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Abstract

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder, characterized
by cognitive decline and neuropathology involving amyloid 8 (Af), tau pathology and
widespread neuroinflammation. Among these, neurovascular deficits represent an
underappreciated yet critical component of AD pathology. These deficits are driven by
complex interactions between proteinopathy, neuroinflammation, and cellular
dysfunction at the neurovascular unit, a dynamic interface between multiple brain cell
types. Understanding how these processes disrupt neurovascular function is essential
for uncovering the mechanisms underlying AD. However, current AD models rely on
non-representative mutations, simplistic 2D monocellular cultures, and animal
models that fail to fully recapitulate the complex interactions at the neurovascular
unit, limiting their relevance to the human disease and their utility in high-throughput
drug discovery. This thesis aims to address these gaps by leveraging induced
pluripotent stem cells (iPSCs) and bioprinting technologies to create physiologically
relevant, scalable neurovascular models for studying AD pathology. A novel
methodology is developed for reliably bioprinting fragile iPSC-derived brain
microvascular endothelial-like cells (iBMECs), and is used to examine the pathological
impact of AP deposition, neuroinflammatory stimuli and endothelial barrier
dysfunction.

In Chapter 3, we differentiate and characterise iPSC-derived endothelial cells,
pericytes, and astrocytes in classical 2D culture. Functional analyses reveal that
iBMECs exhibit enhanced barrier properties compared to common in vitro
alternatives, while iBMECs and iPSC-derived pericyte-like cells (iPericytes)
demonstrate distinct protein secretion profiles and involving inflammatory priming
and vascular maintenance. Their limited functional response to known pathological
triggers presents an opportunity for further exploration of factors influencing iPSC-
derived neurovascular function. In Chapter 4, the potential of 3D bioprinting to
produce biomimetic neurovascular architecture is explored. Using CMECs and
iBMECs, we optimise media conditions and develop a Rho-associated coiled-coil
kinase (ROCK) inhibition protocol that supports iBMEC survival and function in
bioprinted constructs. Tricultures combining endothelial cells, pericytes, and
astrocytes are also bioprinted, exhibiting robust multicellular organization
reminiscent of in vivo neurovascular structures, while posing questions surrounding

appropriate culture conditions for iPSC-derived tricultures. In Chapter 5, we

Vi



investigate the response of monocultured 3D iBMEC constructs to inflammatory
stimuli, including lipopolysaccharides derived from E. coli and P. gingivalis, alongside
various lengths of AP monomers. These experiments reveal important differences in
VE cadherin expression between CMEC and iBMECs under longitudinal 3D culture,
in vivo-reminiscent AP deposition phenotypes, and resistance to LPS-induced
modulation of these phenotypes. This platform provide a foundation for further
investigating how inflammatory and amyloidogenic insults might synergistically
impair endothelial function.

This thesis demonstrates the successful differentiation and functional characterization
of iPSC-derived neurovascular cell types, the development of an innovative 3D
bioprinting framework for monoculture and triculture neurovascular models, and the
application of these systems to dissect AD-relevant neurovascular interactions. This
platform serves as a rich foundation for future physiologically-relevant, scalable
platforms for investigating neurovascular disease pathology and facilitating efficient
drug discovery efforts.
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Chapter 1: Introduction

1.1 The neurovasculature

The brain is the most energy-intensive organ in the human body, consuming a fifth of
the body’s glucose and oxygen, and containing around 650 km of blood vessels to
deliver this energy to its entire volume (Zlokovic, 2011b, Zlokovic and Apuzzo, 1998).
Nutrients, immune regulators, oxygen and metabolites are shuttled through the
vasculature in the form of blood. This is pumped using pressure generated in the heart,
and specialised contractile cells surrounding the vascular endothelium (Hall et al.,
2014a). From the periphery, penetrating arteries enter the brain through the
meninges, narrowing into arterioles, which further branch into capillary beds
specialised for the meticulously controlled transfer of molecules (Villabona-Rueda et
al., 2019). These capillary beds then branch into larger post-capillary venules, then
into even larger veins, which exit the brain to clear CO. and metabolic waste products
at the lungs and kidneys, respectively (Iliff et al., 2012b).

Microglia

Oligodendrocytes
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AS

Endothelial
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Figure 1.1: Components of the neurovascular unit. Created in Biorender
(https://BioRender.com)



The hallmark feature of neurovasculature is the presence of an exceptionally tight
barrier between its luminal and abluminal side, which is not seen in the periphery
(Blanchette and Daneman, 2015). Although the endothelium is the first line of defence
against blood-derived substances, a complex interplay between most brain cell types
ensures that the BBB maintains its integrity and responds appropriately to changes in
its local microenvironment. A typical section of brain parenchyma contains six main
cell types: neurons, astrocytes, microglia, oligodendrocytes, endothelial cells and
pericytes, plus components of the extracellular matrix (ECM), which comprise the
vascular basement membrane (BM) and give structure to the parenchymal
extracellular space (Figure 1.1). To understand the neurovascular unit and its role in
vascular brain disorders, examining the cellular roles of endothelial cells, pericytes,
astrocytes and the BM is integral.

1.1.1 Cellular Roles in the neurovascular unit
1.1.1.1 Endothelial cells

The brain endothelium is a single cell layer, separating the brain parenchyma from the
bloodstream though an intricate vascular network. In the arterioles and capillaries of
the brain, this layer of endothelial cells are non-fenestrated, and possess an impressive
ability to constrain molecule transfer in order to protect the parenchyma from
substances present in the bloodstream (Zhao et al., 2015). Compared to the endothelial
cells in arteries and veins, these brain microvascular endothelial cells (BMECs) display
a unique, tight junction-mediated barrier that is highly selective to ions, proteins, and
other solutes — this is the blood-brain barrier (BBB) (Sweeney et al., 2018) (Figure
1.2).

Regardless of the surrounding tissue type, endothelial cells adhere to each other
through adherens junctions, comprised of homophilic interactions between vascular
endothelial cadherin (VE cadherin) proteins, and regulated by Platelet endothelial cell
adhesion molecule-1 PECAM-1 (Biswas et al., 2006, Privratsky and Newman, 2014).
The cadherins also participate in downstream signalling cascades via proteins bound
to the cytoplasmic tail (Dejana and Orsenigo, 2013). PECAM-1 plays a role in leukocyte
transmigration across the endothelium and contributes to the mechanotransduction
that senses blood flow changes and adjusts cellular responses (Marin et al., 2012).

In addition to adherens junctions, brain microvasculature, also includes tight
junctions, which effectively conjoin two adjacent membranes (Furuse, 2010). This



feature polarises the endothelial cell into a luminal (blood-facing) and abluminal
(parenchyma-facing) side, and limits the paracellular passage of molecules as small as
monatomic ions (Chen et al., 2014, Beaufort et al., 2013). Notable components of tight
junctions are claudins, occludin, zonula occludens, and junctional adhesion molecules.
Claudins form the backbone of tight junction strands by establishing size- and charge-
selective pores that regulate paracellular ion permeability (Furuse et al., 1998,
Amasheh et al., 2002). Occludin tightly modulates tight junction stability and barrier
function, though its absence does not disrupt barrier formation, suggesting an
important regulatory role in barrier permeability (Saitou et al., 2000, Itallie et al.,
2010, Siddiqui et al., 2015). Zonula occluden-1 (ZO-1) anchors these tight junction
proteins to the intracellular cytoskeletons. ZO-1 and Claudin 5, although imperative
for tight junction function, do not seem to confer similarly low permeability when
expressed in the periphery, suggesting an adjunct role for other assisting
proteins/molecules expressed only in the CNS) (Schuetz et al., 2005).

In addition to the junctional regulation of paracellular permeability (movement
between cells, through tight junctions), there are a number of properties of CNS
endothelial cells that restrict transcellular permeability (movement through cells,
across both apical and basal membranes) (Figure 1.2). Peripheral vascular endothelial
cells may have fenestrae (pores through the cell body which allow transcellular passage
of substances), whereas BMECs are always non-fenestrated (Ueno et al., 2024, Braet
and Wisse, 2002). Additionally, rates of caveolae-mediated transcytosis, a mechanism
by which plasma membrane vesicles can transport solutes and proteins from one side
of a cell to the other, are significantly reduced in CNS endothelial cells relative to
peripheral (Lutz et al., 2017, Andreone et al., 2017). Caveolin-1, restricts BBB
transcytosis by stabilizing caveolae, modulating their transport dynamics, and
contributing to angiogenesis by regulating VEGF signalling pathways (Zhao et al.,
2010, Wu et al., 2013). Upstream of caveolin-1, upregulation of major facilitator
superfamily domain-containing protein 2 (MFSD2A) and downregulation of
plasmalemma vesicle-associated protein (PLVAP) regulates the existence of caveolar-
rich domains, thus reducing the levels of vesicular transport in these cells (Chow and
Gu, 2017).

Leukocyte adhesion molecules are expressed on endothelial cell surfaces to bind white
blood cells and allow their entry into tissues for immune surveillance. In the brain,
immune regulation of this kind predominantly occurs at barriers of reduced tightness,



like the blood-cerebrospinal fluid barrier, where activated memory T-cells can cross
the more permissive barrier to monitor for pathogens without compromising BBB
integrity (Wewer et al., 2011, Ransohoff et al., 2003). At the BBB, endothelial cells
express low levels of leukocyte adhesion molecules, restricting the passage of
leukocytes (Piccio et al., 2002).

To assist the correct filtering of molecules from the blood to the brain, a suite of
transporters are expressed on endothelial cells in a cell-polarised manner (Figure 1.2).
Efflux transporters use the hydrolysis of adenosine triphosphate to remove molecules
from the endothelial cytoplasm against their concentration gradient, crossing the
luminal membrane into the blood (Kastin et al., 2002). The most studied of these
include P-glycoprotein (P-gp or MDR1) and breast cancer resistance protein. P-gp,
which transports a wide range of substrates has been implicated in Alzheimer’s disease
(AD) pathology, where its reduced activity may impact BBB integrity and function
(Montagne et al., 2017). Other important transporters are more specific, and ensure
that integral molecules are granted passage across the BBB. GLUT-1 is the primary
glucose transporter at the BBB expressed primarily on the abluminal membrane (but
also on the luminal membrane), enabling glucose uptake critical for neuronal energy
metabolism. GLUT-1 deficiency is associated with impaired cognitive function and
neurodevelopmental disorders (Suls et al., 2008, Bélanger et al., 2005). Among
others, MFSD2A transports fatty acids (in addition to its role in caveolae dynamics)
and L-type amino acid transporter 1 (LAT1) transports amino acids (Zhao et al., 2020,
Fukumoto et al., 2013). While vesicular transport across the cell is inhibited in the
CNS, some transporters, like the transferrin receptor (TFR1) and low-density
lipoprotein (LDL) receptors, exist to allow receptor-mediated vesicular transport.
LDLRs mediate the uptake of cholesterol-rich lipoproteins, vital for maintaining
neural cell membrane integrity and myelin formation (Mok et al., 2023). A related
protein, lipoprotein receptor related protein-1 (LRP1), is a transporter with high-
affinity binding to lipoproteins and other substrates, facilitating their transcytosis out
of the parenchyma (Pflanzner et al., 2011).
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neurovascular unit. Created in Biorender (https://BioRender.com), with
significant modifications to the template from Delrose (2024). Black cross denotes the
lack of fenestrae in brain microvascular endothelial cells. Abbreviations: AQP4:
Aquaporin 4, CD13: Cluster of Differentiation 13, GM-CSF: Granulocyte-macrophage
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P-gp: P-glycoprotein, PDGF-BB: Platelet-Derived Growth Factor-BB, PDGFRf:
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Endothelial Cadherin, VEGF: Vascular Endothelial Growth Factor, ZO-1: Zonula
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1.1.1.2 Pericytes

The brain endothelium is closely associated with pericytes, a mural cell type embedded
in the BM surrounding capillaries, post-capillary venules and terminal arterioles (with
scarcer numbers in the periphery). They are closely related to smooth muscle cells
which are found in the larger arteries and veins, and express more a-smooth muscle
actin (a-SMA) (Yamazaki and Mukouyama, 2018). Pericytes are distinguished from
similar cell types by the simultaneous presence of platelet-derived growth factor




receptor B (PDGFRp), alanyl aminopeptidase (CD13), and neuron-glial antigen 2
(NG2) (Winkler et al., 2010, Ozen et al., 2014, Armulik et al., 2011b). Endothelial cell-
pericyte interactions are strengthened by physical “peg-and-socket” junctions between
the cells (Figure 1.2). These connections are formed by a mix of junctional proteins
and connexin-43 channels which allow for direct transfer of ions, metabolites and
messengers (Bobbie et al., 2010, Monickaraj et al., 2018). Pericytes incompletely cover
the abluminal surface of microvascular walls, however still play a number of roles in

the proper functioning of the BBB (Sims, 1986).

One major function of pericytes is regulation of blood flow through capillary
modulation (Nikolakopoulou et al., 2019, Uemura et al., 2020). Pericyte expression of
contractile proteins such as a—SMA purportedly allows pericytes to control vascular
diameter at the capillary level of the vascular tree (Peppiatt et al., 2006). In this study,
glutamate exposure leads to pericyte relaxation and capillary dilation (Hall et al.,
2014b). This notion has been contested however, by experiments showing that
capillary dilation occurs independently of pericyte contractility, suggesting alternative
mechanisms for blood flow regulation in capillaries (Hill et al., 2015, Attrill et al.,
2019). While neurovascular coupling is predominantly carried out by astrocytes,
pericytes also help synchronise local blood flow to neuronal activity, allowing efficient
oxygen and nutrient delivery to active brain regions (Attwell et al., 2010).

Additionally, pericytes are involved in the regulation of angiogenesis and wound
healing by secreting growth factors like VEGF, which stimulate endothelial cell
proliferation and vessel maturation, especially after injury (Dulmovits and Herman,
2012). Low levels of adhesion molecules ICAM-1 and VCAM-1 in pericytes, are
upregulated upon exposure to inflammatory cytokines, involved in lysosomal
degradation during pericyte phagocytosis (Allt and Lawrenson, 2001, Ozen et al.,
2014).

Another key role of pericytes is the release a multitude of structural proteins that
comprise the BM and ECM, proteins like collagen IV, laminin, and fibronectin to
maintain this important acellular component of the neurovascular unit (Shimizu et al.,
2011, Sakhneny et al., 2021, Lauridsen et al., 2017). Finally, pericytes facilitate the
appropriate envelopment of the cerebrovasculature by astrocyte end-feet, forming the
next important component of the BBB (Armulik et al., 2010).



1.1.1.3 Astrocytes

Astrocytes, named for their stellate morphology at homeostasis, are glial cells that
perform numerous key roles in the neurovascular unit. Astrocytes are interconnected
through gap junctions formed by connexin proteins, enabling ion and small molecule
exchange across astrocyte networks to maintain homeostasis and synchronize activity
within the neurovascular unit (Bennett et al., 2003, Nagy and Rash, 2000). Their
processes extend to envelop a number of entities including the cerebrovasculature,
nodes of Ranvier and synapses, providing trophic and metabolic support through the
recycling of neurotransmitters, such as glutamate and gamma-aminobutyric acid
(GABA), and antioxidant support (Mahmoud et al., 2019). Astrocytic end-feet, found
at the end of astrocyte branches, envelop approximately 99% of the
cerebrovasculature, anchoring to the abluminal side of the BM and acting as physical
and immunological barrier between the bloodstream and the parenchyma (Mathiisen
et al., 2010) (Figure 1.2). The anchoring mechanism occurs via the interaction between
astrocytic dystrophin-dystroglycan complexes, with agrin protein in the BM (Ruggieri
et al., 2019). The association with BM agrin by end-feet, elicits the upregulation of the
water channel aquaporin-4 (AQP4), and organises them into a specialised structure:
orthogonal arrays of intramembranous particles (Landis and Reese, 1974). These
proteins help facilitate the exchange of potassium ions and water across the astrocytic
membrane, a mechanism which underlies a central role of the astrocyte -

neurovascular coupling or functional hyperemia.

Astrocytes also play a large role in functional communication to other cells in the
neurovascular unit, allowing regulation of the BBB. While the brain requires large
amounts of energy, it has little capacity to store energy, thus local increases in cerebral
blood flow are used to deliver energy to areas that need it most. Astrocytes facilitate
this by relaying vasoactive signals from neuronal synapses to their end-feet, which are
in contact with blood vessels, enabling targeted blood flow adjustments (Attwell and
Laughlin, 2001). Astrocytes also play significant roles in paracrine signalling, releasing
hedgehog agonists that regulate low levels of leukocyte adhesion molecule expression
on mature endothelial cells and exert anti-inflammatory effects (Alvarez et al., 2011).
Inflammatory responses at the blood-brain barrier (BBB) are further moderated by
astrocyte-derived granulocyte-macrophage colony-stimulating factor (GM-CSF) and
retinoic acid, which support BBB integrity and reduce inflammation (Mizee et al.,
2014, Spampinato et al., 2015). Astrocytes also participate in active communication
with pericytes, and indeed the brains of Huntington’s disease mice have been shown



to display low pericyte coverage of vessels, due to the inflammatory response of
dysfunctional astrocytes (Hsiao et al., 2015). Astrocyte-released interleukin (IL)-6 has
been shown to modulate BBB permeability during inflammatory events, while glial cell
line-derived neurotrophic factor (GDNF) and basic fibroblast growth factor (bFGF)
support BBB integrity by promoting endothelial cell survival and reinforcing tight
junctions within the neurovascular unit (Bell et al., 2012, Igarashi et al., 1999).
Astrocytes are important for the glymphatic system, where AQP4 channels facilitate
cerebrospinal fluid influx into the brain parenchyma, aiding in the clearance of
interstitial solutes, a process critical for homeostasis and protection against
neurodegeneration (Iliff et al., 2012a, Mestre et al., 2018).

