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V. Abstract

Pericytes, brain microvascular endothelial cells, and astrocytes form tleurovascular unit
(NVU. Breakdown of the NVU and dysfunction of tiood-brain-barrier BBB are early
0AZ2YEFN] SNBE 2F RSYSyiAl JAD) ThEdtraziest gehetid risk factBrior S N.
AD, Apolipoprotein B (ApoE4) has particular importance in BBB dysfunction compared to the
ApoE3 variantPericyte dysfuation occurs in ADesulting inenhancedcapillarycontraction and

cell death. However,the role of pericytes in health and disease remsiomoorly understood,
partially due to a lack of adequate models that can recapitulate the complexity of the- multi
celular NVU.The aim of thiswork wasto investigate the effect oflifferent ApoE genotypes
(ApoE3 andApoH) on the function of human induced pluripotent stem cell (iPS@grived

pericytesin vitro.

iPSCs from donediagnosedvith (ApoE4 carriertUKA iPSIihe) and without (ApoE3 carrieBNA
iPSC linpAD and respectivisogenic control§UKA3andBNA4)were differentiated into pericytes
Successf differentiation wasassessetby pericytemarker expressioand support of endothelial
cell barrier function Differences between ApoEand ApoE4ericytes were evaluated by RNA
sequencingangiogenesis assays, FluaM calciumtracing and collagen hydrogel contraction
studies. The secretion of piaflammatory mediators after exposure to the environmental

pollutant PMb.s was measured bgnantibody binding assay.

iPS@erived ApoE3 and ApoBE-pericyteslabelledpositively forNG2, PDGFRE 5 Mo X /-5 mMn c
SMA, @lponin1, Desminand SM22RNAsequencinfNBS @S| £ SR KA IKSNISHASY S
in ApoE4pericytes compared to ApoE®ricytes. BNApericytes expressed morextracellular
matrix components. All ApoRericytes supported endothelial cell tube formatiooit BNA4
pericytes toa lesser extentDifferences in alcium releaseafter treatment with two known
vasoconstictors Endothelirl (EF1) and U46619U4)were donordependent Collagen hydrogel
contraction studies revealedncreased contractile ability oETF1-treated BNA4pericytes
compared toBNApericytes Contraction was successfultfibited by blocking th&F1 receptor.
Similarly, contraction of Utteated UKAZericyteswas inhibited by blocking theJ4 receptor.
Finally, 16 secretion of UKABericytes increased aftezxposure toPM.s and BNA4pericytes
secretal less [E8 than BNApericytes.These results gigest thatthesein vitromodels can be used

to evaluatekey functions of iPSg@ericytes, and highlightedgenetic andfunctional differences

relatedto ApoE genotype
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1 Introduction

1.1 The reurovasculatnit

The brain consumes a large amount of energy, but has no ability to store it for lates.ti
Therefore, the brain relies on its blood supplyhich primarily delivers oxygen and glucose.
Insufficient blood supply for the energy demands of the brain can ledidsae damage as well
ascognitive impairment due to chronic brain injury. Wheneat@al blood flon(CBFjs completely
stopped, for example during stroke or cardiac arrest, the brain tissue can only survive for a few

minutes before the lack of blood supply causes irreversible brain damage and[digath

Thetotal area of the barriebetween the brain and theerebralvascular system isomprised of

about 95%microvessels, also called capillarigd. The majority of the metabolic transport
between the brain and the blood occurs in these capillafi§s This interface, the structure
betweenthe capillariesand the neuronal compartment, is ferred to as the neurovascular unit
(NVU). Its function i®d maintain neuronal activity and health by deliveririgetenergy supply to

the neuronswhile clearingby-products ofmetabolism[3].

Throughout the 18 and 19" centuiies, systemic circulation was assumed to control cerebral
blood perfusion and that the brain had no influence on the blood sugpl¥Even though research
at the end of the 19 century indicated that brain activitied to changes i€BFin animals in
1890[5] and in humans in 188]), it was not until the 20 century that research advances took

place.

Until the fird Stroke Progress Review Gromgeting of the National stitute of Neurological
Disorders and Stroke of the National Institute of Health (July 2001
https:// www.ninds.nih.gov/AboulNIND &trategicPlansEvaluations/Strategielans/Stroke

ProgressReviewGroup accessed June 2023jrain cells and cerebral blood vessels were

considered distinct entities. In additi, neurodegenerative diseaseS,®3® ! £t T KSA Y SN
(AD) and cerebrovascular diseases, suchsttoke, were considered to be two distinct diseases.
During theStroke Progress Review Grampeting the concept of the NVU was established which

described the mutual influence of brain cells and cerebral blood ve&els
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111 Structural diversity throughout the brain

Cerebral bloodvessels and their interface with neurons vary significantly dependinghen
location within the brain. Pial arteries and arit@es branch off thedrcle of Willis at the bottom

of the brain and proceed along the brain surface where they are surrounded by cerebrospinal
fluid (Figure 1.1A[7], [8]. At this level, a elastic lamina covers the pial arterioles which are
further wrapped by multiple layers of vascular smooth muscle (88 Cs)Rigure 1.1B[9]. Pial
vessels are not directly in contact with brain cells, but with ganglia nerve filif@s which
producevariousneurotransmitters and neuropeptidgd 1]. As pial arterioles penetrate into the
brain, the vSMC layer thins uhit eventually becomes a motayer[9], [12]. Penetrating even
deeper into the brainthe border of the perivascular space is marked by the fusion of the glial
membrane and the vascular basement memle§lB], [14] Also in this aredhe arteriole surface

is covered more by astrocytic endfeet rather than vSMCs, and [aetvascular nerve$9].

Finally, arterioles branch into capillaries where pericytes take the place of VBRICH 5], [16]
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Figurel.1: Cerebrovascular tree and the NV(A) Anatomy of the brain vasculature stast the
internal carotid artery (ICA) which merges with branches of the Circle of Willis. The middle «
artery (MCA) splits off from the Circle of Willis and gives rise to pial arteries and arter)l@te
different types of cells on the vasculaee at the (b)penetrating artery (c) arteriole, or (d capillary
Pericytes are only present at capillaries, whereas vSMCs are found on larger arteries. vSMC
smooth muscle cell. Figurelapted from[3] and[261].
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112 Cell types of the NVU

In the brain, the interface between blood vessels and neurons is composed of three cell types:
mural cells, glial cells, and neuroasshown inFigure 1.2 Mural cdls comprise endothelial cells

and pericytes. Cerebral blood vessels are known far tbes permeability, allowing only less than

2% of small molecule@vhich arelipid solubleand havea maximummolecular weight of 400

Dalton) and a very low number of drugs to perfuse from the blood into the pi&in

Astrocyte endfoot

G N@UION

" g ECM

Figurel.2: The NVUwith its cellular and structural componentdBrain microvascular endothelieglls
(BMECs, redare linked by junctional protein complexes and share the same basement men
with pericyes(green) Astrocytegblue)are in contact with endothelial cells and pericytes as we
with neurons(yellow) Microglia(not shown)reside in an inactive state within the braifihe NVU
supported by extracellular matrix (ECM; orangdlow) protens.

