroke. Some of the most significantly upregulated proteins included
matrix metalloproteinase-1 (MMP-1), CD244, MCP-4, CXC-motif chemokine 5
(CXCL5) and vascular endothelial growth factor A (VEGF-A) (Fig 12B). Between
2-6 days after ischemic stroke onset, pericyte-derived MVs in stroke patients
maintained significantly increased protein levels of proangiogenic and
proinflammatory molecules such as MMP-1, VEGFA, CD40, and CXCL5
compared to the control group (Fig. 12C).
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Figure 12. The protein cargo of pericyte-derived MVs in stroke patients compared to controls.

A Volcano plots showing the differentially expressed proteins in pericyte-derived MVs betwwen ischemic stroke
patients compared to controls between 0-6 hours, B between 12-24 hours, and C between 2-6 days. Statistical testing
was performed using two-way ANOVA with Tukey’s multiple comparison.

Paper V | The Transcriptional Landscape of Pericytes in
Acute Ischemic Stroke

Stroke pathology is a complex process involving different responses of various
types of brain cells. The specific roles of distinct cell subpopulations after stroke
further contribute to its complexity. Transcriptome studies have the potential to
characterize cellular heterogeneity and provide a deeper understanding of the
molecular mechanisms involved in stroke pathology. Since ischemic stroke
develops rapidly and has a narrow time window of treatment, a better understanding
of the pathological progression during the acute phase may be crucial for early and
effective interventions. As such, we aimed at elucidating the transcriptome changes
using 10x genomics at different time points of the acute phase of ischemic stroke
using a mouse pMCAO model, where our main aim was to characterize the pericyte
response and differences between subpopulations of pericytes within the vascular
niche.

Transcriptional Analysis and Identification of Different Cell
Populations in The Acute Phase

For transcriptome analysis, brain cells depleted from mature neurons were isolated
from either the ipsilateral (ipsi) or contralateral (contra) stroke region at 1, 12, or 24
hours after MCAO. Since the cells were isolated by enzymatic digestion and from
different conditions (ipsi vs contra), that could result in differential expression of
certain surface markers of specific cell populations, we isolated all live cells to
ensure an unbiased approach (Fig. 13A). All single cells were projected on UMAP
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Figure 13. Single cell RNA-sequencing of neuron-depleted live brain cells at 1, 12, and 24 hours after pMCAO.
A Schematics of the experimantal design and workflow. B-D UMAP plots of the identified clusters in the contra or ipsi
condition at different time points of the acute phase after ischemic stroke. E Cell types identified by clustering analysis

and genes defining cell type identity.

plots after batch-effect correction showing clear separation between different cell
populations at the 3 different time points (Fig. 13B-D). Detection of known cell type
markers or combination of genes unambiguous for specific cell types identified 19
different clusters including microglia (ITGAM', AIFI™ PTPRC"), astrocytes,
(GFAP" SLCLA2"), oligodendrocytes (MOG®, OLIG2"), endothelial cells
(PECAMI?, smooth muscle cells (PDGFRS', RGS5', ACTA2"), pericytes
(PDGFRpB', RGS5", ACTAZ), as well as others (Fig. 13E). Notably, we observed
large changes in cellular clustering at 12 and 24 hours between the ipsilateral and
contralateral hemispheres. For instance, endothelial cluster 9, microglial cluster 5
and immune cells like macrophages, B-cells, T-cells, and neutrophils showed an
increased density in the ipsilateral stroke region (Fig. 13B-D).
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Figure 14. Heterogenous subpopulations of pericytes in the acute phase of stroke.

A The re-clustering of the pericyte population revelaled 8-10 different pericyte subclusters depending on the time point
and ipsi versus contra hemispheres. The stroke specific subluster 5 appearing at 12 and 24 hours after stroke is
indicated by the green circle. B-C Volcano plot showing the genes that are differentially regulated in the ipsi cluster 5
compared to the remaining pericyte clusters at 12 hours and at 24 hours after ischemic stroke.