1.1.1.4 Basement membrane

While not a cell type, the BM and ECM provide fundamental structural and functional
support to the cellular portion of the neurovascular unit. The broader ECM is a
macromolecular network consisting of polysaccharides and proteins, occupying
around 20% of the total brain volume (Sykova and Nicholson, 2008). The composition
of this network varies with respect to the needs of its immediate environment, allowing
cell adhesion to be tuned to perineuronal, perisynaptic and perivascular
microenvironments (Lendvai et al.,, 2011). The native ECM surrounding
neurovasculature is the BM, a thick structure composed of collagen IV, fibronectin,
laminins, heparan sulfate proteoglycans and entactins. These molecules are largely
secreted by pericytes, but also by endothelial cells, astrocytes and neurons (Thomsen
et al., 2017). In the BM, adhesion occurs through integrin-mediated binding to matrix
proteins, along with interactions with other receptors like dystroglycan and CD44
(Wright et al., 2012). In the wider ECM, adhesion occurs via integrin and proteoglycan
interactions, but is more variable due to diverse ECM components that allow for
dynamic cell attachment and migration (Pathak and Kumar, 2011). The
macromolecules of the ECM also provide trophic support, and and contribute to the
regulation of cell behaviour by presenting growth factors and mechanical cues that
influence cellular proliferation, differentiation, and migration (Humphrey et al., 2014,
Nune et al., 2014). Fibronectin is a glycoprotein that mainly binds to cellular integrin
receptors to anchor them to the ECM (Takahashi et al., 2007b). Collagen IV is integral
for the basal lamina specifically, being the basis for the sheet like structure of BMs as
opposed to other ECMs (Boudko et al., 2018). Laminins, a family of glycoproteins with
multiple subtypes, are essential for basement membrane stability and play a key role



in cellular signalling, supporting structural integrity and directing cellular functions
such as adhesion, migration, and differentiation (Hohenester, 2019, Li et al., 2020).

At the post-capillary venule level, the BM can be described as two separate
membranes, an endothelial BM, comprising a4 and a5 laminin subtypes, and a
parenchymal BM, secreted by astrocytes, comprising a1 and a2 subtypes (Hallmann et
al., 2005). This disparity in laminin subtype distribution informs specialised function
which allows T-cell infiltration into the perivascular space but restricts its entry to the
parenchyma through laminin a5 in the parenchymal BM (Sixt et al., 2001). Matrix
metalloproteases (MMPs), enzymes which degrade ECM proteins, play a dual role in
the neurovascular unit by facilitating leukocyte migration and remodelling of the ECM
(Candelario-Jalil et al., 2009, Zhao et al., 2019). However, dysregulation of MMPs has
been linked to neuroinflammatory processes and BBB disruption in Alzheimer’s
disease, where elevated MMP activity contributes to pathological protein
accumulation and neuronal damage (Dore-Duffy and Cleary, 2011). Other key
components of the matrix include: agrin, perlecan, glycosaminoglycans and
osteonectin (Hallmann et al., 2005). All of these components act as substrates for
dystroglycans or integrin receptors, and their interaction underlies the adherence of
BBB cells to the BM (Baeten and Akassoglou, 2011). Integrin receptors, are crucial for
anchoring cells to the BM and transmitting signals that regulate cellular responses like
survival, proliferation, and migration, making them essential to BBB structural

stability and function (Halder et al., 2023, Izawa et al., 2017).
1.1.1.5 Other cells

In addition to the principal components of the neurovascular unit, other parenchymal
cell types maintain significant communication and physical connections with the
neurovascular unit. Neurons are the key functional unit of the brain. Due to their
specialised electrical properties, they allow the synchronised integration of electrical
information, which ultimately endows the range of abilities characteristic of brains
(Maki et al., 2013). Neural dendrites receive stimulation from other neurons, which
moves towards the soma through the propagation of an electrochemical gradient along
the cell wall. Once stimulation at the soma reaches a threshold, a large electrochemical
action potential is propagated towards synaptic terminals where neurotransmitters
are released from vesicles into the synaptic cleft, to be received at a post-synaptic
terminal for signal transduction (King et al., 2015). Other transmitters like nitric
oxide, diffuse freely across cell membranes, with their release tightly coupled to



neuronal activity. The vasodilation-inducing abilities of nitric oxide, contribute to the
role of neurons in neurovascular coupling and the regulation of local cerebral

perfusion (Zhu et al., 2016).

Oligodendrocytes are glia that provide insulation of axons by enveloping their exterior
in a myelin sheath comprised of lipids, and proteins such as myelin basic protein
(MBP) (Baumann and Pham-Dinh, 2001). Oligodendrocytes contain a cell body, from
which many branches extend towards neurons, enveloping a portion of the axon,
leaving a space of uncovered axon (called a node of Ranvier) between it and the next
sheath. At the neuron, these nodes contain a high concentration of ion channels,
allowing for highly efficient transduction, through saltatory propagation (Brivio et al.,
2017). In addition to this, oligodendrocytes also provide paracrine signalling releasing
molecules such as brain-derived neurotrophic factor and IGF-1, which support
neuronal health, modulate vascular function, contributing to the overall homeostasis
and resilience of the neurovascular unit (Nave and Werner, 2014).

Microglia are the resident immune cells in the brain, and are key to the maintenance
of proper brain function and response to pathogens or waste. In homeostasis,
microglia survey the surrounding microenvironment with a highly ramified
morphology, scavenging for unhealthy/dead cells, unnecessary synapses, protein
aggregates and debris, whilst responding to chemical signals in order to direct their
movement and phenotype (Liu et al., 2023). In the past, it was thought that once
activated microglia transform into a classical, pro-inflammatory, M1-like phenotype,
encompassing pro-inflammatory cytokine excretion (e.g TNF-a, IL-6 and IL-13) and
phagocytotic activity. The opposing M2-like state signified an anti-inflammatory
phenotype focused on the resolution of inflammation, initiation of tissue
reconstruction, restoration of homeostasis and anti-inflammatory cytokine release
(e.g. IL-10) (Orihuela et al., 2016, Lier et al., 2021). However, it is now clear that
microglial phenotypes exist on a more expansive spectrum of cellular behaviour and
morphology, where elements of phenotypic categories exist in combination. Here,
modern transcriptomics provides more granular phenotypic signatures exemplified by
the so-called “disease-associated microglia” (Deczkowska et al., 2018, Keren-Shaul et
al., 2017). Microglia modulate vascular permeability and contribute to inflammation
and tissue repair at the BBB, with evidence also suggesting important physical
interactions mediated by “capillary-associated microglia” (Zrzavy et al., 2017, Bisht et
al., 2021). Chronic microglial activation has been suggested to be a key driver of
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disorders that involve protein accumulation (Heneka et al., 2015, Lv et al., 2024, Jantti
et al., 2022).

1.2 Alzheimer’s Disease

1.2.1 Background

Neurodegenerative diseases are some of the most pernicious disorders to commonly
affect humans. These disorders act, through varied mechanisms, to degrade the
structure and function of the central and peripheral nervous systems. The majority of
central neurodegenerative diseases result in a collection of symptoms, termed
dementia, involving impairments in memory, behaviour and other cognitive functions,
subsequently impairing daily life (Raz et al., 2016). The most common dementia is AD,
which has a pathology defined by neuroinflammation, the build-up of extracellular
amyloid B (AB), and the presence of intracellular neurofibrillary tangles consisting of
hyperphosphorylated tau protein (WHO, 2015). Due to an aging world population, the
World Health Organisation expects a tripling of AD incidence by 2050, resulting in
global costs approaching 2 trillion USD by 2030 (WHO, 2015, Alzheimer's
Association, 2023).

1.2.2 Epidemiology & pathology

Pathologically, AD is often categorised into familial AD (fAD) and sporadic AD (sAD).
fAD describes when the disease directly results from certain causative genetic
mutations, in genes such as the amyloid precursor protein (APP) or presenilin 1 and 2
(PSEN1, PSEN2). Over 99% of AD patients do not carry these disease causing-
mutations, and for these SAD patients, the cause of the disorder is due to unclear
interactions between the patient’s genetics and environmental factors (Eratne et al.,
2018, Masters et al., 2015). The largest genetic risk factor for sAD is the ¢4 allele of
Apolipoprotein E (APOE4). Apolipoproteins are proteins involved in fat metabolism
via their function as stabilisers and signalling centres within lipoprotein assemblies,
that transport fats through blood plasma or extracellular spaces (Mahley et al., 1984,
Wang and Eckel, 2014). The APOE protein has three human isoforms, APOE2, APOE3
and APOE4, that display an 8%, 78% and 14% respective allele frequency in the general
population (Raber et al., 2004). Although small differences exist, allele frequencies are
comparable across Caucasian, African-American, Japanese and Hispanic ethnicities
(Farrer et al., 1997). APOE3 is used as a baseline as it is the most common allele, with
APOE4 representing an increased risk of AD, and APOE2 being protective against AD.
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Strikingly, homozygous APOE4 carriers are 15 times more likely to have AD than
homozygous APOES carriers, while APOE2 homozygotes are 40% less likely (Farrer et
al., 1997). Due to this strong association to the AD phenotype, investigating the
mechanistic link to AD pathogenesis is a fascinating and growing avenue of research.
While APP- and PSEN-driven AD produces an earlier onset AD, APOE4-driven AD
commonly results in a later onset, with the average age of onset approximately 20
years higher than the APP- and PSEN-driven disease (Raulin et al., 2022, Ryman et
al., 2014). Although some other clinical differences are observed (e.g. PSEN1
mutations can cause motor dysfunction, some APP variants can drive hemorrhagic
strokes), pathology and clinical features between APP-, PSEN- and APOE- driven AD
are largely comparable (de Kort et al., 2023, Jih et al., 2025, Pillai et al., 2021).

While age is the most significant environmental risk factor for AD (Masters et al.,
2015), the importance of other factors like brain trauma (Livingston et al., 2017), sex
(Riedel et al., 2016b), cardiovascular health (Wanleenuwat et al., 2019), education
(Ngandu et al., 2007, Karp et al., 2004), social engagement (Penninkilampi et al.,
2018) and mental health (Kuring et al., 2020) are becoming increasingly apparent.
Similarly, chronic periodontic infection, specifically with Porphyromonas gingivalis,
is becoming recognised as a significant risk factor for AD. The presence of
periodontitis is associated with increase in AD-associated cognitive decline, in an
observational and case-control study (Holmer et al., 2018, Ide et al., 2016). While
there is a rich body of evidence supporting associations between AD and P. gingivalis,
especially through the systemic inflammation induced by its virulence factors,
evidence of direct causal relationships are hindered due to measurement differences
between studies (Elwishahy et al., 2021).

While risk factors can be identified, effective diagnosis has remained challenging
primarily due to the protracted pre-clinical disease phase, where neurodegeneration
begins 20-30 years before symptom presentation (Davies et al., 1988). Clinical
diagnosis is often inferred from antemortem clinical symptoms such as functional
changes in memory, cognition and behaviour (McKhann et al., 2011), however clinical
overlap with other dementias hinders diagnostic accuracy. Advances in cerebrospinal
fluid biomarkers and PET imaging of AB and tau have boosted diagnostic accuracy
(Walhovd et al., 2010), however full confirmation of the disease still requires post-
mortem neuropathological analysis (McKhann et al., 2011).
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Investigation into the pathological entities that underly AD have unravelled a deeply
complex set of mechanisms that cluster around two pathological proteins: Ap and tau
(Glenner and Wong, 1984, Weingarten et al., 1975). In addition to these two proteins,
neuroinflammation, a third hallmark of the disease, is often included to encompass
the key role of immune dysregulation in AD progression (Thakur et al., 2023, Krstic
and Knuesel, 2013). In addition to widespread parenchymal pathology, significant
alterations are observed in the neurovascular system, impairing protein clearance that
further exacerbates neuroinflammation (Zlokovic, 2011b, Kisler et al., 2017).
Disentangling the interaction between genetic and environmental risk factors is key to
understanding AD, and designing effective therapies (Bertram and Tanzi, 2009).

1.2.3 Amyloid p

Amyloids are misfolded protein aggregates, containing a cross-f3 structure, that are
associated with a large number of disease states (Sunde et al., 1997). AP is a subset of
this class, including monomeric peptides from 37-49 amino acids in length, which can
form numerous soluble oligomer states, and aggregate to form larger insoluble plaques
(Haass et al., 1992). These peptides arise from APP, an integral membrane protein,
which is fragmented by secretase proteins (formed by presenilin subunits encoded by
PSEN1 and PSEN2 genes). Cleavage by these proteins under physiological conditions
generates non-pathological fragments, however, when APP is cleaved by (3-secretase
(encoded by beta-site amyloid precursor protein cleaving enzyme 1, BACE1), soluble
SsAPPp is released, leaving a fragment (C99) that can be cleaved by gamma-secretase
to form pathological AP peptides (Kojro and Fahrenholz, 2005). These pathological
peptides are generally found in 2 lengths in the brain: AB,, and AB,. (although other
forms are found), with AB4o observed more commonly in soluble fractions, while AB,»
is more common in insoluble plaques (Jan et al., 2008). The ratio of AB4./AP40 has
been proposed as a more informative way of measuring pathogenic AP as this ratio is
higher in AD patients, and Af,. is more susceptible to oligomerisation (Kwak et al.,
2020, Sengupta et al., 2016). Soluble oligomeric A} occurs when monomers become
misfolded, and aggregate together to form unstable oligomers (Larson and Lesné,
2011). Alternatively, plaque development begins with fibrillogenesis, where amyloid
monomers attach to each other to form oligomers. These oligomers can further
aggregate to become elongated, insoluble fibrils, organised into repeating [-strand
structures that confer resistance to proteolytic cleavage (Walsh and Selkoe, 2007).
These insoluble fibrillar structures deposit as plaques in the extracellular space, which
have been shown to harbour a plethora of other molecules such as lipids (like
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cholesterol), nucleic acids, carbohydrates and other proteins (including APOE)
(Stewart and Radford, 2017). While an active area of research, consensus remains that
oligomers represent a more pathologically-relevant species than plaques (Cline et al.,
2018, Selkoe and Hardy, 2016).

1.2.4 Tau

Tau is a microtubule-associated protein (MAP), that maintains cytoskeletal
microtubule stability, and is highly expressed in the axons of neurons (Binder et al.,
1985, Weingarten et al., 1975). During normal functioning, interactions with tubulin
promote microtubule assembly and stability, having varied effects depending on the
isoforms available and the protein’s phosphorylation state (Cleveland et al., 1977,
Johnson and Stoothoff, 2004). At homeostasis, tau is natively unfolded and highly
soluble, allowing its phosphorylation sites to be highly accessible to enzymes
(Mandelkow and Mandelkow, 2012).

Irregular or excessive phosphorylation of the tau protein (e.g. by dysregulation of
kinases and phosphatases) can prompt a variety of pathomechanisms. Examples of
this include: mislocalisation of tau (Decker et al., 2015, Tai et al., 2014); detachment
of tau from the microtubule, inducing microtubule disassembly (Nachman et al.,
2020); prevention of tau passage into the nucleus, inhibiting its DNA-protective
properties (Sultan et al., 2011) and tau aggregation (Jouanne et al., 2017, Guo et al.,
2017). The mechanisms of tau aggregation remain an active area of investigation,
although a nucleation-elongation mechanism has been suggested, in which an initial
oligomeric nucleus is created, onto which tau units are polymerised to form long
fibrils, eventually leading to complex neurofibrillary tangles (von Bergen et al., 2000,
Wang and Mandelkow, 2016). Tau can then spread in a prion-like manner, where
oligomers are transported out of the cell, to ‘seed’ new tau pathology in neighbouring
cells (Holmes and Diamond, 2014).

Accumulation of neurofibrillary tangles (and soluble tau species) trigger a number of
pathogenic pathways, including neuronal degradation, endoplasmic reticulum stress
and synapse loss (Abisambra et al., 2013, Fox et al., 2011, DeTure and Dickson, 2019).
Tau-mediated synaptic dysfunction and mitochondrial impairment have been shown
to amplify AB-induced neuronal dysfunction, and have even been suggested to be
necessary for AB-mediated neurotoxicity (Zempel et al., 2010, Forner et al., 2017). AD-
tauopathy contributes to BBB disruption through modulation of endothelial
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permeability and pericyte functions, enabling passage of neurotoxic compounds and
immune cells causing neuroinflammation (Sweeney et al., 2018). Emerging research
also highlights the potential for tau-targeting therapies to also mitigate AP toxicity and
neuroinflammation, making tau a critical focal point in efforts to develop disease-
modifying treatments for AD (Ng et al., 2022, Shi et al., 2019).

1.2.5 Neuroinflammation

Emerging evidence underscores the role of neuroinflammatory processes and systemic
factors, including innate immune gene variants and chronic infections, as pivotal
contributors to AD risk. The centrality of the neuroinflammatory response to AD
pathogenesis was highlighted by innate immune genes revealed to be associated with
AD incidence by genome wide association studies, and further corroborated by a
swathe of experimental work investigating relevant functional components of those
genes, especially triggering receptor expressed on myeloid cells 2 (TREM2: a regulator
of microglial inflammation and phagocytosis) (Harold et al., 2009, Lambert et al.,
2009).

Constituents of chronic periodontic infection such as P. gingivalis-derived gingipains
and polysaccharides, are found in human AD brain specimens, and play key roles in
neuroinflammation and cognitive decline (Poole et al., 2013, Dominy et al., 2019).
Lipopolysaccharides from P. gingivalis (pgLPS) have been identified in the
cerebrospinal fluid and hippocampi of patients with AD, and activate microglia, and
exacerbate tau and AP pathology in preclinical models (Liu et al., 2024). Infection
provokes the downregulation of major facilitator superfamily domain containing 2a
(Mfsd2a) expression, which may contribute to increased barrier permeability in rats,
and an in vitro BBB model (Lei et al., 2023). These authors also demonstrated that P.
gingivalis was able to pass through their rat and in vitro BBB models. Although no
viable bacteria have been found in human brains, suggesting that molecules like
gingipains and pgLPS may be transported by other mechanisms from the peripheral
infection (Liu et al., 2024).