Brain microwascular endothelial cells (BMECS) line the lumen of the cerebral blood vessels. Their
tight junctions are responsible for the physical barrier of the blbogin barrier (BBB). Tight
junctions, made of Claudin and Occludin proteins, need junctional aathesblecules and tight
junction adapter proteins, includingonula occludeni (ZG1, also known aglight junction
protein-1), to function. Another hallmark of BMECSs, besides tight junctions, is their reduced
transcytosis allowing only highly selectivertsport of ions and molecules. BMECs are exposed to
shear stress from the blood flow (approx¢Z® dyne crt? in capillaries[18]¢[20]; one dyne
converts to 16 Newton and can be described as the force required to accelerate a mass of one
gram at a rate of one centimetre per second squared) which has been shown to inflgenee
expression, proliferation, migration, and inflammatiorvitro [20]¢[22]. vSMG are found around

arteries and arteriole$3]. Pericytes reside around capillaries outside of the endothelial lumen.
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They share a common basement membrane with the endothelial cells angtbegsses encircle

the blood vesself23], [24] Pericytes will be discussed in more detatbection 1.2

Another cellular group of the NVU areial cells, including astrocytes, microglia, and
oligodendrocytes. Astrocytes are the mediator between neurons and BMECs. Astrocyfeeend

cover the microvessels and capillaries in the bfabj. Astrocytes can regulate the blood flow in

response toneural activity[26], enhance tight junction formation, polarise transporters, and
promote specialized enzymes to induce BBB fund@ai), [28] Even though microglia are not a

structural part of the BBB, they hawesignificant influence on BBB function during injury and
disease. Microglia reside in an inactivated state in the brain, whewedet they serve as antigen

presenting cell$29], [30}

The distance between a neuron and the nearest capillary is usually not further than 10 to 20 pum
[31]. Neurons communicate with other neurons and glial cells through synapses. At synapses
neurotransmitters are released upon an electrical action poteniiae elease of gllumate, an
example of a neurotransmitter, triggers neurovascular interactions, inclugliogange irblood

flow in response to neural activif26], seeSection 1.1.4or neurovascular coupling and control

of CBEThe cells of the NVU are highly coordinated and their proper communication is required
to maintain an #ective central nervous system(CN$ homeostasis. Malfunctioning and
miscommunication of one or more celdes of the NVU usually play a role in neurological

diseasesincluding A32]¢[35].

1.1.3 Extracellulamatrixof the NVU

Theextracellular matrix ECM is a networkof proteins, glycosaminoglycangroteoglycans and
fibrousglycoproteinsthat provides structural support and cues for cell signalling. It can be found
throughout the body and variedependingon the type of tissue it surround86]. A unique
feature of the brain is its relatiglarge proportion (1720%) of ECNB7]. Furthermore, the brain
has a very low elastic modulus of around 0.1 to 1, kRaking it a very sofigsue[38], [39] The
practical absence of collagdgpe | and fibronectin and the large amount of proteoglycans,
collagentype 1V, hyaluronan, and lecticar@se distinct features of therain ECMvhen compared

to other tissueq40], [41}

The ECM of the braiis ungue as it has neural cellspecific anda vascularspecificECMwhich
canbedivided into three major compartments with distinct compositions: basement membrane,

perineuronal nets, and neural interstitial matrfkigure 1.3. The basement membrane (basal
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Figurel.3: The three ECM groups of the brain and their componenthe ECM of the brain var
depending on the location within the brain and can be rougtilydedinto three groups: baseme
membrane, perineuronal nets, and neural interstitial matrix. The basémmambrane surrounds tr
blood vessels and is rich in laminin, fibronectin, and collagen type IV. Perineuronal nets forn
network around neural cell bodies and are mainly composed of hyaluronan, chondroitin st
proteoglycans,and tenascin R Neuronal interstitial matrix forms the ECM between cells of
parenchyma and also contains small amounts of laminin, fibronectin, and collagen type IV cc
to perineuronal nets. Figure adapted frdds].

lamina) surrounds cerebral vessels and separates the endothelial cells from the parerjdByma
[43]. Pericytes reside outside capillary vessels, within the basgmmembrane[23], [24] The
primary composition of the basement membrane is a networkalfagen type IV and laminin
nidogen (entactin) Integrated within this network are fibronectin and heparan sulphate
proteoglycanssuch as perlecan amdjrin[42], [44] The basement membrane plays an impaoita

role in supporting the function dhe BBH34]. Perineuronal netsare a condensed matrix around

the cell bodies and dendrites of neurons. They are mainly composed of hyaluronan, chondroitin
sulphate proteoglycanstenascin Rand link proteins Perineuronal nets are essential in
maintaining synapse plasticiig2], [43] The neural interstitial matrix makes up the parenchyma
but it is not tightly associated with cell bodies like the perineuronal nEteneural interstitial

matrix has a similar composition to perineuronal netst buaddition to hyaluronan, androitin
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sulphate proteoglycansenascin Rand link proteinsthere are alsemaller amounts of collagen
type IVand elastin (both are fibrous pteins), as well adaminins and fibronectin (both are
adhesive glycoproteinsYhe neural interstitial matrikeeps the tissue hydrated and crosslinks
the matrix[42], [43]

114 Neurovascular coupling and controlcefebra blood flow

Neurovascular coupling is the process by which the amount of the Giefuggedin order to

cover the energy denmmal of a specific brain region #tat moment. Thus, neuronal activitgads

to anincrease in CBF in the area of activityis not entirely clear whether neural or vascular
activity drives the increase in CBF, but two main models have been suggested, the feedback anc
feedforward modelg3], [45]¢[47].

In the feedback modelthe neuronal metabolic activity of neurons leads to a depletion of oxygen
andglucose, due to the lack of energy reserves in the brain. Thus, the CBF is increased to supply
this brain region with oxygen and glucose, while at the same tie@riagpotentially toxc by
products of brain activity, such &ctate,carbon dioxideAmyloidi (! ), and tau. Some of these
metabolic byproducts, e.g. adenosine, carbon dioxid, and lactate are potent vasodilators

and could potentially initiatéhe increase in CHB].

The hypothesis of the feedforwamhodelis based on evidence that CBF is not related to the
metabolic state of the tissue arttat it canincrease even when levels of oxygen and glu@rse
sufficiently high This suggestthat the CBF is not driven by the neéar energy and waste
clearance of the tissue. The feedforward mogebposesthat CBF is regulated bgynaptic

activity, which geneatesvasoactive byproducts such asitric oxide,K*, and prostanoid$3].