Exploring the Dynamic Heterogeneity of Pericyte Subpopulations
During the Acute Phase of Ischemic Stroke

To delve deeper into the pericyte transcriptomic response after ischemic stroke, we
isolated pericytes and smooth muscle cells from the dataset and performed a new
clustering analysis. Due to pericytes plasticity, this approach aimed to get a more
comprehensive understanding of the possible subtypes of perivascular cells. The re-
clustering revealed 8-10 different subclusters depending on time point and
experimental condition (ipsi vs contra). Interestingly, at 12 and 24 hours after stroke
we detected the pericyte subcluster 5 (RGS5", PDGFRf", ACTA?2"), specific to the
ipsilateral stroke region, suggesting a unique stroke-specific pericyte subpopulation
(Fig. 14A). To better characterize the stroke-specific cluster 5 of pericytes, we
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Figure 15. IL11 protein expression is restricted to PDGFR cells in the stroke region.

A Location of the selected images in black boxes, where the infarct core is outlined in red. B Confocal images
showing PDGFR and IL11 expressing cells. C Area fraction occupied by PDGFRp and IL11 expressing cells.
Statistical testing was performed using paired Students t-test, n=7. Scale bar 20 um.

investigated the differentially expressed genes (DEGs) of cluster 5 to the remaining
pericyte clusters. Although we observed the largest fold change in different gene
expressions at 24 hours after stroke, the majority of the DEGs present in subcluster
5 were conserved and significantly different both at 12 and 24 hours after stroke.
The top 10 most upregulated genes after stroke in cluster 5 included IL11, IL6,
retinol dehydrogenase (RDH10), endothelin receptor B (EDNRB), C-C motif
chemokine ligand 2 (CCL2), metallothionein-2 (MT2), stanniocalcin 1 (STC1),
ADAM metallopeptidase (ADAMTS4), drebrin 1 (DBN1), and follistatin like 1
(FSTN1) Fig. 14B, C).

From the bioinformatic analysis of our sequencing data, we found IL11 to be among
the highest upregulated genes and specific to the pericyte subcluster 5. IL11 is a
cytokine known to be primarily produced by stromal fibroblasts within different
organs but has not previously been associated with pericytes (184, 185). To further
identify if the altered gene expression of IL11 could be detected on the protein level,
we also conducted immunofluorescence evaluation to evaluate IL11 expression in
stroke-responsive pericytes. Indeed, we confirmed the specific ischemic-injury
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related upregulation of IL11 was confined to PDGFRp-expressing cells and the
increase was significant compared to the contralateral hemisphere (Fig. 15A-C).
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Discussion and Future Perspectives

In the work presented in this thesis, the overarching aim was to elucidate the role of
the pericyte response to pathological hypoxia and ischemic stroke. The first two
studies focused on the role of RGSS5, a marker of activated pericytes and a possible
candidate to modulate pericytes response to hypoxia/ischemia. The rationale behind
RGSS5 being one of our proteins of interest had several reasons: one was that RGS5
expression is specific to mural cells in the brain; another was the dynamic nature of
RGSS5 expression in various physiological or pathological conditions, indicating a
role in adaptive responses. For instance, RGS5 expression shows large fluctuations
in the developing foetal vasculature in mice, with the highest expression around
E14.5, before it declines and remains low in adult animals under physiological
conditions (736, 137). These observations support the hypothesis that a dynamic
regulation of RGS5 expression may be important during vasculogenesis while the
mature and quiescent vasculature in the adult is associated with pericytes exhibiting
low RGSS levels. Notably, in adult mice, RGSS5 expression is altered in response to
certain environmental cues and an upregulation has been consistently observed in
hypoxic or ischemic pathologies, associated with vessel abnormalities and pericyte
detachment from the vascular wall (133, 138, 181).