Neuroinflammation in AD represents a self-perpetuating cycle, where exogenous
inflammatory triggers and proteinopathies synergize to exacerbate neuronal damage
and vascular dysfunction. It is thought that exogenous inflammatory stimuli acts to
increase AD-risk, while developing proteinopathy acts to magnify neuroinflammation,
creating a vicious cycle. Exogenous factors such as smoking, poor diet, pathogens,
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peripheral infections and chronic stress can promote an increasingly damaging, pro-
inflammatory milieu at early stages of the disease (Paolillo et al., 2023). Early
neuroinflammation is known to provide a ripe environment for tau aggregation and
seeding, but also for amyloid deposition in the parenchyma and vasculature, which
further exacerbates local inflammation (Arnaud et al., 2007, Arnaud et al., 2009,
Chabrier et al.,, 2012). Tau interacts with microglia, astrocytes, and pericytes,
triggering an inflammatory response that propagates neurodegeneration (Montalbano
etal., 2022). Similarly, AP deposition can cause activation of microglia, astrocytes, and
pericytes, inducing a neurotoxic environment that promotes further A} accumulation
and neuronal damage (Chabrier et al., 2012). In the neurovascular unit, cerebral
amyloid deposition causes vascular dysfunction, BBB disruption, and perivascular
inflammation, impairing glymphatic clearance in a way that worsens A} burden and
entrenches dysfunctional neuroinflammatory environments (Kress et al., 2014,
Zlokovic, 2011a). Neuroinflammation has been shown to be a dominant mechanism at
the later stages of the disease, with widespread cortical atrophy, white matter damage,
and neuronal network dysfunction occurring in more widespread brain areas, and also

occurring independent of A and tau pathology (Bélarbi et al., 2012, Leng et al., 2022).
1.2.6 Neurovascular deficits

Neurovascular dysfunction stands as a critical, underappreciated hallmark of AD
(summarised in Figure 1.3), with cerebral amyloid angiopathy (CAA) being its most
striking manifestation (Pantelakis, 1954). While parenchymal AP can cause
considerable damage, In CAA, amyloid deposits accumulate within the
neurovasculature, causing profound barrier dysfunction (Wisniewski et al., 1997). This
pathology is distinct from AD, however is often viewed as an accompanying symptom
considering the intertwined pathologies and how often they are observed in
comorbidity (Cordonnier and van der Flier, 2011). Estimates of the prevalence of
cerebral amyloid angiopathy in AD range from 70% to 98%, decidedly increased from
rates in the general population (Biffi and Greenberg, 2011). CAA typically presents as
AP deposits in the small arteries and capillaries of the cortex and leptomeninges. These
deposits are predominantly composed of AB,o, contrasting to the AP,. found
parenchymally (Herzig et al., 2004, Herzig et al., 2006). This results in
microaneurysms, reduced vessel diameter and perivascular microhaemorrhage, which
can subsequently cause BBB leakage and dysregulation of perivascular drainage
pathways (Vinters et al., 1994, Vinters, 1987, Mandybur, 1986, Zekry et al., 2003). A
quarter of AD patients show severe CAA, while half of those who die from CAA-related
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haemorrhages also show neuropathological AD (Jellinger, 2002, Ellis et al., 1996).
Additionally, microbleeds are observed in AD patients more than any other dementia
(Cordonnier et al., 2006). While not observed in all AD patients, research implicating
the presence of CAA with higher impairment in AD patients underscores its
pathological significance (Pfeifer et al., 2002, Neuropathology Group of the MRC
CFAS, 2001). Extravasation of blood-derived molecules like albumin,
immunoglobulins and prothrombin have been observed, associating to various
amyloid forms, in the microvascular portions of post-mortem AD brains (Wisniewski
and Kozlowski, 1982, Wisniewski et al., 1997), with prothrombin levels positively
correlated with the Braak staging of the patient (Zipser et al., 2007). Aberrant
endothelial tight junction expression and localisation are also observed in post-
mortem brain samples, mice models, and in vitro following exposure to pathogenic
amyloids (Carrano et al., 2012, Kook et al., 2012, Marco and Skaper, 2006).

%
A
LPS . 1
ecC!

ps Q
Blood = QD @ P-gp ‘

/TLR4

§ Occludin
Pro-inflammatory Monocyte & é * TJEQ:]O” Claudin 5
cascade T-cell o { i 01

Basement membrane )

Cerebral amyloid angiopathy
ngh ABAU, low AB42 * *

extravasation

Adherens PECAM-1
junction  VE Cadherin

‘ GLUT1
v

v
4
Reduced
77 e e clearance

AB monomer A oligomer AB plaque
Parenchymal AB deposition Astrocyte
\ — 2& — High ABuc, low ABs, AQP4

Figure 1.3: Alzheimer’s disease-related pathology at the
neurovascular unit. Key pathological hallmarks include: Loss and
disruption of junctional proteins, Increased paracellular permeability,
reduction in transporter (GLUT-1) expression, bacterial endotoxins interacting
with TLR4 to induce degradation and loss of pericytes, activation of astrocytes,
mislocalisation of AQP4, increased parenchymal AP deposition, cerebral
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amyloid angiopathy, P-gp dysfunction, reduced glymphatic clearance,
disrupted basement membrane proteins. Created in Biorender
(https://BioRender.com), with significant modifications to the template from
Delrose (2024). Abbreviations: ApB: Amyloid B, AQP4: Aquaporin 4, ecLPS:
lipopolysaccharide from E. coli, GLUT-1: Glucose Transporter 1, P-gp: P-
glycoprotein, PECAM-1: Platelet Endothelial Cell Adhesion Molecule-1, pgL.PS:
lipopolysaccharide from P. gingivalis, TLR4: Toll-like Receptor 4, VE cadherin:
Vascular Endothelial Cadherin, VEGF: Vascular Endothelial Growth Factor,
Z0O-1: Zonula Occludens-1.

A key early feature of Alzheimer’s pathology is the breakdown of the BBB, driven in
part by dysfunctional endothelial transporter biology. Studies note reduced expression
of the BBB glucose transporter, GLUT-1, in AD patients and mouse models, where it
can result in microvascular degeneration, reduced tight junction protein expression,
accelerated AP pathology and extravasation of blood components (Harik, 1992,
Horwood and Davies, 1994, Mooradian et al., 1997, Merlini et al., 2011, Hooijmans et
al., 2007, Winkler et al., 2015). Using magnetic resonance imaging (MRI), an age-
dependent breakdown of the hippocampal BBB was shown to occur in living AD and
MCI patients as opposed to healthy controls, and this breakdown correlated with
measures of pericyte injury (Montagne et al., 2015). Efflux transporters like LRP1 have
the ability to actively transport A out of the parenchyma, and its expression is reduced
in AD patients, which has been shown to interrupt AP clearance in an inducible LRP1
deletion mouse model (Shibata et al., 2000, Deane et al., 2004, Storck et al., 2016).
Recently, it was shown in mice that LRP1 loss results in activation of the cyclophilin
A—MMP-9g pathway, causing tight junction loss and barrier dysfunction that could be
rescued by cyclophilin A inhibition (Nikolakopoulou et al., 2021). Expression of the P-
gp transporter is reduced surrounding A plaques, and degraded by A0, which has
been shown to impair adequate AP clearance (Park et al., 2014, Hartz et al., 2016,
Cirrito et al., 2005).

Chronic neuroinflammatory states brought on by neurovascular exposure to
infections, contribute to neuronal apoptosis and cognitive decline in AD
(Charoensaensuk et al., 2021). Pro-inflammatory cascades elicited by bacterial
substituents such as LPS, and gingipains from P. gingivalis, can promote vascular A
accumulation through the endothelial upregulation of receptor for advanced glycation
end products (RAGE) (Zeng et al., 2020). Mechanistically, pgLPS activates TLR4
signalling, driving release of pro-inflammatory cytokines like IL-6 and CCL2, via the
NF-kB pathway, further amplifying cytokine production and endothelial dysfunction
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(Kim et al., 2023, Xie et al., 2020, Sato et al., 2021). pgLPS exposure also impairs tight
junction protein expression, leading to increased permeability in human vascular
endothelial cells, a key feature of BBB breakdown in AD (Zhang et al., 2013). Infection
with Escherichia coli and its isoform of LPS (ecLPS) also generates a TLR4-mediated
pro-inflammatory neurovascular environment, that can exacerbate AD-related
neuroinflammation (Zhan et al., 2016). While ecLPS is most commonly used in
neuroinflammatory modelling due to its strong response, P. gingivalis may be more
relevant for AD (Qiu et al., 2021).

Neurovascular implications in AD also involve significant pericyte dysfunction. At
homeostasis, pericytes can influence glymphatic flow by modulating the expression
and localisation of water channels on astrocytes, through the PDGF-BB signalling
pathway (Simon et al., 2022). This glymphatic pathway is the main mechanism of
removing waste from the CNS, thus representing a critical protective function of
pericytes. APOE4 carriers and AD patients harbour pericytes with disorganised
ultrastructural features, that cover less of the vasculature, which can impair the waste
clearance function of these cells (Sengillo et al., 2013b, Halliday et al., 2015, Farkas
and Luiten, 2001, Baloyannis and Baloyannis, 2012). Accumulation of AD-related
proteinopathy is seen in human and rodent AD brains, and pericytes subsequently
upregulate LRP1 and other receptors such as the low density lipoprotein receptor
(LDLR) (Zenaro et al., 2017, Ma et al., 2018). The capillaries of AD patients are
constricted by pericytes, lowering cerebral blood flow (Nortley et al., 2019) and
reduced pericyte coverage of the neurovasculature is observed in AD brains,
correlating with barrier disruption, causing accelerated parenchymal and vascular
amyloid deposition, and impairing clearance of AB4, and AB,4. (Sengillo et al., 2013a,
Sagare et al., 2013).

Astrocyte dysfunction plays another crucial role in the neurovascular impairments
associated with AD. AD patient brains express aberrant levels of astrocytic GFAP and
AQP4, also showing a mislocalisation of AQP4 (diffuse rather than predominantly at
perivascular endfeet) that correlates with Braak stage and AP pathology (Wilcock et
al., 2009, Zeppenfeld et al., 2017, Yang et al., 2011). This aberrant astrocytic AQP4
phenotype also impairs the cerebrospinal fluid-mediated clearance of toxic solutes
(including AB) from the interstitial fluid through the drainage pathways (Iliff et al.,
2012b). Before widespread AP burden, mice harbouring the Swedish and Arctic APP

mutations exhibit increased astrogliosis, coupled with increased vascular laminin
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deposition. In areas flanking CAA and parenchymal AP, astrocytes retract their endfeet
leading to neurovascular uncoupling, and barrier dysfunction (Merlini et al., 2011).

Neurovascular components also interact with tau pathology, and other risk factors like
APOE4. Mice expressing a mutant tau isoform show dysfunctional neurovascular
coupling that precedes cognitive impairment and neurofibrillary tangle pathology
(Park et al., 2020). This dysfunction involves a decoupling of postsynaptic density 95
(PSD95) and neuronal nitric oxide synthase (nNOS), reducing vasodilatory nitric
oxide release and impairing vasodilation. In addition to cellular effects, the acellular
BM also undergoes thickening in AD brain capillaries, and a range of BM proteins are
overexpressed in subclinical and clinical AD patients (Farkas and Luiten, 2001,
Lepelletier et al., 2017). APOE4 genotype is also a risk factor for CAA, and has been
shown to affect the binding of A with laminin, which is involved in AP clearance
through the perivascular pathway (Howe et al., 2020).

While recent years have seen an increase in focus on the neurovascular influence on
AD pathology, there are still gaps in our understanding. The mechanisms by which P.
gingivalis and its endotoxins modulate vascular inflammation cascades remain poorly
understood, particularly in the context of their differential effects compared to other
bacterial endotoxins. Additionally, the potential synergy between bacterial-induced
neuroinflammation and isoform-specific AP deposition phenotypes has not been
systematically investigated. The lack of physiologically relevant in vitro models
capable of capturing these complex host-pathogen interactions limits our ability to
study them in controlled, human-relevant contexts.

1.2.7 Treatment

While the hallmarks of the disease have been heavily researched, there are still many
unanswered questions, and no widely accepted disease-modifying treatment available
to patients (Gauthier et al., 2016). Over 3300 clinical trials have taken place to develop
therapies for AD, yet only a few have gain approval by the United States Food and Drug
Administration (FDA) or the Australian Therapeutic Goods Administration (TGA)
(Xiao and Zhang, 2024, Cummings et al., 2024). Besides the recent flurry of anti-Ap
antibody therapies, all of these are symptomatic therapies that do nothing to alter the
disease course. These therapies are: memantine, donepezil, rivastigmine, and
galantamine (Yiannopoulou and Papageorgiou, 2020). Memantine is an NMDA
receptor antagonist, the only therapy with positive effects at later stages of the disease,
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offering some improvements in global function by reducing glutamate-induced ion
flux (Tricco et al., 2018, Matsunaga et al.,, 2015). The other three drugs are
acetylcholinesterase inhibitors, which slow the onset of cognitive symptoms but only
during earlier stages of the disease course (Kumar et al.,, 2015). Aside from
pharmacological intervention, other non-disease-modifying strategies for AD
management include: cognitive behavioural therapy, exercise, music therapy and
environmental management e.g. clear communication, pleasurable activities and

simplification of routines (Na et al., 2019, Atri, 2019).

The last few years have seen an influx of anti-Ap monoclonal antibody therapies. While
aducanumab, lecanemab and donanemab have received FDA approval, many
challenges remain before we can confidently combat this disease (Ramanan and Day,
2023, Li et al.,, 2023a). Aducanumab showed disputable reductions in cognitive
decline, and was discontinued after the United States Medicare system refused to
cover the therapy, citing a low standard of proof upheld by the FDA (Dyer, 2024).
Subsequently, both lecanemab and donanemab elicited a significant reduction of Af3-
load in most patients. In the case of lecanemab, patients also showed reductions in tau
pathology and some slowing of cognitive decline (approximately 25% slower cognitive
decline over the 18 month trial). In the TRAILBLAZER-ALZ 2 trial investigating
donanemab, patients saw an average 29% reduction in cognitive decline in patients
with at least intermediate tau pathology, and evidence of considerable amyloid
clearance (Sims et al., 2023).

The effectiveness of these drugs, especially compared to their risk profiles, has been
hotly debated, with many pointing out that slim effect sizes and conditional efficacy
sharply limit the clinical significance of these therapies (Hgilund-Carlsen et al., 2024).
A wide range of consequences further highlight the need for continued development,
including the high prevalence of cerebral edema and microhemorrhages (termed
amyloid-related imaging abnormalities), contraindication with anticoagulant
medications, increased risks for APOE4 carriers, excessive financial costs and the
health risks and logistical challenges of regular infusion frequencies. It has also been
postulated that reductions in amyloid-PET signal may be reflective of therapy-related
tissue damage, rather than true disease modification (Hgilund-Carlsen et al., 2024).

While a formidable body of research has interrogated cellular pathology in AD, we are
still left with a noticeable lack of viable disease-modifying treatments. A key reason for

21



this is the lack of in vivo and in vitro models that accurately recapitulate AD pathology,
crippling the effectiveness of therapeutic discovery efforts (Liu et al., 2019, Pound and
Ritskes-Hoitinga, 2018, McGraw et al.,, 2017). Particularly, the absence of
neurovascular components in these models, and the limited recognition of the
neurovascular unit’s role in Alzheimer’s disease pathogenesis, hinders understanding
of multicellular pathomechanisms (Zlokovic, 2011a). To complement in vivo models
of CNS disorders, there is a pressing need for advanced in vitro models that faithfully
integrate the multicellular pathology and 3D microenvironment essential for
accurately capturing disease mechanisms and informing therapeutic discovery.

1.3 Alzheimer’s disease modelling

1.3.1 In vivo models

In order to efficiently model and screen drugs for CNS diseases like Alzheimer’s
disease, it is important to use models that accurately and reliably recapitulate the
human disease, including incorporation of the neurovascular unit (Table 1.1). Ethical
issues preventing invasive human (or non-human primate) experiments combined
with the lack of effective, non-invasive imaging tools, force researchers to use other
non-human animals to test the efficacy of drugs intended to treat the disease in
humans (Drummond and Wisniewski, 2017). While some research is conducted using
invertebrates like worms (Caenorhabditis elegans), flies (Drosophila melanogaster)
or zebrafish (Danio rerio) the majority of in vivo AD studies are conducted in rodent
models, due to their advantageous balance between genetic similarity to humans,
behavioural complexity and experimental ease (Sosa et al., 2011). Often constructed
by engineering genetic mutations in the APP, PSEN1 or PSEN2 genes, these mice
present with faulty amyloid processing, Ap deposition, and some AD-like phenotypes
(e.g. abnormalities in cognitive function and memory) (Gotz et al., 2018).

Mice deficient in, or overexpressing the human APP gene were initially used to
understand the role of this protein in neurophysiology (Buxbaum et al., 1993, Takei et
al., 2000, Zheng et al., 1996). Mice expressing AD-relevant mutations in human APP
and PSEN1/2 were then developed, such as the Swedish (APP, K670N/M671L),
London (APP, V717F) and Finnish (PSEN1, M146L) mutations (Echeverria et al.,
2004). These rodents show cognitive decline before neuron loss, as well as calcium
dysregulation, excitotoxicity and progressive increase in AB4.-load (Schaeffer et al.,
2011, Morrissette et al., 2009, Mattson et al., 2001, Sawamura et al., 2000, Oyama et

al., 1998). Unfortunately, these models do not exhibit appropriate AP plaque or tau
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pathology, limiting their legitimacy (Gotz et al., 2018). However, the face validity of
transgenic rodent models sharply improved upon conferring mice with multiple
pathological mutations. For example, APP-overexpressing mice also exhibiting the
PSEN1 R278I mutation showed AB-depositions significantly earlier than APP single-
mutants (Saito et al., 2011). The 3xTgAD model (including an APP, a PSEN1 and a
MAPT mutation) and 5xFAD model (including the Swedish, Florida and London APP
mutations and two PSEN1 mutations) both show earlier, more aggressive neuron loss,
and greater, more recapitulative AB deposition (Oakley et al., 2006, Kimura and Ohno,
2009, Maarouf et al., 2013). While hyperphosphorylation of tau is observed in some
of these rodent models, the presence of tangles is noticeably absent. The exception is
the 3xTgAD model, which solved this problem, by incorporating a P301L mutation in
the MAPT gene, along with APP and PSEN1 mutations, conferring mice with
neurofibrillary tangle pathology (Oddo et al., 2003). But the disease-relevance of this
model to AD is tangential, as fAD mutations alone are rare in humans (let alone
multiple concurrent mutations), and the P301L mutation is associated with
frontotemporal dementia, not AD (Alberici et al., 2004).