Combining all findings, the feedforward and feedback mechanisms may not be independent but
rather interact wit each other. During synaptic activity glutamate is released followed by a post
synaptic activation oC&*dependent signalling pathways leading to the release of vasoactive
factors, and thus dilation of arterioles and capillariethrough a feedforward mechanism.
Simultaneously, synaptic activity leads to a decrease in oxygen levels and accumulation of

vasoactive byproducts potentially driving the metabolisatependent feedback mechanisigl.
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1.1.5 NVU and the bloobrain barrier

Within the NVU tight connections between endothelial cells are mainly responsible for the BBB.
The BBB is an almost impermeable barrier and protects neurons from potentially neurotoxic
plasma components, blood celimd pathogen$48]. Transport of nutrients, energy metabolites,
and other essential molecules from the blood int@ thrain as well aghe transport of metabolic
waste products from the interdial fluid (ISF) into the blomiream are controlled by
transporters expressed on endothelial cell membraj#y, [50] During physiological conditions,
only oxygen and carbon dioxide can diffuse freely from the blood to the brain or vice versa, which
also regulateshe pH in the ISF. Other than that only small lipophilic molecules and drugs, with

less thareighthydrogen bonds and a molecular weight below 400 Dalton, can pass thELBBB

Tight junctions and adherens junctions play a major part in the BBB. Tight junction protein
mutations and loss have been associated with BBB breakdown and neurological diS&HS43.

Tight junction proteinslike Occludin and Claudb are linked to Z€l, ZG2, and ZEB [52]. In
some neurological disordersuch aADI Y Rt | NJ A Yy ®Declidnd ClaRdiga &hd 2085 >

expression is reduced leading to disruption of tight junctif&g.

In addition to a tight barrier between neighbouring cells, endothelial cells also express multiple
ATRbinding cassette (ABC) proteins on their luminal, biexing membrane. These ABC
proteins function as pumps, which actively pump xenobiotics and endogenous metabolites out of
the cell. Central nervous system pharmaesistance can be largebscribed to ABC proteins. In
patientswith ADI Y Rt | NJ A Y a 2pyofeiaswétré féusdlb asve aldecfeased expression

or functional activity, showing againahBBB breakdowisinvolved inneurological diseasd54].

1.2  Pericytes

Pericytes were first described by Eberth in 1§3%]. However, in 1873 Rouget described a
population of cells with contractile abilities surrounding endothelial cells and is mostly
acknowledged for the discovery of pericyf@]. AAT ANER (X (G KSAaS ROuGdt dell® o S|
by Zimmermann, who later termed the¥gericyteQbecause of their close location to endothelial
cells[57].
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121 Pericyte development and anatomy

During embryonic development pericytes either originate from the mesoderm or the neural crest.
The neural cresbriginates from the ectoderm germ layer amives rise to pericytes in the
forebrain, whereas pericytes from the spinal cord, brainstem,-bmain, and peripheral organs
originate from the mesoderrfb8]¢[60]. Until early postnatal age, pericygéxpansion takes place

by proliferation[61], [62] but it is unknown if in adutpericytes expand through proliferation or
are derived from progenitor cells. However, theis evigénce that bone marrovderived

progenitor cells could be a source of adult CNS pericytes after isci@Bpi#65].

Pericytes reside in the same basement membrane as endothelial cells, positioning them between
the vagular network and neurons. The basement membrane provides proteins to which pericytes
and endothelial cells attach via integrifid3], [24] shown inFigure 14. Wherethere is no
basement membrane present, pegdsocket contacts are formed between pericytes and
endothelial cells. Within these contacesndothelial invaginations provide pockets (sockets) for
pericyte cytoplasmic fingers (pegs). They includeablherin[66], [67]and connexiom3 (CX43)
hemichannels[68], allowingthe transfer of molecules between the two cell types. Another
adhesion molecule is the Occludin protein which possibly is involvadcinoring the cells and is
found at the edge of pericyte processes. Adhesion plagues containing fibronectin link pericytes

and endothelial cells potentially throughd®ddherirbased connectionf9].

A B Pegand Pericyte
socket — N .
- b Adhesion plaque
CX43 ——Basement
(gap junction) N\ membrane
\ “/ Endothelium\}ji__Tight and adherens
/A J| junctions
%" N-cadherin ~
Integrins (adherens x K g
T 7 junction) \-\ ( P
b s* CX43 W
iy Basement ; o
0'5{31 P membrane -
o N
i Microglia w// Neuron
Astrocyte )~

Figure 1.4: Structural and molecular connections within the NVUA) Pericytes (green) a
endothelial cells (purple) connect through gaps in the basement membrane (yellow) via peg an
contacts. B) Pericytesand endothelial cells attach to the same basement membrane. Endothelk
cell junctions are established by different types of tight and adherens jursc#i@trocytes connect \
connexion43 (CX43to endothelial cells and neuronBigure aapted from[48].
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Pericyte to endothelial cell ratio is much higher in the CRG), [71] compared to peripheral
tissues[72]. Numbers in the literature vary, but the pericytie-endothelial cell ratio is usually
considered to lie between 1:1 to 1:3 and pericytes are thought to cover ab@it of the blood
vessel surface in the CN&b], [73], [74] In other tissues, pericytes cover anipsted area of

10% to 70% of the blood vessel surface with a periytendothelial ratio of 1:1 to 1:1(74].

The norphology of pericytes differs depending on their location on tagillary Figure 15).
Terminology for pericytess not standardised, but the following terms are commonly used to
describe the subtypes dfJS NA&A O& (1 S & dLIVOWAKBF KAy I3t 42 OF f £ SF
pre-capillary pericytes) can be found on prapillary arterioles. They are shorter in length and
cover more of the vessel surface comparedéapillary pericyte® ¢ K A O K inltheBiddre2 dzy F
of the capllary bed Capillary pericytes amometimes alsoeferredto asmid-capillary pericytes

or thin-strand pericyts> | YR KI @S LINRYAYySyd 2@2AR 0OStft o
the vascular wall. Their long, thin processes reach around the vesseh forming a chakfike
network. Towards thevenuleside of the capillary, the processetpericytesadopt a mesHike

F LILISEFNF yOS YR O2@0SN) Y2NB 2F GKS @SaasSt a
pericytes(]75], [76] Similar to ensheathing pericytes on grapillary arterioles, mesh pericytes,

Pial arteriole Pial venule

Pre-capillary

o

\

Penetrating arteriole _#f ‘q Ascending
arteriole 4 “{' venule
Penetrating  Pre-capillary Capillary Post-capillary Ascending
arteriole arteriole venule venule
VSMC ensheathing capillary meshlike

pericytes pericytes pericytes

Figurel.5: Different pericytesubtypes along the capillaryPre-capillary arterioles ar@ccupied b
ensheathing pericyteswvhich are bigger than capillary pericytes (tistmnanded), but are similar
meshlike pericytes.Adapted from[241].
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also sometimes referred to as stellate pericytes, have a Hikshappearance and arghorter
than capillary pedytes [75]. Interestingly, rather than oveapping with neighbouring cells,
pericytes have defined territory77]. It is not known whether these pericyte subtypes have
different functionsput capillary pericytes are considered to expriessof the contractile protein

h-SMAcompared to pericytes at the arterio[&8].

1.2.2 Functions of pericytes

Pericytes have multiple functions including supporting BBB function, CBF, and the immune
response, which will be the focus dhis thesis. Pericytes influence the maturation and
maintenance of the BBBO], [71], [79] In transgenic mice withleficiencyin brain pericytes, BBB
leakage increased with increasing pericyte deficiency, leaditigetaccumulation of albumin in

the brain parenchymainterestingly, tle lack of pericytes did not change the expression of
adherens (VEadherin) and tigh(ZG1 and Claudi#b) junction markers of endothelial cells, but
increasedthe formation of endothelial caveolaghich are needed for endothelial transcytosis
[70]. Noticeably, twephoton thermal ablation of a single pericyte led to an increased diameter of
the capillary wall whre the pericyte had been, but did not change the capillary architecture or
the BBB integrity. Only when process$esm neighbouring pericytes grew into the area, did this

dilation return to basal levelg7].