In paper I, we showed that loss of RGSS5 results in increased numbers of perivascular
pericytes while the density of parenchymal PDGFRB" cells was reduced, 7 days
after stroke. These observations suggest RGS5 to be a regulator of important
adaptive processes in the chronic phase of stroke such as vascular remodelling and
scar formation. The increased perivascular density of pericytes in RGS5-KO mice
is important for vascular maturity and integrity within the infarct core, which
correlated with reduced vascular leakage. At the same time, the reduction of
PDGFRP" cells in the parenchyma of RGS5-KO animals could affect the fibrotic
scar formation, as previous studies support that a subpopulation of parenchymal
PDGFRp-expressing pericytes can contribute to fibrosis (/48, 149). This shift in
spatial distribution of pericytes in RGS5-KO mice could have several reasons. The
reduction of PDGR" cells in the parenchyma may be due to reduced detachment of
pericytes but it is also possible that the increased microvascular integrity observed
in RGS-KO mice, reduces the invasion of immune and fibrotic cells into the infarct
core, resulting in reduced numbers of e.g., scar forming fibroblasts. The increase of
perivascular pericytes may be due to reduced pericyte detachment from the vascular
wall, increased cell proliferation, improved survival, or increased migration of
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pericytes to the newly formed vessels. To elucidate the role of RGSS5 as a regulator
of pericytes response after ischemic stroke, we cultured human brain pericytes to
study if RGS5 regulates these cellular processes in vitro.

In paper II, we established RGS5 as an oxygen-sensing protein that is rapidly
stabilized under hypoxia, while very low to non-detectable levels of RGS5 were
observed in normoxic conditions, in brain pericytes. In contrast to previous
observations (/39), we did not find a link between RGS5 expression and HIF-1a
activation, but instead, the rapid induction of RGS5 under hypoxia happens post-
translationally likely due to inhibition of the oxygen dependent proteolytic N-
degron pathway (/42). One of our hypotheses behind the increased numbers of
perivascular PDGFRB" pericytes in RGS5-KO mice observed in the infarct core in
paper I, was that RGSS affects the migration of pericytes. A key component in
pericytes association to the microvasculature is the active regulation of chemotactic
signals released by endothelial cells such as PDGFBB, which regulates the
recruitment and retention of PDGFRp" pericytes to the vascular endothelium. We
showed that RGSS5 stabilization in hypoxia desensitizes pericytes to PDGFBB
induced chemotaxis, which could be a contributing factor in regulating the
association of pericytes to vascular endothelial cells. In addition, we show that
RGSS5 does not affect pericyte proliferation or survival under hypoxia (Fig.5 in
paper II), suggesting that the increase in perivascular pericytes in RGS5-KO mice
after stroke, could be the result of an altered migratory phenotype. However, such
claims would require mechanistic verification in vivo, in support of the
RGSS5/PDGFRp-regulation of perivascular coverage and pericyte migration.
Notably, numerous other mechanisms affecting pericyte coverage may be regulated
by RGSS5. Previous studies support RGSS5 having a regulatory role in WNT, TGF-8
and hedgehog signalling, all of which are important in angiogenesis and vascular
remodelling that could regulate pericyte rarefaction at the vascular wall (186-188).
Future studies, looking at transcriptome changes in RGS5 deficient mice after stroke
or phospho-proteomic analysis of hypoxic pericytes lacking RGS5 would provide a
more comprehensive understanding of specific cellular mechanisms where RGSS5
may be involved. Still, RGS5’s prominence in the vascular niche remains evident,
making it a prime candidate for therapeutic intervention.

An interesting observation from these studies is that the stabilization of RGSS in
hypoxia would appear to be an adaptive response to compromised tissue
oxygenation, yet paradoxically, loss of RGS5 seems to promote essential
mechanisms of pericyte recruitment and improve stroke outcome in mice. It is
conceivable that the ability of RGS5 to be dynamically regulated in response to
oxygen fluctuations is an important mechanism to fine-tune highly regulated
oxygen-sensitive processes like angiogenesis, requiring temporal control of
detachment and subsequent recruitment of pericytes under physiological conditions
(e.g., during development). However, in vascular pathology such as ischemic stroke,
tissue oxygenation is dramatically reduced, and the severe hypoxia likely leads to
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the rapid and prolonged stabilization of RGS5. Under such pathological conditions,
conserved evolutionary mechanisms of oxygen-sensing such as regulation of RGS5
via the N-degron pathway, may be an example of when adaptation to hypoxia
becomes excessive, and transforms into maladaptation.