While these models have allowed the interrogation of some pathomechanisms, they
address the familial form of the disease rather than the sporadic form borne by over
99% of patients. Pathogenic phenotypes from fAD mutant rodents are only detected
due to excessive mutation-loads not observed in the human population, and it is
unclear to what degree we can extrapolate these results to the sporadic form. While
research into rodents with genetic risk factors such as APOE4 or TREM2 is plentiful,
the results are only somewhat related to AD, as the risk factors are not fully penetrant
(Zhong et al., 2024).

While the expression of behavioural phenotypes is a stark advantage over in vitro
models, rodent models cannot reproduce characteristic tau pathology without the
introduction of disease-irrelevant mutations, let alone replicate the temporal cascade
of AP deposition, tau hyperphosphorylation, tangle formation, neuroinflammation
and neuronal loss (Gotz et al., 2018). A further disadvantage of animal studies is the
inherent difference in genetic background between the model animal and human,
conferring significant differences in the protein and tissue environments. Novel
advances in in vitro culturing techniques, especially of the neurovascular unit which

is traditionally not incorporated into in vitro drug screening for AD, offer exciting
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progress in addressing widespread validity issues that have hampered therapeutic

development and disease modelling.

Table 1.1: Summary of experimental systems for CNS modelling.

2D In Vitro Models In Vivo Models Human 3D /n Vitro Models
®

1

v
Experimental Ease/Speed High Low High
In Vivo Cell Morphology Medium High High
Multi Cell-Cell Interactions Low High High
Disease-Relevant Phenotypes Low Low High

1.3.2 Invitro models of the neurovascular unit
1.3.2.1 Standard models

Compared to in vivo research, in vitro studies allow tight temporal control of
experimental perturbations, and swift sample generation due to the relative ease of
maintaining 2D cultured cells. They also provide the opportunity for larger sample
sizes with higher throughput availability, and more complex molecular analyses
prohibited by ethical considerations in animals. Additionally, usage of human-derived
cell types is possible, giving experimenters confidence that any cell-intrinsic

interactions are more species- and disease-relevant (Table 1.1).

There are two main types of cell lines used in classical in vitro modelling: immortalised
and primary cell lines. Immortalised cell lines such as the human cerebral
microvascular endothelial cell/D3 line (hCMEC/D3; CMEC) is a commonly used
immortalised brain microvascular endothelial cell line that offers a convenient and
reproducible model for BBB studies, though it may not fully replicate the complexity
of in vivo endothelial cells (Weksler et al., 2013). Immortalised astrocytes and
pericytes do exist (such as those immortalised using SV40 Large T antigen), but the
human primary versions of these cells tolerate lab culturing and extended passage
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numbers well, so are preferable due to their lack of genetic modification (Brown et al.,
2023, Zhang et al., 2016).

Primary cell lines possess a variety of advantages over immortalised cell lines. While
ongoing culture of human neurons is impractical due to their post-mitotic nature and
the invasive procedures required to harvest them, neurons from rodents are
commonly harvested and cultured, however cannot be passaged, and are often used in
mixtures with other cell types due to incomplete purification. There are commercial
sources of human astrocytes (Lonza), pericytes (HBVP, ScienCell), and brain
microvascular endothelial cells (HBMEC, ScienCell), although HBMECs are
particularly sensitive to extended culturing. For these reasons, experimentation on
endothelial cells often use immortalised cells (CMECs) or primary cells extracted from
the fetal umbilical vein (HUVECs). Immortalised and primary lines provided a useful
basic platform to probe cellular behaviours with relative ease and high throughput.
However, even primary cell lines have problems, such as a lack of tissue-specific
properties, non-representative responses to microenvironmental cues, and
inappropriate cell age for aged-disease modelling (e.g. the aforementioned primary
astrocytes and pericytes are extracted at a fetal stage) (Brown et al., 2013).

1.3.2.2 1PSCs

In 2006, four transcription factors (OCT3/4, SOX2, KLF4 and c-MYC) were delivered
into mouse fibroblasts to produce the first induced pluripotent stem cells (Takahashi
and Yamanaka, 2006). These cells mimic the self-renewal and differentiation capacity
of embryonic stem cells, but replace the invasive retrieval of embryonic material with
less-invasively retrieved adult somatic cells (e.g. skin fibroblasts or peripheral blood
mononuclear cells). Next, this process was reproduced in human fibroblasts
(Takahashi et al., 2007a) and other human cell types (Staerk et al., 2010, Aasen et al.,
2008, Zhou et al., 2012). These advances were quickly followed by successful directed
differentiating towards a wide variety of terminal cell types (Burridge and Zambidis,
2013, Huang et al., 2014, Kadzik and Morrisey, 2012, Spence et al., 2011). These novel
methods provided scalable generation of large numbers of cells, access to hitherto
inaccessible human cell types (e.g. neurons and other brain cells) and the potential
observation of patient- and genome-specific phenotypes.

For the purpose of neurovascular research, efficient derivation of endothelial cells,
pericytes and astrocytes is imperative. iPSC-derived brain microvascular endothelial
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cells (iBMECs) were first derived by initial differentiation into a mixed
neural/endothelial culture, before subsequent selective purification onto a fibronectin
and collagen IV-coated surface (Lippmann et al., 2012b). Since then, the protocol has
been improved by the addition of retinoic acid to differentiation media enhancing
barrier properties (Lippmann et al., 2014b), while replacing serum with B27 (a defined
mixture of vitamins, antioxidants, lipids, and growth factors) increased derivation
consistency and provided full definition of media components (Neal et al., 2019).
Efficient, fully-defined pericyte differentiation from iPSCs was first performed by
Orlova et al. (2014) using mesoderm-inducing factors (such as CHIR99021) to
enhance lineage commitment before vascular specification. Current methods employ
a similar structure, with successful derivation along both mesodermal and neural crest
lineages being achieved (Faal et al., 2019). Astrocytes originate from radial glia which
are progenitor cells from the developing brain that guide neuronal migration (Cheslow
and Alvarez, 2016). The derivation of astrocytes involves first deriving neural
precursor cells (NPCs) by the initial generation of aggregated embryoid bodies,
subsequent neuronal patterning into neural rosettes, before selection of NPCs
(Chambers et al.,, 2009). Subsequently, extended culture in proprietary astrocyte
medium, was shown to effectively differentiate NPCs towards functional astrocytes
(Tew et al., 2017).

1.3.3 2D neurovascular models in Alzheimer’s disease research

A consideration when developing in vitro cultures for AD modelling is to recognise the
contribution of all cell types in the pathobiology of the disease. While the neuronal
pathology of AD is most widely documented, astrocytes, microglia, oligodendrocytes,
endothelial cells and pericytes are all involved in the degenerative pathway.
Experimental models of AD designed around non-vascular cells have been reviewed
extensively elsewhere (Mungenast et al., 2016, Karmirian et al., 2023, Pinals and Tsali,
2022). Of the cell types, neurovascular components have received significantly less
attention, yet have been shown to contribute heavily to disease processes (Nortley et
al., 2019, Li, 2023, Liddelow et al., 2017).

Simple 2D neurovascular models involving immortalised or primary endothelial
monolayers have been widely used to assess BBB integrity. Transwell systems,
featuring semipermeable membranes, facilitate these studies by enabling luminal and
abluminal cell seeding, allowing assays such as transendothelial electrical resistance
(TEER), dye permeability, and immunofluorescent localization (Adil and Somanath,
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2021). These models are easy to use, cost-effective, and scalable to high-throughput
formats. For example, Ni et al. (2017) used CMECs to show that exposure to TNF-a
increased barrier permeability to dextran, while also decreasing TEER. In another
study, transwell-cultured CMECs were used to demonstrate that AB can induce BBB
permeability, and that somatostatin can abrogate this effect by regulating LRP1,
suggesting potential therapeutic effect (Paik et al., 2019). The transwell model is also
amenable to co-culture configurations, with Zhang et al. (2011) showing primary rat
astrocytes modulate the behaviour of primary mouse endothelial cells, reporting more
representative TEER, permeability and tight junction expression than 2D
monocultured endothelial cells. Conditioned media from non-iPSC-derived 2D
vascular cultures have also been interrogated for relevant secreted molecules (Smyth
et al., 2018). 2D cultured HUVECs and CMECs have shown similar but distinct protein
secretion profiles, identifying a number of chemoattractants relevant for angiogenesis,
cell motility and inflammation (Schmidt et al., 2009). Primary human pericytes have
similarly been investigated, showing that some transcriptionally upregulated
cytokines were downregulated at the protein level, and that co-culture with CMECs
triggered the upregulation of proteins such as angiopoietin-1, bFGF, thrombospondin-
1, osteopontin, PDGF-AB/-BB and IGFBP-3 (Kurmann et al., 2021).

When these 2D methods are used with human iPSC-derived cells, physiologically-
relevant functional properties are better demonstrated, and relevant genetic
contributions can be delineated. iBMECs derived from controls, and familial AD
patients with mutations in PSEN1 or PSEN2 showed differences in barrier function,
that correlated with dysfunctional tight junctions and lower efflux pump activity (Raut
et al.,, 2021b). These pathological iBMECs also showed elevated Af4o secretion
compared to control iBMECs. Rieker et al. (2019) characterized the secretory profiles
of iPSC-derived endothelial cells, demonstrating significantly elevated levels of
inflammatory cytokines, including IL-1a, IFNy, ENA-78, and Kallikrein 3, in isogenic
cell lines harbouring the APOE4 allele compared to those with APOE3. While the
secretory profiles of in vitro astrocytes have been characterised more widely (Sullivan
et al., 2024, Lopez-Teros et al., 2024), further studies investigating the basal cytokine
secretion of human iPSC-derived endothelial cells and pericytes need to be performed
due to derivation method differences and genetic variability of iPSC lines. Other recent
investigations into various pathogenic implications of APOE in 2D, isogenic iBMECs
have been performed (Ding et al., 2024, Blanchard et al., 2020). Ding et al. (2024)
demonstrated that iBMECs with different APOE genotypes have similar barrier
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permeability and transport properties, but transwell barrier models generated with
APOE4 iBMECs exhibit heightened amyloid clearance and deposition. The extent to
which APOE genotype interacts with inflammatory stressors and altered Af isoform
dynamics, remains largely unexplored. Given the multifactorial nature of AD
pathogenesis, further investigations incorporating multicellular, physiologically-
relevant models are necessary to fully elucidate the mechanisms linking APOE
genotype, neurovascular inflammation, and AP pathology.

Unfortunately, the 2D substrates used for in vitro experimentation provide a
significantly different environment to the 3D, soft, highly functionalised, multicellular
milieu that a living brain cell exists in. Adherence to a stiff, solid surface creates
experimental artefacts such as inappropriate release of inflammatory markers,
improper morphology, alterations in proliferation and viability and other structural
and functional changes (Costa et al., 2016, Langhans, 2018). To combat this, recent
studies have involved cell culture within various 3D matrices to provide in vivo-like
physicochemical stimuli and a larger range of motility (Chaudhuri, 2017, Watson et
al., 2017).

1.3.4 Current 3D, iPSC-based neurovascular models

In comparison to classical 2D culturing, 3D culturing better mimics the biochemical
and biomechanical properties of in vivo tissues (Table 1.1). The field of 3D culturing
encompasses a diversity of methods including: free floating spheroids and organoids,
manually encapsulated ECM-based cultures, bioprinted ECM-based cultures and chip
systems (Table 1.2). The best models of the neurovascular unit aim to combine iPSCs,
3D culturing and bioprinting, to provide more relevant in vitro environments that

better recapitulate complex neurovascular disorders like AD.
1.3.4.1 Floating organoid and spheroid models

Spheroids are conglomerates of terminal cells (Nzou et al., 2020a) or actively
differentiating cells with limited potency, like the multipotent neural progenitor cells
in the neurospheres cultured by Jorfi et al. (2018). This lack of control of cellular
composition also presents as underrepresentation of glia and vasculature, creating
potentially unrepresentative constructs (Pasca et al., 2015, Shoemaker et al., 2021). In
a self-assembling floating culture model, spheroids consisting of primary human
astrocytes, pericytes and endothelial cells have displayed high levels of tight junction
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Table 1.2: 3D neurovascular modelling techniques. Abbreviations: BBB: Blood Brain Barrier; ECM: Extracellular
Matrix.

Model Type

Description
Aggregates of terminally

Advantages
Supports natural cell-cell

Limitations
Lack of controlled cellular

Example Studies
Nzou et al., 2020; Jorfi

. differentiated or progenitor interactions, multicellular, and composition, limited etal., 2018;
Spheroids . ) - e Shoemaker et al.,
cells some BBB functionality vascularization, diffusion-limited 2021
oxygen and nutrient supply
Self-organizing, stem cell- Captures complex differentiation, | High variability, lack of functional | Lancasteretal., 2013;
' derived aggregates long-term culture potential, forms | vasculature, expensive, diffusion- | Pellegrini etal,, 2020;
Organoids . . . o . Sun etal., 2024
discrete brain regions limited oxygen and nutrient supply,
labour-intensive
s Cells encapsulated within Tunable properties, better Batch-to-batch variability, manual | Blanchardetal,,
Manual natural or synthetic ECM-like structural support than free- seeding reduces reproducibility 2020; Majumder etal.,
. . o 2024
Hydrogels / hydrogels using non-automated | floating models and scalability
processes
Automated deposition of Tunable properties, reproducible, | Requires optimization for fragile Yeeetal.,, 2024;
Bioprinted bioinks containing cells and precise spatial control, scalable | cell types, some bioinks lack Utama etal,, 2021;
. . . . Jungetal., 2022
Hydrogels hydrogel componentsin for drug discovery functional complexity
=VEEAN defined architectures
Perfusable microchannels often | Mimics vascular flow, enables co- | Low scalability, specialized Fé_ngler etal., 2022;
Microfluidic TR 2 | incorporating other culture with precise control over | equipment, can oversimplify E'jze” et al‘{ 2?23622
Chips "/—\" neurovascular components microenvironment neurovascular complexity urosawaetat.,
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expression, efflux pump activity, receptor-mediated transcytosis, and demonstrated
VEGF-dependant, in vivo-like permeability to drugs (Cho et al., 2017). Diffusion
limitations in spheroids, as shown in Nzou et al. (2018), create hypoxic cores due to
inadequate oxygen and nutrient penetration into the spheroid’s interior. Another from
this group, incorporates 6 cell types (endothelial cells, pericytes, astrocytes,
oligodendrocytes, microglia and neurons) in a “staged-assembly” model that
generated a highly impermeable barrier. Upon hypoxic insult, the barrier’s
permeability was significantly increased, including the release of pro-inflammatory
cytokines and oxidative stress mediators (Nzou et al., 2020a, Nzou et al., 2018).

Cerebral organoids, on the other hand, are grown from pluripotent cells resulting in
complex self-organisation less impeded by experimenter-intervention (Lancaster et
al., 2013, Lancaster and Knoblich, 2014). Discrete brain features such as cortical
layers, hippocampal structures, and choroid plexus-like areas have been shown to
emerge in cerebral organoids (Pellegrini et al., 2020, Quadrato et al., 2017). Since their
introduction, cerebral organoids been generated with varied arrays of cell types,
striking culture longevity and human brain-like electrochemical properties (Velasco et
al., 2019, Trujillo et al.,, 2019, Hendriks et al., 2024). The lack of functional
vascularization is a major weakness of this method, limiting nutrient and drug
diffusion, but recent advances like co-culturing with endothelial cells and synthetic
vascular networks offer promising areas of research (Lee et al., 2016, Nwokoye and
Abilez, 2024). Stankovic et al. (2024) reported that schizophrenia patient-derived
organoids exhibited altered endothelial inflammation pathways measured by single
cell RNA sequencing, and PECAM-1-positive vessels that were longer and more
permeable, revealing distinct vascular and inflammatory defects compared to control
organoids. Using mesenchymal stem cells to support fused neural and endothelial cell
spheroids elicited neurovascular tissues with enhanced expression of genes and
proteins related to matrix remodelling, BBB integrity and mature cortical patterning
(Song et al., 2019). These authors also investigated different cell type ratios, finding
that a 1:2:3 ratio of neural:endothelial:mesenchymal cells optimised neurovascular
interactions, corroborating some measures of neuron-astrocyte ratios (Canfield et al.,
2017). On the other hand, Sun et al. (2024) created vascularized brain assembloids by
combining forebrain organoids with myeloid progenitors HUVECs, demonstrating
enhanced maturation characteristics. When using human tauP301S-mutant iPSCs,
these assembloids displayed elevated total and phosphorylated tau levels, altered
microglia morphology, astrocytic activation, and an altered neuroinflammatory
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cytokine profiles, offering a robust model to investigate tauopathy. While certainly a
significant disease modelling tool, structural differences, cell-type/size variability,
scalability, high costs and technical imaging methods hinder the applicability of
organoids to drug discovery efforts (Andrews and Kriegstein, 2022).