Under normal physiological conditions, pericytes are involved in CBF regulation by increasing the
blood flow according to the energy need of neurons. Capillary periaytesvo contract in
response to noradrenaline (potentialfgleasel from locus coeruleus axopghich is revoked by
glutamate released from neuro80]. In mice pericytes located at capillary junctions individually
contract or dilate their processes around different capillary branches in order to change the blood
flow to one branch or the other. This shows that pericytes regulate the CBF to very specific areas
in the capillary network. Furthermore, these junctional pericytes have been shown to dilate the
capillary diameter after being exposed todependent hyperpolariag signalgK" is a byproduct

of neuronal activity]81]. Thus, pericytes are able to detect an increase in metabolic activity in
neurons, to which pericytegact by dilating capillarigs increase blood flow to servéaé energy

demand in those areas.
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Pericyte contractions thought to besimiar to vSMC contractiomandis controlled by changes in
C&*concentration within the cytoplasnChanges in C&concentration can be initiated several
vasoconstrictors including ATiRgrepinephrine argiotensin 1) and Endothelirl (ET1). The E1L
signalling pathways explained in more detaih this section(Figure 16) and will be studiedin
Chapter 4 There are two mammalian ETreceptorstype A(ETAandtype B ETB. On perictes
and vSME EF1 binds to ETA, &-protein-coupled receptoron the cellular membrane. This
activates phospholipase C (Pu®jch hydrolyses phosphatidylinosit4,5-bisphosphate to yield
inositot1,4,5triphosphate (IP3). 1P3 then binds to the IP@ceptor (IP3R) on the endoplasmic
reticulum (or sarcoplasmic reticulum the case of vSMC) which in turn release*Gam the
internal stores. Ca binds Calmodulin (CaM) to form the &aM complex. This €4CaM
complex activates the myosin lighhan kinase (MLCK) which catalyses myosin phosphorylation
and initiates myofilament contractio[82]. The increased levels of intracellularCactivate the
ryanodine receptors (RyR), which are also located attembrane of theendoplasmic reticulum,
like the IP3R.RyRopens and releases more into the cytoplasm rfot shown inFigure 16),

leading to an additional Carelease evenf83]. In addition to IP3, ET also triggers the ERK1/2

Vascular Smooth Muscle

ERK 1 and 2

AN

MCP-1 TNF-alpha IL-6

MLCK+ATP —— MLC-Pand (pro-inflammatory
VSM contraction mediators)

Sarcoplasmic
Reticulum

’ Vasoconstriction

Figurel.6: Endothelinrl (ETF1) signalling pathway associated witkiasoconstriction.In vSMG anc
pericytes, EAL binds the ETL receptorA (ETA), & protein coupled reqaor, which generatesoluble
inositol1,4,5 triphosphate(IP3) by activated phospholipase C (PLC). IP3 binds the IP3 receptc
sarcoplasmic reticuluroausing it to release €anto the cytoplasm. The increased levels of'@utiate
calmodulin (@M)-dependent myosin lighthain kinase (MLCK) vasoconstrictibrgure adapted fro
[82].
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pathway which controls prinflammatory regulabrs, like MCFRL, TNF* = IntgrlBukin (L)-6,
amongst otherg82].

Besides the commonly known role of pericytes in BBB support and control of CBF, healthy
pericytes are also involved in neuroinflammation. Their main immune functionstrae
recruitment of leukocytes, response to inflammatory stimpbjarisation ofmicroglig adaptive
immunity, endocytosisand BBB disruption. Pericyeecruitleukocytes by seeting chemokines

into the bloodstream. Leukocytes then migrate towards the site of inflammation with the high
chemokine gradient, which is guided loyarcellular adhesion molecule (ICAM1) and vascular

cell adhesion moleculié¢ (VCAML) dependent leukocyte crawling. Pericytes respond to
inflammatory stimuli by releasing piiaflammatory cytokines. Inflammatory stimuli can either
directly come from patogens or pranflammatory mediators (e.g. WmiandL Cb* 0 a SONB
reactive microglia or leukocytes. Secretion of rlammatory (Ik6) or antiinflammatory
(CXCL1,483) cytokines polarise microglia to a pay antrinflammatory phenotype, respeistely.
Pericytes are involved in adaptive immunity by internalising antigens and pregehéem to

naive or primed CD4-cells. Pericytes also clear their environment of waste products, aggregated
proteins, or dying cells, by endocytosis or phagocytésiglly, unlike mentionedbove, not only
diseased pericytes, but also healthy pericytes can disrupt the BBB aftarflanmmatory stimuli

to enable leukocytes to infiltrate the area. This disruption can happen in multiple ways. First,
pericytes are abléo release two main family members of theatmnx metalloproteinase (MMPS),

MMP2 and MMP9, whicltleave basement membrane substrates including collagee 1V,
laminin, and fibronecti. This weakens the basement membrane and enhances endothelial
permeablity. MMP2 and MMP9 also increase BBB permeability by activasiscular edothelial

growth factor (VEGF) and rearrang tight junctions by cleavinggG1 and Occludin Pro-
inflammatory cytokines, such a-1i and TNF X RS ONXH & So ytSHERGWRte T 2 NJ
function), fibronectin 1 (component for basement membrane), a8¥#3 (gap junction
formation). The mmune response is a fine balance and enhanced inflammatory responses of
pericytes and other cell types of the brain are present in many neurologieas#s including AD

[84].

1.2.3 Pericyte identification

Pericytes are frequently confused with vS81@8s there is not an exclusively unique molecular

marker for peicyte identification, a combination of various criteria is commonly used, including
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location, morphology, and gene or protein expression patt¢tb]. Table 1.1summarises
commonly usegericyte markers, which are often used in combination. It has to be noted that
a2YS & dzR-BNARxpre@etirycRpillary pericyte85], [86] but others did nof87].

Tablel.1: Commonly used pericyte markers. Table adapted f[b&j.