The following two studies were centred around characterizing the pericyte
secretome in hypoxia and ischemic stroke. Studying cellular secretomes has long
relied on the use of in vifro monoculture models allowing controlled conditions with
certain association between secreted molecules and their cellular origin. Albeit
useful for specific purposes, these systems are poorly resembling in vivo conditions,
confounding the interpretation of existing data. In paper III, I present a method for
pericyte-specific secretome profiling in an in vitro co-culture model of the BBB, by
using the biotin ligase TurbolD that enables biotin-tagging of pericyte-secreted
proteins that can later be purified and analysed. This approach allowed us to not
only characterize the secretome profile of pericytes in response to hypoxia but to
compare the differences in pericyte-secreted factors between monocultures and co-
cultures. While previous studies have underscored that maintaining BBB
homeostasis is dependent on the crosstalk between its constituent cells (189, 190),
the influence of cell-cell interactions on the pericyte secretome has not been
previously described. The mass spectrometry analysis revealed a variety of well-
characterized secreted proteins that were differentially regulated between normoxic
and hypoxic pericytes. While we observed that some of the differentially secreted
proteins between normoxic and hypoxic pericytes were conserved in both mono-
and co-cultures e.g., NAXE and NPEPPS, most differentially secreted factors were
unique to their respective culture conditions. These observations highlight the
importance of cell-cell signalling networks between BBB-residing cells and can
possibly provide more accurate data of the pericyte secretome profile in hypoxia.
However, even though this model provides a more sophisticated cell culture
approach of studying the secretome of brain pericytes, organs like the brain are far
too complex to fully recapitulate in vitro or even ex vivo. Future studies,
incorporating TurbolD biolabeling in animals would provide an even better
representation of the pericyte secretome while at the same time reflecting the
possible signalling perturbations that occur in complex pathologies such as ischemic
stroke.

Besides relying on labelling of cell type secretomes there are also other ways to
study cell-specific secreted factors. In paper IV, we studied pericyte-derived MVs
present in the blood plasma of ischemic stroke patients at different time points of
the acute phase. Since MVs originate from the plasma membrane they carry surface
antigens (such as PDGFRp), allowing them to be traced back to their cellular origin.
These MVs function as vehicles carrying bioactive cargo from the parental cell that
can affect the biochemical state of recipient target cells. The level of MVs found in
plasma are known to change in various diseases and the MV-cargo reflects the state
of the parental cell (191, 192). As such, MVs are promising targets to serve both as
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biomarkers of stroke but could also reflect important signalling processes during
pathogenesis.

At the start of this project, several other studies had explored the possibility of using
MVs as biomarkers of stroke where most studies were focused on endothelial cells
(165). Yet, to our knowledge, no previous study had examined the potential use of
pericyte-derived MVs, reflecting the vascular signalling in acute ischemic stroke.
Because of pericytes unique location at the blood/brain interface and their early
response to ischemic injury, pericytes could constitute a novel source of peripheral
biomarkers, which is still an unmet need in acute stroke care. Confirming our a
priori hypothesis, that pericytes mount an early response to ischemia, we detected
significantly higher plasma levels of pericyte-derived MVs already at 12-24 hours
which persisted up to 2-6 days in human stroke patients. These observations support
the potential use of pericyte-derived MVs as an easy and practical method that could
complement existing diagnostic tools and reflect the temporal evolution of ischemic
stroke. However, an important factor to consider is that for a biomarker to be useful,
it needs to be specific for its designated pathology. As stroke mimics accounts for
almost half of hospital admissions (/93), future studies will have to determine the
reliability of pericyte-derived MVs for accurate stroke diagnosis.

Besides the role as a possible biomarker, MVs cargo may reflect important
signalling mechanisms that modulates the pathological progression after stroke.
When analysing the cargo of pericyte-derived MVs, we noticed a temporal switch,
indicating an anti-inflammatory profile at 0-6 hours, whereas the later timepoints of
the acute phase was associated with an increase of proinflammatory and
proangiogenic molecules. These findings may suggest a beneficial role of the
pericyte secretome after ischemic stroke, possibly limiting the acute inflammatory
response while initiating recovery mechanisms such as angiogenesis and vascular
maturation at later time points after stroke onset. However, it is important to
remember that the MV cargo only reflects a small portion of the cellular secretome
and analysing peripheral samples does not take into consideration the paracrine
signalling of other soluble factors that are released by ischemia challenged pericytes.