Despite their advancements, floating aggregate models have significant limitations.
The lack of perfusion prevents replication of in vivo flow dynamics, leading to
immature vasculature and weak barrier properties. Significant heterogeneity in size
and composition harshly limits reproducibility, and prolonged cultures risk necrotic
core formation due to poor nutrient and oxygen diffusion, reducing their utility for
long-term studies.

1.3.4.2 Manual hydrogel-based models

Hydrogel-based 3D cultures are used to encompass cells within a substance that
mimics the native ECM. While the chemical and mechanical properties of the model
are determined by the interactions and secretions of cells in free-floating 3D cultures
(like organoids and spheroids), hydrogel cultures can be tuned by dilution or
modification of the hydrogel composition. These gels generally involve a hydrophilic,
polymeric structure, allowing incorporation of water molecules that facilitate nutrient,
waste and oxygen diffusion (Nguyen and West, 2002). The most commonly used
hydrogel, Matrigel, is a complex, undefined mixture derived from the ECM of
Engelbreth-Holm-Swarm mouse sarcoma cells. Matrigel is lauded for its ability to
mimic the native ECM environment, providing biochemical signals for cell adhesion
and growth, but its non-defined composition introduces batch-to-batch variability,
affecting reproducibility and scalability (Aisenbrey and Murphy, 2020Db).
Contrastingly, synthetic hydrogels can remedy the variability of Matrigel, by
incorporating important functional elements into a fully defined matrix, allowing in
vivo architecture, replicability, full definition of gel composition, and tunable stiffness
to resemble relevant tissue areas (Nguyen and West, 2002, Hynes et al.). This makes
them a better fit for the reproducibility and scalability required for impactful disease
modelling and drug discovery (Papadimitriou et al., 2018). These gels classically
involve an inert polymer backbone, that can be chemically-modified and mixed with
peptides and other molecules to promote cell function and growth (Papadimitriou et
al., 2018). To promote in vivo-like adhesion properties in the in vitro construct,
basement membrane components like collagen IV, fibronectin and laminin are

incorporated with the synthetic hydrogel backbone. This can be achieved using full
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length proteins, or smaller, more specific integrin-binding domains from those
proteins (Schwartz et al., 2015). Peptides sequences like RGD and YIGSR have
commonly added in defined quantities, and have been shown to produce in vivo-like
cell attachment in a wide array of central and peripheral tissue contexts (Flanagan et
al., 2006, Cunha et al., 2011). To overcome scalability and reproducibility challenges,
advanced techniques such as bioprinting are increasingly being employed to construct

complex, in vitro analogues with precise spatial and compositional control.

The contribution of APOE genotype to amyloid pathology was recently described in an
elegant model that encapsulated iPSC-derived endothelial cells, pericytes and
astrocytes into Matrigel (Blanchard et al., 2020). This methodology showed robust in
vivo like structural formation, and significantly increased expression of BBB
transcripts in the triculture, compared to mono and co-cultures. Strikingly, the
authors showed that pathogenic pericytes were necessary for robust Ap accumulation
in APOE4-carrying 3D tricultures. The use of isogenic, patient-derived iPSC lines in
this example is significant, as they provide increased disease-relevance compared to
the more general immortalised and primary lines that are often chosen for
convenience or ease of culture, although many are still constrained by the non-defined
nature of Matrigel (Aisenbrey and Murphy, 2020a, Zeng et al., 2014). In addition to
Matrigel, human neural organoids have also been encapsulated using PEG hydrogels
(Majumder et al., 2024). While this expectedly reduced variability compared to
Matrigel-based organoids, PEG-cultured organoids also showed greater neuronal
diversity, enhanced neurovascular and inflammatory gene expression, showcasing

PEG’s value for creating consistent and functionally enriched neurovascular cultures.

Manual seeding approaches are limited by batch-to-batch variability, labour-intensive
preparation, and inconsistent spatial organization of cells within the hydrogel matrix.
These factors can lead to reduced reproducibility and scalability, hindering their utility
for high-throughput drug screening applications.

1.3.4.3 Bioprinted hydrogel-based models

Bioprinting is the process of using automated, additive manufacturing techniques to
precisely layer bioinks into three-dimensional structures that mimic biological tissues.
This offers precise spatial control over deposition of cells, biomaterials, and growth
factors, however advantages vary between the three main bioprinting methods
microextrusion, stereolithography and inkjet bioprinting. Microextrusion uses
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continuous pressure to extrude bioink through a nozzle, creating stable, scaffold-like
structures that are suitable for tissue engineering but with lower spatial resolution due
to the larger nozzle size (Davoodi et al., 2020). Stereolithography (also known as laser-
assisted printing), uses a focused laser to cross-link bioinks layer-by-layer, providing
high-resolution constructs with fine structural detail, but is inapt for some sensitive
cell culture applications because of laser exposure and bioink viscosity (Stépanovska
et al., 2021, Xiong et al., 2017). Inkjet bioprinting (also known as drop-on-demand
bioprinting) ejects precise droplets of bioink to build up structures. This offers gentler
handling and higher viability of cells, making it suitable for printing fragile or single-
cell suspensions (Davoodi et al., 2020). However, the structural stability of inkjet
bioprinted constructs is lower than microextrusion methods, lacking the strength
needed for larger, load-bearing constructs, limiting its application in some complex
tissue engineering contexts (Weygant et al., 2022). The Rastrum from Inventia Life
Science is one inkjet platform that has enabled the efficient, scalable culture of
hepatocytes and cancer cells (Yee et al., 2024, Utama et al., 2021, Jung et al., 2022).

Some bioprinting approaches facilitate endothelial-organoid co-culture by creating
soft, gelatin methacryloyl (GelMA)-based channel scaffolds that surround a mature
organoid. These HUVEC-lined channels can sprout and infiltrate cortical organoids,
supporting long-term culture (Cadena et al., 2024). This system, however, could only
bioprint approximately 12 constructs per hour, which creates issues with scalability
for drug discovery applications. Other systems, such as drop-on-demand bioprinting
systems such as the Rastrum, are better targeted to generation of reproducible and
scalable solutions for drug discovery (Utama et al., 2021). Using the drop-on-demand
approach of the Rastrum bioprinter, numerous disease- and tissue-relevant cultures
have been achieved, however neurovascular constructs have not been generated (Yee
et al., 2024, Jung et al., 2022).

Despite their promise in drug discovery, bioprinted models also face challenges that
need to be circumvented before their potential can be realised. While platforms like
the Rastrum enable high reproducibility and physiological relevance, bioprinting
fragile stem-cell-derived cells requires careful optimization. Additionally, the choice
of bioink and printing resolution can impact the accuracy of cellular arrangements and
the long-term functionality of tissues.

1.3.4.4 Model-on-a-chips
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Organ-on-a-chip systems, simulate tissue functionality in miniaturized, controlled
environments, using microfluidic channels for fluid flow, and modular compartments
to mimic physical features of the native environment (Piergiovanni et al., 2021).
Adriani et al. (2017, 2015) used a microfluidic device that allowed the development of
a perfusable channel surrounded by an endothelial monolayer, with primary rat
neurons and astrocytes seeded on the abluminal side in a collagen I gel. Endothelial
cells formed a barrier that showed low permeability and tight junction expression, and
neurons showed functional Ca2+ activity and complex neurite branching morphology.
A 3D microvessel model from Jamieson and colleagues showed that co-cultured
pericytes directly contacted iBMECs, with stabilisation of abluminal pericyte
localisation, and physiologically-relevant permeability to Lucifer yellow (Jamieson et
al., 2019). Aspects of AD-induced BBB dysfunction such as increased permeability,
increased reactive oxygen species, decreased junctional protein expression and Ap
deposition was observed in a similar microfluidic model, using a CMEC lined
perfusable microchannel, with Matrigel encapsulated fAD/control neural progenitor
cells (NPCs) in the abluminal compartment (Shin et al., 2019, Choi et al., 2014). This
model was also employed to support the co-culture of iPSC-derived endothelial cells,
pericytes, and astrocytes, yielding perfusable microvascular networks that recapitulate
critical BBB features such as low permeability and dynamic cell-cell interactions
(Campisi et al., 2018).

While these systems provide a richly integrated disease modelling environment, they
are generally ill-equipped to handle experiments where increased throughput are
required, like those inherent in the drug discovery process. Novel formats such as the
Mimetas Organoplate combine high-throughput capability with physiological
relevance, using perfusable microfluidic channels within a standard well-plate format
to replicate neurovascular dynamics and enable precise investigation of barrier
transport mechanisms (Fengler et al., 2022, Gijzen et al., 2020, Kurosawa et al., 2022).
Fengler et al. (2022) utilized human iBMECs in an Organoplate system to create
microvessels capable of performing higher throughput permeability screens, with
primary pericyte conditioned media used to improve iBMEC maturation and barrier
integrity, highlighting the consideration of cell-cell communication in representative
disease modelling. Other comparable cultures have shown a similarly tight barriers, in
addition to significant upregulation of relevant endothelial transporters, and
functionality of active transporters to native substrates (Kurosawa et al., 2022). A new
version of the Organoplate system, the Organoplate Graft, allows the creation of a
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perfusable HUVEC vascular bed which can subsequently vascularise pre-cultured
spheroids/organoids, allowing investigation of chemically-induced and cell-induced
angiogenesis (Russell et al., 2023).

While microfluidic chip systems enable precise control over -cellular
microenvironments and facilitate co-culture setups, they often rely on synthetic
plastics like polydimethylsiloxane which can absorb small hydrophobic molecules,
involve human-engineered channel architectures (rather than cell-defined) and may
oversimplify the complexity of native neurovascular architecture.

1.3.4.5 Overview of the current state

Whilst these advancements in 3D neurovascular culture systems are promising, their
translation into replicable, high-throughput drug screening platforms remains a
significant challenge. Floating models are limited by batch-to-batch variability and the
absence of vascular-like flow, both of which reduces their predictive value. Manual 3D
systems, while often incorporating defined hydrogel matrices, suffer from labour-
intensive preparation and scalability issues. Organ-on-chip devices offer enhanced
control of microenvironmental conditions but require specialized expertise and
equipment, limiting widespread adoption. Current bioprinting approaches, though
capable of precise architectural replication, often lack functional maturity and
consistency. To facilitate translatable high throughput drug discovery and target
identification, a critical next step lies in integrating these advances into a platform that
combines in vivo relevance with reduced experimental variability and automation of
time-consuming manual processes. Furthermore, the application of these models to
study Alzheimer’s disease-related neurovascular pathology remains underexplored,
emphasizing the need for targeted investigations to bridge this gap.

1.4 Overview & Aims

Given the limited availability of scalable, replicable, and high-throughput models that
mimic the neurovascular environment in Alzheimer’s disease, this project will
develop, validate, and interrogate neurovascular pathology with a novel 3D culture
system. Using the Rastrum, a novel 3D bioprinter developed by Inventia Life Sciences,
cells can be accurately and replicably seeded in standard plate formats. The fully-
defined hydrogel encapsulating the cells uses a polyethylene glycol backbone
structure, incorporating matrix metalloprotease-degradable sequences that allow
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cellular remodelling of the extracellular environment. The gel also contains adhesion
peptide sequences and free proteins, that further mimic the in vivo ECM. This
methodology provides a scalable and replicable platform, amenable to higher-
throughput drug-discovery and disease modelling efforts.

Chapter 3 aims to validate the cell identity and functional characteristics of the
endothelial cell and pericyte lines that will be used for this project. 2D
immunocytochemistry is used to ensure that all primary, secondary and iPSC-derived
lines express typical cell-specific markers, while endothelial cells are also tested for
monolayer permeability and trans-endothelial electrical resistance to verify
functionality. Once validated, these models are applied to study the effects of AP,
pgLPS and ecLPS, in order to determine how neurodegenerative proteinopathy and
bacterial endotoxins influence endothelial and pericyte function. While bacterial
contributions to neuroinflammation in AD have been proposed, the specific
interactions between LPS subtypes and the neurovascular unit remain underexplored.
This work aims to fill that gap by investigating how different LPS sources modulate
barrier integrity and cytokine secretion.

In Chapter 4, optimisation of bioprinting parameters and culture conditions is
explored in order to generate a novel, high-quality disease modelling and drug
discovery tool. Alterations in hydrogel stiffness, adhesion peptide composition, media
composition, and Rho-associated protein kinase (ROCK) inhibition are examined in
endothelial cells, pericytes and astrocytes under monoculture and co-culture. Viability
assays and immunofluorescent techniques are used to measure cell health, marker
expression and structural organisation of bioprinted constructs. The resultant
bioprinting platform and is then ready to be used in a context that examines the
disease modelling capability of this model.

Chapter 5 applies this model to investigate AD pathological hallmarks in a novel in
vitro system with high in vivo relevance. By treating CMECs and iBMECs with
combinations of AB40, AB42, pgLPS and ecLPS, we examine the physiological-relevance
of this novel 3D environment and investigate mechanistic questions surrounding the
synergy of neuroinflammatory and AB-induced endothelial pathology. Measured AP 4o
and AP,- deposition patterns echo key isoform-specific differences observed in human
AD proteinopathy, supporting the face validity of this model. Whereas basal cytokine
secretion profiles and junctional expression highlight key differences between
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bioprinted iBMECs and CMECs, informing their suitability for specific modelling
cases, and offering future avenues for iPSC-derived model optimisation. Ultimately,
this thesis bridges critical gaps in neurovascular disease modelling, providing a much-
needed framework for studying neuroinflammation, A deposition, and endothelial
dysfunction in a scalable physiologically-relevant context.
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Chapter 2: Methods

All equipment and reagents were supplied by Sigma Aldrich or Thermo Fisher

Scientific unless otherwise specified. All cells were incubated at 37 °C and 5 % CO.. All

data are presented as mean + standard deviation (SD) unless otherwise specified, and

all statistical analysis was performed in Prism 10 (Graphpad, version 10.4.0).

2.1.

Table 2.1:

Maintenance and identity of iPSCs

iPSC line characteristics.

Abbreviations:

iPSC:

induced

Pluripotent Stem Cell, APOE: Apolipoprotein E, fAD: familial Alzheimer’s
disease, mRNA: messenger ribonucleic acid, PSEN2: presenilin 2. @ Cedars-
Sinai Cell Repository, ® New York Stem Cell Foundation Research Institute, (©

Alzheimer's Disease Research Center, University of California, Irvine.

. Known .. .
Catalogue Age Disease . Origin Reprogramming
Code Sex disease N
name (years) Status . Tissue Method
genetics
. Healthy . . .
CTRo06 CS06iCTR -n2@ | F 82 - Fibroblast | Episomal Plasmid
Control
CS71iCTR- Healthy . . .
CTR71 F 61 - Fibroblast | Episomal Plasmid
20nxx® Control
CS88iCTR - Healthy . . .
CTRS8S8 M 57 - Fibroblast | Episomal Plasmid
nxx@® Control
. Alzheimer's . . .
fADoS8 CS08iFAD -n4® | F 81 Di PSEN2 (N141I) | Fibroblast | Episomal Plasmid
isease
050048- 01- Alzheimer's
fAD948 5094 F 40 . PSEN2 (N1411) | Fibroblast | mRNA
MR- 028® Disease
050950- 01- Alzheimer's
fAD950 5095 F 37 . PSEN2 (N1411) | Fibroblast | mRNA
MR- 079® Disease
ADRCiPS 22 Alzheimer's . L
AD33 F 81 . APOE (€3/¢3) Fibroblast | Sendai virus
Clone 9(© Disease
ADRCIPS 20 Alzheimer's . L
ADg4 F 72 . APOE (e4/¢4) Fibroblast | Sendai virus
Clone 6(© Disease
ADRCIiPS 53 Healthy . .
CTR33 F 76 APOE (€3/¢3) Fibroblast | Sendai virus
Clone 3© Control

iPSC lines (Table 2.1) were obtained through the Cedars-Sinai iPSC Core, New York
Stem Cell Foundation Research Institute or the Alzheimer's Disease Research Center,

University of California, Irvine with approval from the University of Sydney’s

Institutional Biosafety Committee (#17E020). iPSCs were maintained on 8.3 pg/cm2

Matrigel (354230, Corning) with mTeSR1 (85850, Stem Cell Technologies), and were
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passaged using either StemPro Passaging Tool (23181010, Life Technologies) or using
0.5 mM ethylenediaminetetraacetic acid (EDTA; E6758) in phosphate-buffered saline
(PBS; P3813). For the latter method, iPSCs were incubated with 0.5 mM EDTA for 5
minutes until cells begin to separate from each other. Then colonies were detached by
gently, but firmly, expelling media over the surface of the plate before replating.

2.2.  Maintenance of primary and immortalised cell lines

HEK293 cells were cultured in medium consisting of Dulbecco's Modified Eagle
Medium (DMEM; 11995-065) supplemented with 5% fetal bovine serum (FBS;
16000044) and 100 U/mL penicillin/streptomycin (P4333).

CMECs were cultured on flasks and plates coated with 10 ug/mL rat tail collagen type
1 (collagen I, C3867) (or 100 ug/mL for glass substrates and transwell membranes).
CMEC medium consisted of Endothelial Basal Medium 2 (EBM2; CC-3156, Lonza)
supplemented with 5% FBS, 1.4 uM hydrocortisone (Ho135), 5 ug/mL ascorbic acid
(A8960), 1% chemically defined lipid concentrate (L0288), 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; H4034), 1 ng/mL basal
fibroblast growth factor (bFGF; PHG6015). For passaging, cells were detached with
0.25% trypsin/0.53 mM EDTA and spun at 500 g for 5 min.

Human umbilical vein endothelial cells (HUVECs; C2517AS, Lonza) were cultured in
Endothelial Growth Medium 2 (EGM-2; CC-3162, Lonza). Cells were passaged with
0.25% trypsin/EDTA and spun at 200 g for 5 min.

Normal Human Astrocytes (Lonza) were cultured on 8.3 pg/cm2 Matrigel (354230, In
Vitro) in Astrocyte Growth Medium (AGM; CC-3186, Lonza). For passaging, human
astrocytes were detached with accutase (A6964) and centrifuged at 180 g for 5 min.