Examples of Other Cell

Pericyte Marker Gene Remarks Types Expressing the  References
Symbol
Marker

PDGFR (platelet = PDGFRB Receptor tyrosine kinase Interstitial mesenchymal cell [88], [89]
derived growth functionally involved in  during development; smooth
factor receptor pericyte recruitment muscle; in the CN&rtain
beta) during angiogenesis; neurons and neuronal

brain pericytemarker progenitors; myofibroblasts;

mesenchymal stem cells

NG2(Neuronglial CSPG4 Integral membrane Developing cartilage, bone  [90], [91]
antigen 2) chondroitin syphate muscle; early postnatal skin;

proteoglycan; involved in adult skin stem cells;

pericyte recruitmentto  adipocytes; vSMCs; neurone

tumour vasculature progenitors; oligodendrocyte

progenitors

CD13alanyl ANPEP Type Il membrane zinc vSMCs, inflamed and tumou [92]
(membrane) dependent endothelium; myeloid cells;
Aminopeptidase) metalloprotease; useful epithelial cells in the kidney,

brain pericytemarker gut
h-SMA(alpha ACTA2 Structural protein; not all Smooth muscle; [85], [86], [93]
smooth muscle types of pericytes myofibroblasts;
actin) express it; expression in  myoepithelium

pericytes is commadn
upregulated in tumours
andinflammation
Desmin DES  Structural protein; useful Skeletal, cardiac, smooth [94]
pericyte marker outside muscle
skeletal muscle and heal

13 !''fTKSAYSNRa RAaSHaAS
Dementia affected 50 million people worldwide in 2010 which will more than double by 2050
[95]. It is estimated that dementia brings a worldwideonomic burden of over US$1 trillion per

yearand is predicted to increase tdS trillion per yearby 2030[96], [97]

AD is the most common form of dementathough itsepidemiologyoverlaps with that of other
types of dementia. It is characterised by progressing cognitive decline which can be accompanied
by imparment in spatidcognition,languageand executive functioto variable degreesAD was

2NAIAY L ff& OKIFINIOGSNARASR o0& SEGNI OSf f dzAf | NJ !
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protein which forms neurofibrillary tangles (NFTS8p]. Meanwhile research also showed
degeneration of the cerebral vasculature many years goaf KS ' i | y R [98}add LJ-
an impaired BBB has been linked to cognitive de¢88¢ [100] Diagnosis of AD by mental status
tests can beconfirmed by biomarkers in theerebral spinal fluidCSFE 4 dzOK | a f S@S
LIK 2 & LIK 2 NEB f | -poSitRon émlissioh torddgdaph§PET) scans or teRET scans, as well as
magnetic resonance imagin¢MRI) to exclude othercauses of cognitive impanent and

assesmient of braintissue 10s495].

Although AD has been studied for over 110 years since its discovery by Alois AlZhéihenly

two diseasemodifying drugsdducanumablecanemab) have shown clinical success in reducing
cognitive decline and were approved under fre@od and Drug AdministratiqgfDAQa | OO0Sft S|
F LILINRE @ LI GKgl @& Ay GKS 1 &G §KNBSdoRaSemdih & L
successfully finished Phase 3 Study and its application for FDA approval is planned to be
completed in July 2023. dbanemab slowed cognitive and dinctional decline by 35% in
participants with early AD compared to the placebo control group. All three drugs target and
NBRdzOS !'i LI I 1ljdzSax odzi y2yS 2F GKSY | Nfe 6A i
treatment of a subgroup of AD patientshey are at an early stage of the disease and they pose a
high risk of severe side effects like brain bleeds and sw¢llb®), [103]

~

1.3.1 5A4SF3S YSOKIyAayYad 2F ! fT1 KSAYSNDRA RAA&SH
A Aa 2yS 2F (KS amyditl @ecdsdr plaNiRARREThede are NB Most
important APP cleavage pathways, the Hoh  LJI { K ¢ Iaényloidg@Ric péatkwiy Eigure

1.7). For the first onethe nonamyloidogenic pathway, t t A & O-5efretad&StRgedetate h
0KS &2ftdzofS FNX3IYSyd altth oSFfaz !'ttaho |y
membrane Figure 17A0 @ h / ¢ C A & K& nftasedint® bITER AIGDR In the

' Yef 2AR23ISYy-Aa00NS il IK#$ esacietase Sleakes hef APP protein producing
altti ol ftaz2 !Figuréd7B).¢ KR Ot 8 O -sk8etaBefleads tothe 0 &
F2NXFOGAZ2Y 2F |0t SYREBONS G AS¢ CUA B NA2dza aArid
of different lengths, most abundantly 270 | YAy 2 |+ OARa Ay fSy3GKo®
produced by synaptic activity and secreted into the extracellydace as a monomer, but due to

their LINR LIS NI A S& T  JJsthidiolaQgiefdteNdtodagordeFs, protofibrils, fibrilsand

then ultimately into plaques. These plagues are found throughout the cerebral cortex[B6AD
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Tau is a microtubulassociated protein needed for microtubule stabilisation. It is normally found

in the cytoplasm of axons, but also presynaptic and postsynaptic compartmeni&au can be
hyperphosphorylated, which causes tau to aggregate in cell Bodiel dendrites. These tau
aggregates are termedlFTsand occurinitially in the medial temporal lobé WY SRA L £ G S

0 I dz2 LJfolloéd @yithe isocortical regions of the temporal, parietal and frontal loldeslial

temporal tauopathycan beindependg/ i 2 F ! i3 LotdaiK 2K622¢3 8 i Yy R () dz
understood[95].
A B
a-secretase y—secretase B-secretase y-secretase
[
APPsa APPs[3
p3 Ap

A [ A | /A

APP  aCTF APP  BCTF

AICD AICD

Figure1.7: The two main APP cleavage pathwayd) In thenon-! i LI G K&l & & Of
ASONBUIaS6RYyE2 Att&hO YR h/ ¢CSecratésk fréducingkt
extracellular peptide p3 and the intracellular fragment AIGPTK S WI Y& f 2 A R 2lehdsy
GKS FT2NXIFGA2y 2F | i-ZSONRSE O3 o8 oSt tRFyd tlay RO
LINE RdzOSRBRO®BIB G+ aS Of S @3S @ASt RAY 3 0 2fidi[95]. ]

1.32  Familia? t T KSAYSNRa RA&SIAS

Earlyonset AD, also called familial AD (FA®©9aused by mutations linked to the amyloid cascade.
There are three main mutations causing FAD, which are rare dominantly inherited mutations in
APR preseniin 1 PSENJ and presenilin2 (PSENR APP is the protein of which one cleavage
product can beé i sEeSection 1.3.%for a more detailed description. Mutations in t#d?Pgene

are often located at the secretase cleavagesitethe APPtransmembrane domain leading to a
OKI yaStSwSitia NBfFGAGS G2 20KSNJ Aaz2dGeL)5a 27
aSONBil a8 02 YLIARY (&K ASécBn GIABEEM Hfatations change the
FTdzy OlA2y 2F (KSAaOORBBDFAS NDBa& dgdd @ KugFatic? BkgPSENLK A 3 |
t{9bu A& &2 | & dzo dagecrétase and its mBatidieRdS 16 an inGeased Y L
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I ls2a0 ratio, however, mutations ilPSEN2re much rarer and lead to later onset of AD, at 50
years of age compared to 20 years withutations in PSEN1Amongst these three genes,
mutations iNnPSENAre the most detrimental and common, followed by mutationsAiRR and

then in PSEN2Individuals carrying at least one of these three causative mutations develop
symptoms at an early age (s6/ears) compared to latenset AD[104], but diseasecausing
mutations account for the minority of AD cases (about 10% of all AD pat{@0i]), [106]

A

1.3.3 {L2NIRAO ! fT KSAYSNRAE RA&aSIFa&S

The majority of AD casescount for lateonset AD, also called sporadic AD (SAD), symptoms for
which usually start at 60 or 65 yedi®94]. There are more than 30 genes known to be risk factors
for SAD Figure 18), however in the interest othis thesis, the focus will be on Apolipoprotein E
(ApoE), as this will be further studied@mapter 3and4.