In our final approach of investigating pericyte’s response to ischemic stroke, we
used single cell RNA-sequencing that provided us with a large-scale dataset to
analyse transcriptome changes in brain pericytes. In the light of known pericyte
heterogeneity in morphology and marker expression we identified several unique
transcripts that changed over time in the acute phase of ischemic stroke.
Specifically, we identified a subset of pericytes that were stroke-specific at 12 and
24 hours after stroke onset, which were characterized by an upregulation of a
specific set of genes such as /L6, IL11, CCL2, EDNRB, ADAMTS4, STCI and
RDHI10. Interestingly, these results were confirmed in a recent study showing an
upregulation of most of the genes present in the stroke-specific pericytes after using
a transient model of ischemic stroke in mice (/72). This differential transcriptional
program could either represent different pathological states of pericytes in stroke or

65



indicate the existence of different pericytes subpopulations. Since our method of
single cell RNA-sequencing does not consider spatial resolution, it is possible that
the pericyte heterogeneity is due to their location within the stroke affected brain
region, affecting their response.

Nonetheless, our results indicated that the activated states of the stroke-specific
cluster were associated with the upregulation of numerous immune regulatory genes
including IL6, IL11, and CCL2. Moreover, we found IL11 to be one of the most
significantly upregulated genes which was also unique to the stroke-specific
pericytes. As transcriptome changes do not always translate to differences in protein
levels, we confirmed our findings by immunostainings showing a significant
difference in IL11 expression within the infarct core compared to the control which
was restricted to PDGFRB-positive cells. Previous studies have suggested a biphasic
role of IL11 in terms of homeostasis, fibrosis and inflammation in ischemic stroke
(194). As such, future studies are needed to determine its role in the acute phase of
stroke. Furthermore, our correlational observations of pericyte transcriptional levels
in response to stroke provides valuable insights on potential therapeutic targets but
it remains difficult to determine a causal relationship between specific genes and the
pathology. Functional knock-out studies on potential stroke-specific targets such as
IL11 would provide valuable insights in determining the role of specific genes and
whether their activation improves or exacerbates stroke outcome.

One of the strengths from this study is our temporal evaluation of the pericyte
transcriptome in the acute phase of stroke, shedding further light on pericyte
heterogeneity and functional responses during stroke evolution. As ischemic stroke
pathology progresses for weeks, it would be important for future studies to also
characterize the temporal transcriptional landscape at more advanced stages of the
disease to pave the way for identification of novel therapeutic targets.

In conclusion, this thesis aimed at expanding the current understanding of the
response of pericytes to ischemic stroke. Towards that goal we have studied that
from several different angles and in various contexts from human stroke patients to
animal or cell culture models that recapitulate stroke conditions. Our presumptions
of RGS5 being an important regulator of pericytes response to ischemic injury based
on existing literature was confirmed and we identified RGSS5 as possible target that
could modulate neurovascular protection after ischemic stroke. However, specific
mechanisms behind the effect of RGSS5 in ischemic stroke remains to be clarified.
Understanding the complex pathological cascade in ischemic stroke is no easy task
and involves specific responses of various brain cell types affected by the ischemic
injury. To increase our knowledge of stroke pathology, it is important to understand
specific cellular responses, without compromising the physiological relevance of
the multicellular interaction within the brain. In that regard, most of the papers in
this thesis has aimed at examining pericyte-specific responses while maintaining a
more or less physiologically relevant experimental model and our results also
strengthen the importance of cell-cell interactions in regulating the pericyte
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secretome. Overall, our results highlight the diverse and dynamic nature of pericytes
exhibiting rapid transcriptome, secretome and specific protein regulation after
hypoxic insult, suggesting that targeting pericytes could be of clinical relevance in
ischemic stroke.
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