Human Brain Vascular Pericytes (HBVPs; 1200, ScienCell) were cultured on poly-L-
lysine-coated vessels (2 ug/cm2, P1274) in Pericyte Medium (1201, ScienCell). For
passaging, HBVPs were detached with accutase and centrifuged at 200 g for 5 min.

2.3. 1BMEC differentiation

The protocol for derivation of iPSC-derived brain microvascular endothelial cells
(iBMECs) from iPSCs follows that outlined in Neal et al. (2019) (Figure 2.1). This
involves the initial differentiation into a mixed neural/endothelial culture, and
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subsequent selective purification onto a fibronectin and collagen IV-coated surface
(Lippmann et al., 2012a). Briefly, iPSCs were singularised with accutase, resuspended
in mTeSR1 with 10 uM Y-27632 (In Vitro, RDS12541) and seeded at 15,800 cells/cm?
on 16.6 ug/cm2 Matrigel-coated plates. 24 h later, medium was changed to E6 medium
(A1516401), and changed daily for 4 days. Medium was then changed to human
endothelial serum-free media (hESFM; 11111044) with 0.5% B27 (17504044), 20
ng/mL bFGF and 10 uM all-trans retinoic acid (RA; R2625), and left for 48 h. Cells
were then singularised and plated onto substrates coated with 400 pg/mL collagen IV
(C5533) and 100 pg/mL fibronectin (F1141). 24 h later, RA and bFGF were removed
from the media. Assays were performed 24 h after the removal of bFGF and RA.

mixed neural differentiation brain endothelial specification
EM EM Assay/
mTeSR E6 EM y
+bFGF, +RA +bFGF, +RA continue
day -1 0 4 6 7 8
iPSCs mixed culture plated
plated onto onto fibronectin/
matrigel collagen coating

Figure 2.1: iBMEC differentiation scheme. bFGF: basic fibroblast growth
factor, RA: Retinoic acid, EM: Endothelial medium.

2.4. 1Pericyte differentiation

Derivation of iPericytes follows the protocol outlined in Faal et al. (2019) with minor
modifications (Figure 2.2). iPericytes derived from this method proliferate in response
to PDGF-BB-PDGFRp interactions, contract in response to endothelin-1 and promote
barrier properties of endothelial cells (King et al., 2024, Faal et al., 2019). Briefly,
iPSCs were singularised with accutase, resuspended in mTeSR1 with 10 uM Y-27632
and seeded at 20,000 cells/cm2 on 8.3 pg/cm2 Matrigel-coated plates. 24 h later,
medium was changed to neural crest induction medium consisting of DMEM/F12
(11320033), 1x B27 supplement (17504044), 0.5% bovine serum albumin (A9647), 3
uM CHIR99021 (SML1046) and 1x Glutamax (35050061), and changed daily. On day
5, cells were switched to Pericyte Medium without passaging (Lonza, 1201), and
cultured for at least 5 days for differentiation into pericytes.

neural crest differentiation pericyte differentiation
. - . . . Freeze/
mTeSR Neural crest differentiation media Pericyte medium .
continue
day -1 0 5 10
iPSCs
plated onto
matrigel

Figure 2.2: iPericyte Differentiation scheme.
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2.5. 1Astrocyte differentiation

The protocol for NPC derivation follows that outlined in the STEMdiff Neural System
Kit (Stem Cell Technologies), then for derivation to astrocytes, the protocol from Tcw
et al. (2017) was used (Figure 2.3). iAstrocytes derived via this method secrete
cytokines in response to inflammatory stimuli, undergo phagocytosis and promote
microglial phagocytosis (Tcw et al., 2017, Sullivan et al., 2024). They also display a
similar RNA landscape to human fetal astrocytes (Sullivan et al., 2024). iPSCs were
cultured in mTeSR1 supplemented with 10 ng/mL FGF2 Stembeads (StemCultures,
SB500). On day 0, cells were dissociated with Gentle Cell Dissociation Reagent (Stem
Cell Technologies, 07179), centrifuged at 300 g for 5 min, resuspended in STEMdiff
Neural Induction Medium (Stem Cell Technologies, 05835), and plated in an ultra-
low attachment U-well plate (CLS7007) at 9000 cells/well for embryoid body
formation. On day 5, 10-12 embryoid bodies were transferred onto a 8.3 ug/cm?2
Matrigel-coated 6-well plate, using sterile, wide-bore pipette tips. On day 14, after the
formation of neural rosettes, 1 mL of STEMdiff Neural Rosette Selection Reagent
(Stem Cell Technologies, 05832) was incubated with cells at 37 °C for 70 min. Rosettes
were then dislodged using DMEM/F12 (10565) and centrifuged at 350 g for 5 min.
Rosettes were plated on 8.3 pg/cm2 Matrigel-coated plates in STEMdiff Neural
Induction Medium and 24 h later this was changed to NPC medium (DMEM/F12, 1x
N2 (Life Tech, 17502-048), 1x B27 -RA (Life Tech, 12587-010) and 20 ng/mL bFGF)
for differentiation into NPCs. After 4 days, NPCs were passaged with accutase,
centrifuged at 500 g for 5 min, then seeded at 15,000 cells/cm? onto 8.3 pg/cm2
Matrigel coated plates. 24 h after, medium was changed to Astrocyte Medium
(ScienCell, 1801) and cells were cultured for 4 weeks to obtain full differentiation.

embryoid body formation neural rosette development iNPC expansion

. . Expand/
mTeSR I NIM NIM | iINPC medium P
U-bottom plate freeze
day -1 0 5 14 15
iPSCs Embryoid bodies Neural rosettes
plated onto plated onto plated onto
U-bottom plate matrigel matrigel
astrocyte differentiation
NPC .
) AM Culture for at least 28 days in AM
Medium

day -1 0
iNPCs
cultured on
matrigel
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Figure 2.3: iAstrocyte differentiation scheme. Abbreviations: NIM:
Neural induction medium, iNPC: iPSC-derived neural progenitor cell, AM:
Astrocyte medium.

2.6. 3D bioprinting

3D bioprinting was performed using the Rastrum bioprinter (Inventia Life Sciences
(ILS)) as per the manufacturer’s instructions. After successful greenlighting of the
bioprinter, inert base activator (F3, ILS), inert base bioink (F32, ILS) and cell bioink
(1.1kPa: F226; 1.5 kPa: F203; ILS) were added to the printer cartridge. During priming
and printing of the inert base layer, cells were dissociated, centrifuged and
resuspended in a 50:50 mix of activator solution (F205, ILS) and 6 mg/mL collagen
IV in PBS (C5533, final plate concentration = 1.5 mg/mL) and added to the cartridge.
Cell-laden gels were printed using the “Imaging plate model” or “Large plug” protocol
in 96-well Phenoplates (Revvity, 6055300). This process prints one drop of bioink
onto the well followed by an equivalent drop of activator-cell mixture to initiate
gelation. Cell-type-specific parameters are described below.

2.6.1. Bioprinted human astrocyte monocultures

After singularisation and centrifugation using standard protocols, human astrocytes
were resuspended at 5 x 10°¢ cells/mL, for a final density of 2.5 x 106 cells/mL.
Bioprinted human astrocyte cultures were analysed on day three after media changes

every day.

2.6.2. Bioprinted CMEC monocultures
After singularisation and centrifugation using standard protocols, CMECs were
resuspended at 10 x 106 cells/mL, for a final density of 5 x 106 cells/mL. Media was
changed at least every two days.

2.6.3. Bioprinted iBMEC monocultures
iBMECs frozen at day 6 were thawed swiftly, centrifuged at 1100 x g for 1 min,
resuspended in EM and plated into T25 flasks coated with 400 pg/mL collagen IV

(C5533) and 100 pg/mL fibronectin (F1141). Media was changed 3-6 h later to remove
non-adherent cells. The next day bFGF, RA and ROCKi were removed to induce a
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barrier phenotype. 24 h later 10 uM ROCKi was added unless otherwise specified.
Fully confluent iBMECs were then detached using Accutase, until mostly singularised
(30-60 minutes), then centrifuged at 1100 x g for 1 min. iBMECs were resuspended at
10 x 10° cells/mL, for a final density of 5 x 10° cells/mL. On day 1, 24 h post-printing,
ROCKi was either removed, replaced, or reduced depending on the treatment
condition. In the ROCKi reduction condition, ROCKi concentration was reduced by 2
uM daily, i.e. 8 uM on day 1, 6 uM on day 2, 4 uM on day 3, 2 uM on day 4, and no
ROCKIi from day 5. Media was changed daily for 14 days, then 1-2 days thereafter.

For bioprinted 2D controls, wells were coated as normal, then cells were bioprinted
without activator directly into media-laden wells. For manual 2D controls, wells were
coated as normal, iBMECs were passaged as in 2.3, then manually pipetted into wells.

For treated iBMEC monocultures in Chapter 5, iBMECs were printed and cultured
using the ROCKi reduction scheme. On day 27, cultures were treated with an
inflammatory stimulus (10 ug/mL ecLPS, 10 ug/mL pgLPS, or media) combined with
an AP stimulus (1 pM AB4s, 1 UM AB4o, 1 UM AB4o:40, Or vehicle (0.5% ammonium
hydroxide) — see Section 2.14 for more details). At day 28, supernatants were removed
from “large plug” cultures for cytokine array analyses, and “imaging model” cultures

were tested for viability or fixed for immunofluorescence.

2.6.4. Bioprinted CMEC: HBVP co-culture

After simultaneous singularisation and centrifugation using standard protocols,
CMECs and HBVPs were resuspended at 10 x 10° cells/mL, for a final cell density of 5
x 10 cells/mL, with an endothelial:pericyte ratio of 1:1. CMEC:HBVP co-cultures were
fixed after 12 days. Media was changed at least every two days.

2.6.5. Bioprinted primary/immortalized neurovascular triculture
After simultaneous singularisation and centrifugation using standard protocols,
CMECs, HBVPs and human astrocytes were resuspended at 10 x 106 cells/mL, for a

final cell density of 5 x 10° cells/mL, with an endothelial:pericyte:astrocyte ratios of
2:1:1 (Nzou et al., 2020b). Media was changed daily.
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2.6.6. Bioprinted primary/iPSC-derived neurovascular triculture

Before printing, iBMECs were cultured as described in (2.1.3), while HBVPs and
iAstrocytes were cultured and passaged using standard protocols (2.2 , 2.5). After
simultaneous singularisation and centrifugation, iBMECs, HBVPs and iAstrocytes
were resuspended at 7 x 106 cells/mL, for a final cell density of 3.5 x 10° cells/mL, with
an endothelial:pericyte:astrocyte ratio of 5:1:1 (Blanchard et al., 2020), and 2:1:1
(Nzou et al., 2020b). Gels were cultured in AM with 10 ng/mL VEGF and 10 ng/mL
PDGF-BB for 7 days, and AM thereafter. Media was changed daily.

2.7. 2D Immunofluorescence

All solutions were made in PBS unless otherwise stated. Cells were fixed with either
100% ice-cold MeOH (AH2304) or 4% paraformaldehyde (47608) for 10 min. For the
MeOH fixation (used for 2D endothelial cells), samples were then rehydrated for 20
mins in PBS. For the paraformaldehyde fixation (all other cell lines), samples were
permeabilized with 0.1% Triton-X-100 (X100) for 10 min. All samples were then
blocked with 5% FBS (blocking solution) for 60 min and primary antibody added in
blocking solution and left overnight at 4°C. Samples were then incubated with
secondary antibodies in blocking solution for 1 h at room temperature. Cells were
washed 3 times in PBS. Samples in plates were incubated with DAPI (10236276001,
1:800) for 10 min, washed once and then stored at 4°C in 200 uL PBS. Samples
maintained on glass slides (94.6170.802; Sarstedt) were mounted using Fluoroshield
(F6182), sealed with a #1 glass coverslip then stored at 4 °C in the dark.

All samples were imaged with a Cytation 3 (BioTek, Gens v2 software) or Leica SP8
(Leica, LAS X software) microscope. The details of all primary and secondary
antibodies are outlined in Tables 2.2 and 2.3.

2.8. 3D Immunofluorescence

All solutions were made in PBS unless stated otherwise. All incubations were
performed at room temperature (RT) unless stated otherwise. 3D samples in Section
4.2.1.1 were prepared for immunofluorescence using the following protocol adapted
from the manufacturers protocol. 3D samples were washed with PBS, fixed with 4%
paraformaldehyde for 20 min, washed 3 times with PBS, then permeabilized with 0.1%

44



Triton-X-100 for 30 min. Samples were washed 3 x 10 min in PBS, then blocked with

blocking solution for 30 min. Primary antibodies were added in blocking solution and

left overnight at 4 °C. Samples were washed 3 x 10 min in PBS, then incubated with

secondary antibodies in blocking solution for 1 h at RT. Samples were then washed 3

X 10 min in PBS, and incubated for 10 min with 20 uM Hoechst (62249) or DAPI

(1:800), washed once more with PBS. Samples were then stored in 200 uL PBS before

imaging.

Table 2.2: Primary antibody information for immunocytochemistry

experiments

Antibody Product [Stock]
Target Species Vendor number Dilution | (mg/mL)
AQP4 rabbit ThermoFisher PA5-53234 1:300 0.3
CD13 rabbit ThermoFisher PA582156 1:100 0.05
EpCAM rabbit Abcam ab71916 1:400 1
GFAP rabbit Abcam ab7260 1:500 Not specified
Nanog rabbit Stemgent 09-0020 1:100 0.5
Nestin mouse Stem Cell 60091 1:2000 0.5
NG2 mouse ThermoFisher 372700 1:100 0.5
Occludin mouse Thermofisher 0C-3F10 1:100 0.5
OCT3/4 mouse Stem Cell 60093.1 1:1000 0.5
PAX6 rabbit Stem Cell 60094 1:500 2
PDGFRf rabbit ThermoFisher MA515143 1:100 0.004
PECAM-1 rabbit ThermoFisher RB-10333-P | 1:50 0.02
PECAM-1 mouse Abcam abg498 1:1000
S1000 mouse Sigma Aldrich S2532 1:1000 8
VE cadherin rabbit Abcam ab33168 1:400 1

Table 2.3: Secondary antibody information for immunocytochemistry

experiments
Species Product [Stock]
Reactivity | Host Conjugate Vendor Number | Dilution | (mg/mL)
Mouse Donkey | Alexa Fluor 488 | ThermoFisher | A-21202 | 1:200 2
Rabbit Goat Alexa Fluor 568 | ThermoFisher | A-11011 1:200 2
Rabbit Donkey | Alexa Fluor 594 | ThermoFisher | A-21207 | 1:200 2
Rat Goat Alexa Fluor 647 | ThermoFisher | A-21247 | 1:200 2
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2.9. Optimised 3D Immunofluorescence

All solutions were made in PBS unless stated otherwise. All incubations were
performed at RT unless stated otherwise. Due to the presence of high-intensity non-
specific signals in these 3D immunofluorescent samples seen when using the method
in Section 2.8, an optimised immunofluorescence preparation protocol was
developed, incorporating longer incubation, longer washes and gel clearing (used from
Section 4.2.2 onwards). This method combined elements from the manufacturer’s
protocol with techniques found in the literature to lower non-specific binding in a
reasonable time frame (Blanchard et al., 2020, Niirnberg et al., 2020). This protocol
is used from Section 4.2.2 onwards.

In the optimised protocol 3D samples were washed with PBS, fixed with 4%
paraformaldehyde in PBS for 20 min, washed 3 x 10 min in PBS, then permeabilized
with 0.1% Triton-X-100 for 30 min. Samples were washed 3 x 10 min on a rocker in
PBS, then blocked with blocking solution for 60 min. Primary antibodies were added
in blocking solution and left for 24 h at 4°C. Samples were then washed 3 times (1 min,
5 min, 60 min) in PBS + 0.1% v/v Tween-20 (PBST; P1379), then washed for 24 h at
4°C on a rocker and incubated with secondary antibodies in blocking solution for 24 h
at 4°C. Samples were then washed 3 times (1 min, 5 min, 60 min) in PBST, then
washed for 24 h at 4°C, on a rocker. Samples were washed once in PBST incubated for
10 min with 20 uM Hoechst, and washed twice more with PBST (1 min). Samples were
then stored for at least 24 h in 150 pL 88% Glycerol (Chem-Supply, GA010-2.5L-P)
before imaging. All samples in Chapter 3, 4 were imaged with a Leica SP8 (Leica, LAS
X software).

For quantification of 3D A fluorescence, images were taken and analysed with the
Opera Phenix Plus (Revvity, Harmony version 5.1 software). A 10x dry objective was
used to capture Z-stacks over 206.4 um height (6.45 um step distance) over nine
1217.61 um x 1217.61 pum tiles, with global images generated using 10% overlap
stitching. Hoechst, HiLyte™ Fluor 488 and AlexaFluor 594 channels were captured
by solid state excitation lasers at 405 nm, 488 nm and 561 nm. Details of the analysis
sequence are provided in Table 2.4. Briefly, and an absolute threshold was applied to
the 594 channel to remove high intensity artefacts. A local threshold was then applied
to each channel to segment the volume of stained area, then intensity and volume
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values were calculated. Two-way ANOVA with Tukey’s multiple comparisons test was
used to test statistically significant differences between the means of all conditions.

Table 2.4: Harmony image analysis sequence.

Inputimage

Input

Flatfield Correction: None
Stack Processing: 3D
Min. Global Binning: 3

Find Image Region Input Method Output
AB Channel: Alexa 488 Method: Local Threshold Output Population: Amyloid Population
ROI:None Threshold: 0.6
Scale: 15pum?
Output Region: Amyloid Region
Find Image Region Input Method Output
VECadherin Correction Channel: Alexa 594 Method: Absolute Threshold Output Population: CorrectedVECad
ROI:None Low: 200
High: 5000
Output Region: CorrectedVECad
Find Image Region Input Method Output
VECadherin Channel: Alexa 594 Method: Local Threshold Output Population: VECadPopulation
ROI:None Threshold: 0.4
Scale:40pum?®
Output Region: VECadRegion
Find Image Region Input Method Output

Hoechst

Channel: HOECHST33342
ROI:None

Method: Local Threshold
Threshold: 0.5

Scale: 15pum?