APP APOE TREM2 PICALM SLC24A4 DLGAP1
PSEN1 SORL1 CD33 SORL1 CELF1  ECHDC3
CcLU CR1 CD2AP MEF2C  AP2A2
PSEN2 ABCA7 HLA BIN1 PTK2B  CELF1
MS4A FERMT2 ADAMTS20
EPHA1 NMEB  RIN3
INPP5D CASS4  IGHV1-67

ZCWPW1 SPPL2A
TRIP4 HS3ST1
SCIMP ~ SQSTM1
ACE ATXN1
TP52INP1

v '
€ (G2)
~ N\ W

APP metabolism and AB?
N

b AIzI_1e|mers y SAD
Disease

Figurel.8: Mutations for FAD and genetic risk factors for SAAPR PSENland PSER are causativ
Ydzi I G§A2y&d 6KAOK FFNB R2YAYylyidfeée AYKSNAGSR |
is increased by genetic risk factpssich a®APOE4which affects the cholesterol metabolism, immi
system, and endocytosis amongst other factats! 5% FI YAf A £ 1T KSA
I £ T KSA Y S Ngudre aRaptadSrbrip@b

Cholesterol
etabolism

Amyloid
cascade

An isotype, not a mutation, of the ApoE alleles is recognised as the highest genetic risk factor for

ADJ[107]. ApoE contains 299 amino acids andstxin three isotypes: ApeR (ApoE2), ApcE o
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(ApoE3)and ApoEE n 6! LI29nu0vd ¢KS Aaz2deL)Sa RAFTFSNI AY
codons forCysteine (Cys) or Arginine (Arg) at positions 112 and 158, respecfpeli¢2, the
rarest form of ApoEjs characterised by the presence of Cysl12 and Cy$168] and is
considered neuroprotective, whereas ApoE3hie most common form, has neither a positive nor
negative effect on neurons and accounts for about 77% of ApoE c4dfr@&s In ApoE3 the amino

acid is changeffom Cys to Arg in position 158. About 15% of the population carries the ApoE4
allele and have a higher chance of developing-taitset AD, about-2old if they areheterozygotic

0 3/¢4) or8-fold if they are homozygoticarriers €4/¢4) compared to ApoE3 carridik07], [108]
ApoE4 isoform is characterised by the presence of Apgsitions 112 and 158.08].

ApoE mainly functions as a lipid transporter fipoprotein homeostasign the BF and plasma
[109], [110] ApoE assembles into lipoprotein complexes in which cholesterol and various lipids
are transported to neurons. These ApoE complexes bind to lipoprotein receptors, such-as low
density lipoproten receptor (LDLR), ledensity lipoprotein receptorelated protein (LRP)
families, and heparan sulfate proteoglycahsthe CNS ApoE is mainly expressed by astrocytes,
but also the neurovasculature, microglend neurong107]. ApoE4 genotype can both influence

' MRSLISYRSYy(l IAyRSEBYRSy (! iLI K2t 23ASad C2NJ
F3ANBILGA2Y YR (ldz LIK2ALK2NEfIFIGA2YSY GKATS
memory deficits, impairs neuronal plasticity desynaptogenesiand neurite extension), and

disrupts cytoskeletal structure (e.[d.08], [111§[113]).

There is growing evidence that ApoE4 contributes to neurovascular dysfunction, which is a key
feature of AD progression and will be further discussefection 1.3.4Transgenic ApoE4 mice
showa linear degeneration of thBBB acrostheir lifespan, which precedes neuronal damage
[114]c[116]. This decreased BBB function may be caused by loss of tight junction and basement
membrane proteins needed to maintain BBB integity6], [117] Furthermore, ApoE4 has been
linked to increased expression pfo-inflammatory cyclophilin A (CypA) pericytes leading to
activation of MMP9 which degradd3BB tight junctiorproteins (ZO1 and Occludin) causing
leakage of bloodlerived toxic proteing114], [116] Levels ofCypA, MMP9, and sPDGFR 0 |
marker for pericyte injury in the CSF of liviAQ@OEA4carriers) are elevated, which suggests
activation of theCypAMMP9 pathwayalso in human§l00]. ApoE4 also influences CBF, another
key function of the NVU. It seems that reduced capillary length, an indicatioricobvascular

loss and reduced CBF are correlated in ApWEM OS Y o6dzi I NBE AYRSUBY RSY
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Increased BBB permeability and loss of pericytes (assess&l@FR levels in the CSF) have

also been linked teognitive decline in humans carryidd? OE4100].

1.3.4 Cerebraldl 8 Odzf I NJ ReaTdzy Oéei2y Ay ! f1 KSAYSNDA

Besides the main hallmarks of ADiplaques andNFTsalterations of cerebral blood vessels have
been gaining the interest of researchers. Notably, AD and cerebrovascular diseases have many
risk factors in common, includimrApde4[118], [119] diabetes mellitug120], hypertensiorf121],

and age[122]. Capillaries in the brain of AD patients are thinner and more tortuous and the
basement membrane thickexj123], showing that alterations in the vasculature affect even the
smallest compartments dhe vasculature, and have been estimatem contribute partially or

fully to approxmately40% of all dementias worldwide, including fMR4], [125]

Neurowascular dysfunction is often linked to BBB breakdown and subsequent leaky blood vessels.
In a tansgenic mouse model with a chronic BBB breakdown, an accumulation ofde#oedd
neurotoxc proteins was found in the CNS, particularly in neurons. These blood proteins included
fibrinogen, thrombin, and redblood-cellderived haemoglobin, amongst otterAll of which can
initiate and/or contribute to neurodegeneratiofi70], [71], [79], [114], [126] Bloodderived
proteins were also found poshortem in the hippocampus and cortex of AD patients, suggesting
BBB damage in AlR27]¢[130]. Microbleeds and accumulation of iron were foundhe brains

of patients even before they showed clinical symptoms of[X1], [132] Early brain capillary
damage and BBB breakdovim humanswere suggested asn early biomarker for cognitive
decline[99]. Besides AD, vascular contributions have also been shown in other neurodegenerative
diseases, including vascular dementi&3], Amyotrophic lateral sclerosid34]= t I NJ Ay a
diseasd135> | YR | dzy G A2y Qa RA&SH &S

Thee is fasA N2 g Ay 3 SGARSY OS i éufoidxic Ibut aldé lvasoagfive (and 2 Y f
vasculotoxic effects. For instance, transgenic mice expressingRRSwedish mutation, thus
KFE@gAy3a | KAIKSNI !'i LINE R dzQuekligtgl EnddttelRiddepend@nik dzO S
gl a2RAEFGA2Y & KA JK7] Ynradditian $ reducat reddRvityiit® vasodilators,
other APP Swedish mutation expressing mice (Tg2576) had an increased response to
vasoconstrictors acting directlynovSMC4138] and had altered neurovascular couplifig39].

a 2 NB 2 g-Bidimted generation oEF1 reduces CBF in mi§g40], [141]and postmortem

human brain slicefl41]. The commoriree radicalproducingb ! 5t | 2EARIFAS A& |

activation and leads to neurovascular dysfunctj@id2]. CD36 is a receptor bimdy a variety of
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t AT YREAZ dnglasdRANBREZOSR v SdzNE O antedidted dkidaliie dzLJt |
stress in cerebral blood vessélst3]. When Dutch and lowa mutant mice,whicht S@St a 2 7
are increased, were crossed with tAPP{ 6 SRA &K Ydzil yid YAOSz @{ al
Of SI NI yOS® ¢Kdzax ! i I OOdzY dz tb dergtiRal amyloidaRg®pathy 2 2
and impaired vascular reactivif§44].

~

1.35 The role of pricytesin AT KSAYSNDRA RA&aSIE&S

Pericyte losshas beenlinked to AD. For example, some peasiortem samples of the cortex,
hippocampus and white matter of AD patients showed a loss of pericytes compared 40 age
matched controls[145]¢[148]®d CdzNI KSNY2NBs= i Aa G2EAO (2
transport it across the BBB and internalize thretpin [149], [150] It has to be noted, that the
Y2y 2YSN F.2ndgrhave & redcuing effect, whereas, the fibrils induce toxicity in pericytes
[148]. High levels of soluble PDGFRE. g KA OK A & & th@eRyoir Nautar skrdSd\k O & i
the CSF indicate pericyte injury and are used as a measure of BBB breakdown and early indicatiol
of AD[99], [151],[152] Capillaries inthe brains of people with AD showed irregular focal
constrictions which were in close proximity to pericyfgs3]and CBF is reduced in early AB4].
Morerecently! i Kl & 06SSy aKz2g¢y (G2 O2yaidNROG OF LA £ |
models througtthe generation of reactive oxygen species dhérelease of E-1. Subsequently,
this constriction reduced the diameter of capillary vessels at the periogaion and led ta
reduction of CBF by 304 1]. Even though the underlying mechanisms are not fully undest
yet, all these data indicate that brain capillary pericytes start to malfunction leading to impaired
YR /.CX 6KAOK LRGSYGAlLtte SyKIFIyOSa o62N

~ a

1.3.6 Environmental pollutioh y R | f T KSAYSNR&a RA&aSEAS

Lifestyle and demograplsccan increase the risk developing dementia and AD. Algmtients

with hypertension or diabetes have a 1.6 times higher risk for developing denf@éb&g This
thesis will focus on another demographic risk factor, namely environmental pollution, but
primarily on particulate matterParticulate matteris aheterogeneous mixture oparticlesthat

can be derived from humamade and natural sources and is classified according to its size as
ultrafine (PM.1= £ n ®im diam¥te), fine (PMsX f N1 ®Hp > YO0 I 10E § RA. B@adlB S
derivedparticulate matteris generated by transportation, industrial activities, such as fossil fuel

combustion, construction, agriculture, and household activities, such as cooking and burning fires.
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Transportation sources @farticulate matterresult from fuel combustion, and wileéand brake
abrasion. Construction generatearticulate matterby grinding, cutting, and welding materials,
and fuel combustion of machinery. Agriculture createarticulate matter by aerosoligg
fertilisers and pesticides, fuel combustion, and harvestcrops.Particulate matterenters the
brain throughtwo proposed routes. In the first routparticulate matterreaches the brain directly
from the nose into the olfactory nerve arle olfactory bulb The second, indirect route suggests
particulate mater is first inhaled into the lungs from where it enters with prdlammatory
cytokines into the bloodstreantarticulate matterand preinflammatory cytokines are circulated
to cerebral capillaries from where, due to systemic inflammation, they pass sadios

compromised BBB into the brajh56].

There isanindication thatprolongedparticulate matterexposure contributes to the development
and progression of AD. Residents of highly.Rpblluted cities are at greater likelihood of
increased cognitive impairmenf§57]z ! i R S IpBosphoiykatedtaf F58]. Interestingly,
ApoE4 seems to exacerbate the negative effecpatticulate matter as ApoE4 heterozygous
female children showedevere cognitive deficifd59]® ! L)29n | f a2 AyONBIl as
ADtransgenic mice andrmouse neuroblastoma cell line transfectaith APPsweN2aAPP/swe
mutation and exposed teparticulate matter [160j®@ . S&aARSa 023y AGA DS
pathology, in ABransgenic micegarticulate matterexposure lead to activated microglia which
FNB 2F0Sy T2dzyR weN® tiy Ray bnly beLSéeh HsauSearly regpdossear

L LJ [16j1[d§S64]. Furthermore,significantly more oxidative stress due to increased
cytokine levels and elevated mitochondrial superoxide dismytases observecamongmice

exposed taPMy.1[164], [165]

1.4 InvitroNVUmodds: Considerations and examples

The majorityof animal models for neurological diseases, including AD, have failed to translate to
human pathology and treatmentwhich may b due to differences in specispecific BBB.
Advances inn vitro models of the BB and NVU allow the recapitulation tifree-dimensional

(3D) cellspatialcell organisation, marker expression and permeability properties sitoilarvivo
studies. Furthermore, the use ofduced pluripotent stem cell8PSCpgand gene editig allows to
incorporate diseasspecific mutationd166]. When developing am vitro NVU model several
points need to be considede including cell source, static or dynamic devices, and materials.

Hydrogel matrices in which cells are culturedn be designed with various physiological
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parameters such as stiffness and type of cell adhesion moleci8asdies have shown that the
native tissue should be mimicked in the physical stiffness of its ECM, thus environments of ~1 kPa
(elastic modulusyhouldbe designed for neural and vascular tiss{&#], [167[169]. Someof

the considerations which have to be made when designmi®U model are described below,
including what cell source may be used, how the BBB function can be assessed, and different

examples ofn vitro NVU models which have already been developed.

141 Cell source for NVU models

The main celtypes of the NVU are BMIS, pericytes, and astrocytes, which are in close contact
with neurons[170]. Each cell type requisgparticular cell culture settings and posalifferent
challenges in sourcing the cell typéarious cell sources have been used to model BBB and NVU

functionin vitro, including primary, immortalised, and iR8€Zived.

Commonly primary pericytes fromhuman bain tissue have been used in BBBritro models
Theyexpress PDGFHRamongstother markers and stabilise tube formation and barfienctions

of endothelial cellsHowever, their proliferation is usually limited to 10 to 15 passages in cell
culture (e.g.[171]g[173]).

Human umbilical vein endotheliegélls (HUVECSs) are commoumbed for vascular network studies
and BBB modelfl74], [175] however, they are not bratspecific.Primary BMEC linefsom
various speciege.g. human, mouse, porcingave been frequently used in BBBvitro models,

as they closely mimithe cellular and molecular mechanismgesent n viva However, difficult
purification, low vyield, batctio-batch variability, and loss of phenotype limit primary cells as a
good reproduciblecell sourcg176], [177] Similar limitatios may be encountered for primary

cell lines of the other NVU cell typEs/8].

iPSCs offer multiple advantages when compared to primary cell lines. They offer unlimited self
renewal and the potential to differerdte into cells of all somatic lineages. Generation of iPSCs is
achieved by reprogramming somatic cells into a pluripotent stf®]. Oncegenerated, isogenic

iPSC linesan becreated with the use of gene editing tools like CR]3Pihallows the studyof
disease or mutatiorspecific mechanismsPSClines and their isogenic controls are widely
commercially available. Despite their advantages, differentiation of iIPSCs to specific cell types
remains challenging, as differentiation protocols are often complex and costly and may generate

off-target celltypes.
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Nevertheless, e use of human iPS@as been proven to be a good alternative gamary
pericytes [180]¢[182], as well asimmortalised BMECs, as they provide an unlimited,- self
renewabk, and scalable source of cgll80], [181] Moreover, the same source of iPSCs can be
used to generate &kthe other cells of the NVU, including astrocytgs83], [184] allowing the
generation of a fully human and syngeneic NVU m{bg5).