Output Region: NucleiRegion

Output Population: NucleiPopulation

Calculate Intensity Properties Input Method Output
AB Channel: Alexa 488 Method: Standard

Population: AmyloidPopulation

Region: AmyloidRegion
Calculate Morphology Properties |Input Method Output

AB

Channel: Alexa 488
Population: AmyloidPopulation
Region: AmyloidRegion

Method: Standard

Sum of Volumes

Calculate Properties

Input

Method

Output

AB

Channel: Alexa 488
Population: AmyloidPopulation
Region: AmyloidRegion

Formula: A*B
A: AmyloidRegion Intensity
B: AmyloidRegion Volume

Sum of Objects Mean*Volume

Calculate Intensity Properties Input Method Output
VECadherin Channel: Alexa 594 Method: Standard

Population: VECadPopulation

Region: VECadRegion
Calculate Morphology Properties [Input Method Output

VECadherin

Channel: Alexa 594
Population: VECadPopulation
Region: VECadRegion

Method: Standard

Sum of Volumes

Calculate Properties

Input

Method

Output

VECadherin Channel: Alexa 594 Formula: A*B Sum of Objects Mean*Volume
Population: VECadPopulation A:VECadRegion Intensity
Region: VECadRegion B: VECadRegion Volume
Calculate | Properties Input Method Output
Hoechst Channel: HOECHST33342 Method: Standard
Population: HoechstPopulation
Region: HoechstRegion
Calculate Morphology Properties |Input Method Output

Hoechst

Channel: HOECHST33342
Population: HoechstPopulation
Region: HoechstRegion

Method: Standard

Sum of Volumes

Calculate Properties

Input

Method

Output

Hoechst

Channel: HOECHST33342
Population: HoechstPopulation
Region: HoechstRegion

Formula: A*B
A:HoechstRegion Intensity
B:HoechstRegion Volume

Sum of Objects Mean*Volume

Calculate Position Properties

Input

Method

Output

AB and VECadherin

Population: AmyloidPopulation
Region: AmyloidRegion

Method: Cross Population
Population: VECadPopulation
Region: VECadRegion

ROl Border Distance
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2.10. Calcein AM/Ethidium Homodimer-1 viability and morphology

A LIVE/DEAD viability kit (1.3224) was used to assess viability and morphology in 3D
cultures. For bioprinted human astrocytes, viability and morphology was analysed at
day three to allow for morphological development. For 3D CMECs and iBMECs,
constructs were analysed at day 1, 77, 14, or 28 post-bioprinting to index viability over
the longitudinal life of the culture. Bioprinted cells were washed with PBS, incubated
in 2 uM calcein AM, 4 uM ethidium homodimer-1 (EthD), and 20 uM Hoechst in cell-
specific media (37°C, 30 min). Wells were washed with PBS and fluorescent images
taken using the Axio Observer Z1 (Zeiss, ZEN 3.4) (for day 1 experiments performed
at the ILS laboratory) or the Cytation 3 Cell Imaging Multi-Mode Reader (BioTek,
Genj v2 software) using 375 nm, 480 nm, and 560 nm excitation filters.

For astrocytes, one 30 um Z-stack containing at least 80 cells was taken per well, with
each gel condition performed in duplicate. Images were analysed in FIJI, and blinded
using the File Name Encrypter tool. Maximum intensity projections of the Z-stacks
were pre-processed by removing background from the DAPI channel (Process >
Subtract Background > Rolling ball radius = 10.0), and sharpening the calcein AM
channel (Process > Sharpen). Viability was calculated by manually counting calcein
AM-positive cells and EthD-positive dead cells. Longest process lengths were
measured by using the line tool to draw a line from the edge of the tip of the longest
process to the nearest point of the nucleus. Cell area was measured using the freeform
tool to manually trace the perimeter of cells, were the cell perimeter did not
ambiguously overlap with other cells. Live cell percentage was calculated by dividing
the number of calcein AM-positive nuclei with the number of EthD-positive nuclei.
One-way ANOVA with Dunnett’s multiple comparisons test was used to test for
differences between conditions and the control. For iBMECs, one 30 um Z-stack
containing at least 80 cells was taken per well, with each gel condition performed in
duplicate. Live cell percentage was calculated by divding the number of calcein AM-
positive nuclei with the number of EthD-positive nuclei. An unpaired t-test was used
to test for differences between conditions and the control.

2.11. CellTiter-Blue viability assay

For viability measurements, 20 uL of CellTiter-Blue Reagent (G8080; Promega) was
added to cells in a 96-well plate containing 100 pL media per well. Viable cells
metabolize resazurin to the fluorescent molecule, resorufin. After 4 h at 37 °C, 100 uL
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of supernatant was harvested into a black-walled 96-well plate (Greiner, 655079), and
fluorescence recorded using a PolarStar Omega plate reader (BMG Labtech; Omega
version 1.3) at 560/590nm. Background fluorescence from media was subtracted, and
data presented as raw fluorescence units. One-way ANOVA with Sidak's multiple
comparisons test was used to test for differences between treatment means and their

vehicle.
2.12. Fluorescein permeability assay

Cells were seeded on 1.12 cm2, 0.4 um pore transwell filters in 12-well plates
(CLS3401). For iBMECs, filters were coated with 400 pug/mL collagen IV and 100
pg/mL fibronectin, for CMECs filters were coated with 100 ug/mL Collagen I. A full
media change was performed 1 h before the start of the assay. Medium in the apical
chamber was replaced with 10 uM sodium fluorescein (46960) diluted in fresh
medium. 150 pL of medium was immediately removed from the basolateral chambers,
transferred to a clear-bottom, black-walled, 96-well plate, and replaced with 150 uL of
fresh medium. This was repeated every 15 min for a total of 75 min. Fluorescence of
the samples was measured by a PolarStar Omega microplate reader using an excitation
wavelength of 485 nm and an emission wavelength of 520 nm. The effective
permeability (P.) value was calculated as described in Stebbins et al. (2016). Each
condition was performed in duplicate, with at least 3 biological replicates performed.
Transport across a coated transwell filter lacking cells was also measured to correct
permeability values for mass transfer resistance due to the filter and coatings. One-
way ANOVA with was used to test for differences, with experiment-specific multiple

comparisons tests.
2.13. Transendothelial electrical resistance assay

xCelligence E-Plate VIEW 96 plates (EliTech Group, 300601020) were coated with
cell-specific coatings (see Chapter 3.2.1 and 3.2.2), then background measurements
acquired. Cells were seeded in 200 uL of media. Endothelial cells were seeded at
100,000 cells/well. The E-plate was connected to the real-time cell analysis (RTCA)
station within an incubator and impedance measurements were taken at 2 h intervals.
Media was changed at 24 h, and measurements taken for at least 5 days to ensure
monolayer formation and stabilisation. Maximum changes in Cell Index (CI) were

analysed using the RTCA software (version 1.2), then converted to ohms x cm2 by the
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following equation (Srinivasan et al., 2015):

TEER = (CI X 15 + ohms(t(0))) x 0.32

One-way ANOVA with Tukey’s multiple comparisons test was used to test statistically
significant differences between the means of all conditions.

2.14. AP preparation, application and deposition

Lyophilised AP, and AB,;, monomers, conjugated to the HiLyte™ Fluor 488
fluorophore (Anaspec, AS-60479-01, AB42; AS-60491-01, AB,0), were dissolved in 100
uL of 0.5 % NH,OH at 4 °C. These solutions were centrifuged (16,000 g, 10 min, 4 °C)
to remove any aggregates. The supernatant was then aliquoted into working volumes,
immediately snap frozen in liquid N. and stored at -80 °C. Protein concentration was
measured using the Pierce™ bicinchoninic acid assay (23225) using a BMG
POLARstar Omega plate reader. The enhanced protocol of this assay was used for a
lower working range, 5 — 250 ug/mL.

Frozen aliquots were quickly defrosted by submerging in room temperature water to
prevent icicle formation. For application, 20 nM A,42:40 refers to solution containing
10 nM Af,42 and 10 nM AB,0. To measure deposition, cells were treated with AB-laden
media for 24 h, before fixing and preparing for immunofluorescence (as in Section
2.6).

For quantification of 2D A fluorescence, 16-bit images taken with a Leica SP8 were
analysed using FIJI (Schindelin et al., 2012). 488 nm signal was transformed by a
specified threshold (minimum = 125, maximum = maximum), before measuring the
area of thresholded fluorescent AP signal as a percentage of total area. One-way
ANOVA with Dunnett’s multiple comparisons test was used to test for differences
between conditions and the control (No cells + 100 nM AP42:40) (* p < 0.05).

2.15. Enzyme-linked immunosorbent assays (ELISAs)

iBMECs or iPericytes were plated in 24-well plates at a density of 1.25 x 105/ cm2 or 5
X 104/cmz2, respectively in 600 pL media. 48 h after plating, cells were treated with 10
ug/mL LPS from E. coli (ecLPS; L4391), 10 ug/mL LPS from P. gingivalis (pgLPS;
SMB00610) or 100 nM A,,.,,. Supernatants were harvested after 24 h, centrifuged
(10,000 g, 1 min) and the supernatant stored at -80 °C. IL-6 ELISA (DY206; R&D
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Systems) was performed according to manufacturer’s protocol, except for a modified
standard range, from 0.586-600 pg/mL. 450 nm / 570 nm absorbance was measured
with the POLARstar Omega plate reader, and concentrations were interpolated from
a standard curve fitted with a sigmoidal dose-response (variable slope) model. One-
way ANOVA with Dunn’s multiple comparisons test was used to test for differences

between treatment means and their vehicle.

2.16. Proteome profiler arrays

In 2D, cells and treatments were prepared as in Section 2.15. In 3D, cells and
treatments were prepared as in Section 2.6.3. Protein levels of 105 cytokines were
measured using the Proteome Profiler Human XL Cytokine Array Kit (ARY022B; R&D
Systems), as per the manufacturer’s instructions, using 1 mL of 2D cell supernatant,
or 800 UL of pooled supernatant from 10 wells of 3D cultures. A ChemiDoc MP (Bio-
Rad) was used to image membranes at multiple exposure times. Two exposure times
were chosen to analyse both lowly (10 s) and highly expressed (1 s) cytokines
(Kurmann et al., 2021, Kim et al., 2023). Signal intensity for each cytokine was
measured in duplicate and determined using total pixel intensity in FIJI. In
accordance with recent literature, cytokines with average pixel densities < 10 % of the
maximum were considered background and discarded from analysis (Goshi et al.,
2020). Multiple two-way ANOVAs were performed between experimental treatments
and their vehicle, with a two-stage linear step-up procedure of Benjamini, Krieger and
Yekutielie used to control the false-discovery rate, with Q < 0.05. This method of
multiple comparisons correction balances sensitivity and specificity in large-scale
hypothesis testing, unlike overly conservative family-wise error rate methods
(Benjamini et al., 2006). By considering the distribution of all p-values, it enhances
power and adaptability, making it especially suitable for high-dimensional data like
proteomics studies (Diz et al., 2011). Trends were defined as proteins with individual
p values < 0.05, but q values > 0.05.

Hierarchical clustering was performed on array data, and heatmaps generated to
observe clustering patterns. Mean cytokine intensities were collated and expressed as
a percentage of the highest value for each cytokine. Relative percentage values were
hierarchically clustered using an agglomerative approach with average linkage and
Euclidean distance as the similarity metric. The clustering process was visualized
using a dendrogram to highlight natural clustering patterns. The analysis was
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conducted using scipy, seaborn and matplotlib libraries in Python (Version 3.12.1;
Python). Code is available in Figure 2.4.

2.17. Polymerase chain reaction & Sanger sequencing

iPSCs were grown to 80% confluency on 8.3 ug/cm2 Matrigel-coated 6-well plates.
Genomic DNA was extracted using the Purelink Genomic DNA Mini Kit (K182001),
and concentration and purity was determined using the Qubit dsDNA HS Assay Kit
(Q32851) as per the manufacturer’s instructions. The APOE region was amplified
using polymerase chain reaction (PCR), where 500 ng DNA was mixed with 25 uL
NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs, 50-591-079), 500
nM forward primer (TCTTGGGTCTCTCTGGCTCA; Integrated DNA Technologies),
and 500 nM reverse primer (GCTGCCCATCTCCTCCATC; Integrated DNA
Technologies). The reaction was amplified using a T100 thermal cycler (Bio-Rad), with
the following program: Initial denaturation at 98 °C for 30 s, followed by 40 cycles of
denaturation for 10 s at 98 °C, annealing for 15 s at 69 °C and extension for 30 s at 72
°C; then a final extension at 72 °C for 2 min. Electrophoresis was performed on an E-
gel Powerbase V4 (Invitrogen) at 100 V for 30 min, using a 1.2% agarose E-Gel with
SYBR Safe (A42100), then visualised using an E-Gel Safe Imager Real Time
Transilluminator (Invitrogen) to ensure specific amplification. The product band was
excised from the gel and purified using the QIAquick Gel Extraction Kit (Qiagen,
28704). The purified PCR product was then submitted to the Australian Genome
Research Facility for Sanger sequencing, and sequences at SNP locations rs429358
and rs7412 were analysed using SnapGene version 6.1.1.

2.18. CRISPR/Cas9 gene correction

Gene editing was performed as an exempt dealing, with approval from the University
of Sydney’s Institutional Biosafety Committee (#22E002). Guide RNA (gRNA)
sequences were cloned into the LentiCRISPRV2 vector (Addgene, 52961, (Sanjana et
al., 2014)) to direct gene editing to the rs429358 location, on exon 4 of APOE. Single-
stranded oligonucleotides (ssODNs) provide effective templates for the CRISPR/Cas9g
correction (Rivera-Torres et al., 2017). The template ssODN and gRNA sequences were
designed (by Dr. Cesar Moreno, University of Sydney) to include asymmetric
homology arms and silent mutations to increase the efficiency of homology-directed

repair.
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Table 2.5: Gene editing gRNA and ssODN sequences. Abbreviations:
e3: Apolipoprotein E3, e4: Apolipoprotein E4, gRNA: guide RNA, ssODN:
single-stranded oligodeoxynucleotide.

Name Sequence

e3 > e4 gRNA CACCGCGGACATGGAGGACGTGTG

e3 > e4 ssODN GGAACAACTGACCCCGGTGGCGGAGGAGACGCGGGCACGGCTGTCCAAGG
AGCTGCAGGCGGCGCAGGCCCGGCTGGGCGCAGACATGGAAGACGTCCGC
GGACGCCTGGTCCAGTACCGCGGAGAGGTGCAGGCCATGCTCGGCCAGAG
CACCGAGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAG

e4 > e3 gRNA CACCGCGGACATGGAGGACGTGCG

e4 > e3 ssODN GGAACAACTGACCCCGGTGGCGGAGGAGACGCGGGCACGGCTGTCCAAGG
AGCTGCAGGCGGCGCAGGCCCGGCTGGGCGCAGACATGGAAGACGTCTGC
GGACGCCTGGTCCAGTACCGCGGAGAGGTGCAGGCCATGCTCGGCCAGAG
CACCGAGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAG

The Cas9-gRNA plasmid and ssODN were delivered via electroporation, using the
Neon Transfection System (MPK1025). iPSCs were cultured as described until 60 -
80% confluent in a 6-well, then treated with 10 uM Y-27632 for 2 hours. iPSCs were
washed once with PBS, then singularised with accutase and centrifuged at 200 g for 5
min. The pellet was resuspended in mTeSR Plus (Stem Cell Technologies, 100-0276)
with 10 uM Y-27632 for counting, then 8 x 104 iPSCs per transfection were centrifuged
at 200 g for 5 min. The pellet was then washed with PBS without resuspending, then
resuspended in Resuspension Buffer R (Neon Transfection System) and added to 1 ug
guide plasmid and 16.7 nM ssODN. 10 uL of this mix (containing 96,000 cells) was
aspirated with a 10 uL Neon tip and electroporated using 2 x 20 ms pulses at 1200 V.
The cells were immediately added to a 24-well plate coated with 8.3 pug/cm2 Matrigel,
in mTeSR Plus supplemented with CloneR2 (Stem Cell Technologies, 100-0691) at the
manufacturers recommended concentration. After 24 h, media was changed to mTeSR
Plus with 2 ug/mL puromycin (P7255) but without CloneR2, to select cells expressing
the plasmid (in the case of poor attachment, CloneR2 concentration was halved here,
before fully removing 24 h later). iPSCs were then inspected with a brightfield
microscope to assess cell health before continuing.
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Supplementary Figure 2.4: Hierarchical clustering algorithm and
heatmap generation code. Mean cytokine intensities were collated and expressed
as a percentage of the highest value for each cytokine. Relative percentage values were
hierarchically clustered and visualised using the Seaborn library in Python (Version
3.12.1; Python).

import numpy as np # to handle numeric data

import matplotlib.pyplot as plt # for visualization

import pandas as pd # for handling dataframe

import scipy.cluster.hierarchy as sch # importing scipy.cluster.hierarchy
for dendrogram

import seaborn as sbn

ourData = pd.read csv('CytoHeatMap-NORMALISED.csv') # read the data
newData = ourData.iloc[:, [1, 2, 3, 4, 5, 6]].values # extract the
groups from the dataset

labellist = ourData.iloc[:, 0].values # extract the
cytokine labels from the dataset

df = pd.DataFrame (data=newData, index=labellist, columns=["No

Cells"™,"Basal","LPS", "pgLPS", "Vehicle", "AB"]) ;
print (df);
print (df.columns) ;

print (df.index);
sbn.clustermap (df, cmap="Y1OrRd4d");

plt.savefig ("HeatMap.png")
plt.show();
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Chapter 3: Characterisation and stimulus-
response of 2D iPSC-derived vascular cell

cultures

3.1. Introduction

Neurodegenerative diseases such as AD are associated with complex pathologies
involving multiple cell types in the brain. Recent research has increasingly emphasized
the role of the neurovascular unit, including brain microvascular endothelial cells and
pericytes, in the progression of neurodegenerative disorders. Disruption of the BBB, a
critical component of the neurovascular unit, is known to contribute to the onset and
progression of AD by altering the brain’s ability to regulate the passage of molecules
and cells between the bloodstream and neural tissue.