Human iPS@erived brainspecific pericytes have been obtained by differentigtifSCs into a
neural crest cell population bywnt activation with CHIR99021 (CH#RY subsequent pericyte
maturation using fetal bovine serum. These iRI8Gved pericytedhave been shown texpress
NG2, PDGFREBnd ANPERCD13) amongsbther pericyte makers, as well as braispecific
markers likeFOXFat similar levels to primary human brain pericytes. They also improve tube

formation and barer function of endothelial cellg74], [182]

Human iPS@erived BMECs have been obtained by differentiating sP$%@o an
endothelial/neural progenitor cell culture and subsequent purification by selective adhesion.
These iPS@erived BMECsx@ress tight junction and adherent junction proteins as well as BBB
nutrient transporters and exhibitransepithelialtransendothelial electrical resistang@EER
values at a physiological levfl72], [181], [186] Despite these featureshe endothelial
phenotypeof these cellshas ben recently challengedsuggesting closer resemblance tan

epithelial cell typd187].

1.4.2 Biomaterials for NVU models

Hydrogels are often used as scaffolldr 3D cell culture, as they form soft, dnated matrices3D
culture systems allow for better replication of physiological conditions by mimicking the ECM in
the tissue and providing structural suppoBome types of hydrogels can be tuned to matu
mechanical properties of native tissu& classof biomaterial that is commonly used for N\
vitro models arenatural hydrogels, including collagen, fibrin, arMatrigel. All threeare

biopolymer hydrogel§188].

Collagen is anatural polymerwith different subtypesfound in many tissues as an ECM
component Collagen typéis the most abundant type of collagen aiséxpressed in stiff tissues.
Collagen typdVis found in basement membranes and soft tissues, e.g. the brain. Collagen type
I, even though found in stiff tissues, can a&iable option for NVU modelling, as its stiffness can
be tuned bychanging the concentration obtlagen typel2 NJ 6 & (G KS ONRaaf Ay
0.3 ¢ 3.3 kPa)[189]. Collagen typd is also cheaper thanotlagen typelV. Collagengprovide
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binding forintegrin receptors whiclare necessarfor cell attachmen{190]. Collagen typé has

effectively been used to model brain ECM (§169], [188).

Matrigel is one othe most wellknown ECMbased hydrogels used for 2D and 3D cell culture. It
is extracted from EngelbretHolm-Swarm mouse sarcoma amdmposed of soluble basement
membrane ECM componentgth a highbut undefinedconcentration of laminins, proteoglycans,
nidogens, and collagen type. Matrigelis generally kept at€Cand forms ayelnetworkataround
37°C[191]. Matrigel iscommonly used aacoating of tissue culture plates to provide a basement
membrane substrate to which cells can attat¢this usedor cellculture maintenance or assays

including angiogenesis assays for endothelial ¢E42].

Fibrin is formed througlhe catalytic conversion of fibrinogen and thrombaoonstituentsfound
in blood coagulationand important for wound healing. The stiffness of fibrrydrogelscan be
tuned by changing the concentration fitbrinogen and thrombirj193]. Fibrin provides inherent
cell adhesion sites an widely used for neural tissue engineering and angi@$sin vitro
models éee for instanc¢l73], [193F[196]).

143 Quantitative assessments of BBB

There are two measurements commonly used to assess the BBB functionvibfo models:
perfusion of fluorescentliabelled molecules and TEER. One quantitative technique for measuring
the permeability (cm 8) of a cell monolayer is fluorescein isothiocyanktieelled dextran (3 kDa)
[197]. For permeability measurements in transwell modekxglained inSection 1.44) the
fluorescently labelled compound is added into the top compartment. Then, samples from the top
and bottom compartmerd are taken periodically and the change indilescence isneasured.

The amount ofluorescencean the bottom compartment is correlated with the permeability of
the cell monolayerThe use ofuchtracer compounds can potentially interfere with the cells and
also makes tested cells unusable for further experimeiitserefore, norinvasive techniques,

such as TEER, are often used as an alterngt8&l.

TEER measurement is a commonly accepted technique to assess cellular barrier int&gtRy
measures the electrical resistance across a cellular monolayer, which relates to the amount of
tight junctions betweenthe cells in the monolayer and thugpermeability. Therefore, a high
measured TEER value means higher resistance and thus highar banction. TEER is a
sensitive, norinvasive tool to monitor live cells. When using the transwell moeeplained in
Section 1.4), one electrode is inserted in the top compartment andecond electrode in the
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bottom compartment. This way resistamés measuredetween the two electrodescross the
transwell insert. The two electrodes are not suitable for orgarchip models (explained in
Section 1.46), asthe cell culture area is not easily accessiblewever, TEER measurements can

still be acheved by embeddingifferent types ofelectrodes into the channels of the chip. These
electrodes can not only be scaled to the channel dimensions but also reduce the signal noise

generated by any electrode movem€ina].

144 Transwell assgpr BBB modelling

Numerous studiehaveused iPS@erived BMECs and other cell types of the NVU to sthdy

BBB function of nowliseased and diseased subjeétsr example[172], [186). These studies
showed that iPS@erived BMECs haveimilarities with primary BMECs such as molecular,
structural, and functional BBB properties of the native human brain vasculature, including TEER
values[172]. These studies used transwell inserts, which allovewdturing BMECs with pericytes

and other NVU cell typesTranswell inserts are hung in culture plates and have a permeable
membrane at the botten which is submerged in mediuBnddhelial cells are seededirectlyon

top of the membrane and other cell types.g. neuronsgan be cultured in the wells below. The
membrane allows diffusion from one compartment to the other whildls are stopped from
passingdepending orthe pore siz ofthe transwell membrane)Alternatively, endothelial cells

can be cultured on top of a hydrogel in which e.g. pericytes are encapsulgigdrd 19).
However, transwell models are static, thus lacking physiological mechanical forces such as sheat
stress. Consequently, these cultures cannot replicate the conipleixoenvironment of the BBB

or NVU and thus transwell model applicability is limif2€9].

Top
compartment

G BMECS
< Hydrogel

\ 4

Surface coating
Pericytes

\ 4

G Permeable membrane

Bottom
compartment

Figure 1.9: Schematic of a example ofa transwell insertBBB model Pericytes(greern) can b
encapsulated imna hydrogel (blue)BMECHred) form a tight monolayer on top of the hydrog
Alternatively, dffferent cell types (e.gastrocytes oneurons not showr) can be ceculturedwith the
pericyte within the lydrogel ordirectly on the bottom of theransmembrane oculture dish.
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