In addition to hyperphosphorylated tangles of tau protein, amyloid 8 (AB) oligomers
and plaques are the main pathological hallmark of AD. These peptides, particularly
the longer AP,- isoform, exhibit a higher propensity for aggregation and are implicated
in the formation of toxic oligomers and plaques (Ahmed et al., 2010, Vadukul et al.,
2017). AP42 has been shown to disrupt endothelial tight junctions, impair pericyte
function, and induce astrocytic reactivity, thereby contributing to BBB breakdown and
exacerbating neuroinflammation (Miners et al., 2017, Park et al., 2016). Contrastingly,
the shorter A4 isoform interacts uniquely with vascular cells, and is more
prominently deposited in the vasculature compared to AfB,. (Robert et al., 2017).
Investigating the distinct effects of AP peptides of varying lengths on neurovascular
unit components is essential to understand how these interactions influence BBB
integrity and contribute to AD pathology.

Aside from AP and tau, neuroinflammation is widely considered the third hallmark of
AD and is characterized by the chronic activation of immune cells, leading to the
release of pro-inflammatory cytokines, chemokines, and reactive oxygen species
(Thakur et al., 2023). While classical proteinopathy can trigger neuroinflammation,
peripheral inflammatory signals also play a significant role. Lipopolysaccharides
(LPS) are bacteria-specific glycolipids found in gram-negative bacteria such as
Escherichia coli and Porphyromonas gingivalis, and have been implicated in
exacerbating neuroinflammatory responses in AD (Zhao et al., 2022). LPS can cross
the compromised BBB, activating microglia and astrocytes to secrete pro-
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inflammatory mediators, amplifying A deposition and tau hyperphosphorylation
(Poole et al., 2013, Dominy et al., 2019). Importantly, LPS from P. gingivalis (pgLPS),
a key pathogen in periodontitis, has been detected in the brains of AD patients,
suggesting a link between peripheral P. gingivalis infection and neurodegenerative
progression (Liu et al., 2024).

In contrast to the rarer, familial forms of AD, the more common sporadic disease is
provoked by complex interactions between environmental risk factors and genetic risk
factors, such as the ¢4 allele of apolipoprotein E (APOE4). APOE4 is associated with
increased AP aggregation, potentiated tau pathology and heightened
neuroinflammatory responses, compared to the protective €2 and neutral €3 isoforms
(Riedel et al., 2016a, Liu et al., 2023). APOE4-carriers exhibit heightened BBB
permeability, reduced pericyte coverage, and impaired endothelial function, which
collectively exacerbate cerebrovascular dysfunction in AD (Howe et al., 2020, Ferrari-
Souza et al., 2023, Eisenbaum et al., 2024). To understand how APOE and the
neurovascular unit contribute to AD cell pathology, it is vital to use isogenic cell lines
to accurately delineate the impact of APOE mutations. Due to the limited availability
of isogenic iPSC lines, clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas9 gene editing is a key technology that will enable development of these
cellular tools.

The advent of induced pluripotent stem cell (iPSC) technology has revolutionized
disease modelling by providing the ability to generate patient-specific lines that can be
differentiated into various cell types. In contrast to analogous primary and
immortalised cell lines, these cells offer the ability to look at human-specific
mechanisms, with access to the high proliferation potential of iPSCs without
deleterious impacts of genetic immortalisation methods. For this reason, iPSC-derived
brain microvascular endothelial-like cells i BMECs) and pericyte-like cells (iPericytes)
offer promising tools for modelling the human BBB with greater accuracy. While iPSC-
derived vascular cells have been successfully differentiated, there are wide knowledge
gaps relating to functional maturity, stimulus responsiveness, and secretion profiles
of iPSC-derived vascular cells, particularly in their interactions with amyloid
pathology, inflammatory signals, and neurovascular integrity in Alzheimer’s disease
This is particularly important for modelling the BBB in AD, where response to
proteinopathy, neuroinflammation and cytokine signalling are key pathological

drivers.
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This chapter presents the immunofluorescent and functional validation of iBMECs
and iPericytes grown in 2D for BBB modelling. By applying AB, pgLPS, and LPS from
E. coli (ecLPS) to iPSC-derived neurovascular cells, we investigate how Ap and
peripheral inflammatory stimuli might exacerbate AD pathology through vascular
mechanisms. This includes indexing basal cytokine secretions, showing the secretion
of vascular and neuroinflammatory mediators suggesting the potential that these cells
exist in a primed inflammatory state. To address the importance of APOE genotype in
AD modelling, the genotypes of a number of commercially available iPSC lines are
sequenced, along with preliminary CRISPR-Cas9 experimentation aiming to generate
iPSC lines with isogenically-switched APOE genotypes. This research paves the way
for more accurate, multicellular, iPSC-derived disease models, and offers novel
insights into the molecular underpinnings of AD-related vascular dysfunction.

3.2. Results
3.2.1. IBMEC differentiation and characterisation

The CS06iCTR-n2 iPSC line (CTR06), episomally reprogrammed from the skin
fibroblasts of an 82-year old healthy female, was obtained from Cedars Sinai iPSC
core. These cells were shown to express a normal karyotype, lack exogenous
reprogramming vectors, express pluripotency markers and undergo successful
trilineage differentiation (manufacturer’s documentation). The expression of
pluripotency markers OCT3/4 and Nanog were confirmed by immunocytochemistry,
corroborating the manufacturer’s results (Figure 3.1). iPSCs expressed low levels of
nestin, and undetectable Pax6 (two markers indicative of the neural lineage), while
also expressing EpCAM (an epithelial marker also involved in pluripotency) (Figure
3.1A). These iPSCs were used for all derivations described herein.

Nanog PAX6 EpCAM

Figure 3.1: Immunofluorescence validation of iPSCs: Representative
images showing the expression of pluripotency cell markers OCT3/4 and
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Nanog, NPC markers nestin and PAX6, and epithelial cell adhesion molecule
(EpCAM). Scale bar represents 200 um.

iBMECs were derived by initially differentiating iPSCs into a mixed neural/endothelial
culture, and subsequent selective purification onto a fibronectin and collagen IV-
coated surface (Neal et al., 2019). The resultant iBMECs were interrogated for
endothelial markers alongside two commonly used endothelial cell lines (Figure 3.2A).
The CMEC line is an immortalised cell line, originally taken from human brain
capillary endothelial cells (Weksler et al., 2005) and HUVECs are a commonly used
primary human endothelial cell line, taken from the umbilical vein (Park et al., 2006).
Platelet endothelial cell adhesion molecule-1 (PECAM-1), an endothelial adhesion
molecule involved in junctional cell-cell adhesion and leukocyte migration, was
expressed in all three endothelial lines (Figure 3.2A). Similarly, vascular endothelial
cadherin (VE cadherin), an endothelium specific adherens junction protein, was also
expressed by all three cell lines (Figure 3.2A). Occludin, an enzyme that regulates the
formation and maintenance of tight junctions, was expressed only by iBMECs, and
localised to the cell edges, shown by the cobblestone pattern (Figure 3.2A). In
comparison, CMEC and HUVEC samples did not express occludin to an appreciable
degree. In addition, all three cell lines expressed some level of EpCAM, an adhesion
glycoprotein found in epithelial cell adhesions, which has been recently purported to
indicate non-endothelial cell identity (Lu et al., 2021) (Figure 3.2A). iBMECs also
expressed laminin a4, a key basement membrane protein involved in blood-brain
barrier integrity, and GLUT-1, a crucial glucose transporter responsible for facilitating
energy supply (Figure 3.2B). Although EpCAM expression raises some concerns,
expression of adherens junctions, tight junctions, BBB transporters and basement
membrane component laminin a4 supports the endothelial phenotype of these cells.
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Figure 3.2: Immunofluorescence and functional validation of
immortalised, primary and iPSC-derived endothelial cell lines. (A)
Representative images showing the expression of endothelial cell markers
platelet endothelial cell adhesion molecule-1 (PECAM-1), Vascular endothelial
(VE) Cadherin, occludin and EpCAM in iBMEC, CMEC and HUVEC lines. Scale
bar represents 200 pum. (B) Fluorescein effective permeability (Pe) values for
CMEC, HUVEC and iBMEC monolayers. (C) Maximum transendothelial
electrical resistance (TEER) values for iBMECs, CMEC and HUVEC monolayers
measured by the xCelligence SP system. All data are reported as mean + SD
from n > 3, performed in duplicate. One-way ANOVA with Tukey’s multiple
comparisons test was used to test statistically significant differences between
the means of all three conditions (* p < 0.05). (D) Representative images
showing the expression of laminin a4 and glutamate transporter 1 (GLUT-1) in
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iBMECs. Scale bar represents 200 um. Abbreviations: CMEC: Cerebral
Microvascular Endothelial Cell, HUVEC: Human Umbilical Vein Endothelial
Cell, iBMEC: induced Brain Microvascular Endothelial Cell.

When compared to CMEC and HUVECs, iBMECs displayed enhanced barrier
properties in functional assays. Permeability of iBMEC monolayers to sodium
fluorescein was measured using a transwell system showing a P value of 2.1 x 106 +
1.6 cm/s. Pe values for CMEC (3.1 x 105+ 2.2 cm/s) and HUVEC monolayers (3.8 x 10
5+ 1.9 cm/s) were an order of magnitude higher, representing a significantly enhanced
barrier phenotype in the iPSC derived cells (Figure 3.2C; p = 0.045 and p=0.035,
respectively). In addition to this low permeability, in vivo iBMECs also display
transendothelial electrical resistance (TEER), a property that can also be measured in
vitro. Using the xCelligence real-time cell analysis system, endothelial monolayers
were assessed for their maximum TEER via gold electrodes arrays embedded in the
plates. iBMECs displayed a high TEER (94.6 + 3.8 Q-cm?2), that significantly exceeded
both the CMEC (62.3 + 16.4 Q-cm?) and the HUVEC (58.5 + 6.6 Q-cm?) cell lines
(Figure 3.2D; p=0.018 and p=0.016, respectively).

3.2.2. iPericyte differentiation and characterisation

iPericyte differentiation was performed according to the protocol published in Faal et
al. (2019), where iPSCs were first differentiated into a neural crest lineage as described
in Leung et al. (2016). These cells were then progressed to a neural crest-lineage
pericyte by culturing in ScienCell pericyte medium. The resultant cells were then
assessed by immunocytochemistry for the expression of platelet derived growth factor
receptor [ (PDGFRp), neuron-glial antigen 2 (NG2) and membrane alanyl
aminopeptidase (CD13). While none of these markers are pericyte-specific, when
expressed together, these markers are considered to be indicative of pericyte identity
(Armulik et al., 2011a). PDGFRJ is a surface receptor for platelet derived growth
factors that regulates pericyte involvement in the neurovascular unit (Winkler et al.,
2010). NG2 is a proteoglycan involved in pericyte-endothelial interactions, while CD13
is a membrane metalloprotease present in myeloid cells, some epithelial cells, and
pericytes (Ozerdem et al., 2001, Kunz et al., 1994). All three of these markers were
observed to be expressed in both iPSC-derived pericytes and the primary human brain
vascular pericyte (HBVP) cell line (Figure 3.3A).
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In corroboration with findings from Brown et al. (2023), iPSC-derived pericytes were
observed in a variety of morphological states, including standard (polarised with 2 or
more distinct projections), circular (smaller that standard, no distinct projections),
balling (smaller than circular, appear “balled-up”), sheet (larger than standard,
flattened membrane and nucleus) and spindle (long, thin, elongated cells with small
nuclei) morphologies (Figure 3.3B). This morphological diversity mimics the plethora
of states observed in human pericytes, and further attests to the in vivo-like identity
of iPericytes derived using this method (Brown et al., 2023).

B

PDGFRB NG2

iPericyte

Circular

Sheet
Spindle

Figure 3.3: Microscopic validation of primary and iPSC-derived
pericytes. (A) Representative images showing the expression of pericyte cell
markers PDGFRf3, CD13 and NG2 in HBVP and iPericyte cell lines. Scale bar
represents 200 um. (B) Representative brightfield image showing the
heterogeneous morphological categories of iPericytes highlighted by colours.
Magenta = standard, cyan = circular, yellow = sheet, green = spindle, red =
balling (Brown et al., 2023)- Scale bar represents 100 um. Abbreviations: CD13:
Cluster of Differentiation 13, HBVP: Human Brain Vascular Pericyte, NG2:
Neural/Glial Antigen 2, PDGFRB: Platelet-Derived Growth Factor Receptor f.

3.2.3. IBMECs and iPericytes display limited inflammatory reactivity

We next aimed to characterise the treatment responsiveness of the iPSC-derived
endothelial cells and pericytes by measuring IL-6 secretion and endothelium
permeability after treatment with A monomer preparations, ecLLPS or pgLPS. While
treatment with ecLLPS has been shown to affect permeability and cytokine secretion in
primary endothelial cells, the effects of ecLPS, pgLPS and AP in iBMECs have not been
examined (Smyth et al., 2018). iPericytes are known to secrete inflammatory
mediators, including IL-6, in response to ecLPS, so we expected our iPericytes to
replicate this phenotype (Smyth et al.,, 2018). Post-treatment viability was also

61



measured to ensure that treatment-induced cell death was not a factor in any observed
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Figure 3.4: iBMEC and iPericyte functional signatures in 2D. (A)
Effective permeability of iBMEC monolayers to sodium fluorescein after 24 h
treatment (Vehicle denotes 0.5% ammonium hydroxide in PBS, used to dissolve
AP preparations only). One-way ANOVA with Sidak's multiple comparisons
test was used to test for differences between treatments means and their
vehicle. (B) iBMEC and (C) iPericyte IL-6 release measured by ELISA after 24
h treatment (# denotes IL-6 concentration below detection limit). One-way
ANOVA with Dunn’s multiple comparisons test was used to test for differences
between treatment means and their vehicle. (D) iBMEC and (E) iPericyte
metabolic viability as measured by a CellTiter-Blue assay after 24 h treatment.
Data shown as raw fluorescence units (RFU) corrected by subtracting
fluorescence elicited by media. One-way ANOVA with Sidak's multiple
comparisons test was used to test for differences between treatment means and
their vehicle. All data are reported as mean + SD from n > 3, performed in
duplicate. AB: Amyloid B, ecLPS: Escherichia coli Lipopolysaccharide, iBMEC:
induced Brain Microvascular Endothelial Cell, P.: Effective Permeability,
pgLPS: Porphyromonas gingivalis Lipopolysaccharide, RFU: Relative
Fluorescence Units.
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Firstly, we tested the ability of endothelial cells to respond to inflammatory triggers in
the transwell-format fluorescein permeability assay. In our hands, neither AB,:40,
ecLPS or pgLPS significantly affected permeability in these iBMECs (Figure 3.4A).

Basal iBMECs, and iBMECs treated with Af42:40, ecLPS and pgLPS all produced
negligible IL-6, with mean values falling below the detection range of the assay (Figure
3.4B). In iPericytes, basal secretion of IL-6 was detected (3.68 + 1.59 pg/mL), however
treatment with AB,2:40 , ecLPS and pgLPS did not significantly change the IL-6 levels

measured in conditioned media (Figure 3.4C).

AB42:40, €cLPS and pgLPS did not reduce iBMEC viability when measured by a
CellTiter-Blue assay (Figure 3.4D & 3.4E).

3.2.4. A monomer application results in deposition on 2D iBMECs

VE Cadherin AB4;.40 B %

>

0.03

iBMEC + AByy.0

0.02

0.01

0.00-

% SA stained by
488-ABy.49
N
(o] ce//s
hypy Ceyy,
M 4 542 S %
40
ingo
B,
n 42750 %
42 %

No cells + AB,,.40

iBMEC + Vehicle

Figure 3.5: AP deposition in iBMEC monolayers. (A) Representative
immunofluorescent images showing Af,2:40 deposits on 2D cultured iBMECs.
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Scale bar represents 200 um. Af42:40-HiLyte™ Fluor 488 preparations were
dissolved in 0.5% ammonium hydroxide in PBS (Vehicle) (B) Quantification of
surface area (SA) of fluorescent AP42:40 signal in 2D iBMEC cultures after 24 h
treatment. Data are reported as mean percentage of thresholded area + SD from
n = 3, performed in duplicate. One-way ANOVA with Dunnett’s multiple
comparisons test was used to test for differences between conditions and the
control (No cells + 100 nM AB42:40) (* p < 0.05). Abbreviations: AB: Amyloid J3,
iBMEC: induced Brain Microvascular Endothelial Cell, VE cadherin: Vascular
Endothelial Cadherin.

AP preparations of varying lengths and aggregation states cause disruption of in vitro
endothelial monolayers, providing insight into the mechanisms underlying cerebral
amyloid angiopathy in AD pathology (Li et al., 2015, Liu et al., 2018). However, their
effects on iPSC-derived iBMECs and iPericytes remain unexplored. Here, we
investigated whether 24 h application of initially monomeric Af42:40 would result in
deposition of aggregates in 2D cultured iPSC-derived vascular cells. To measure this,
we treated iBMECs with 100 nM fluorescent Af4.:40 Which became deposited on
iBMEC cultures (Figure 3.5A). We also treated wells without cells to check whether
any of the retained A,2:40 signal could be due to AP species sticking to the plastic wells
or the well coatings. iBMECs treated with the A} preparation exhibited a significantly
higher percentage of area covered by fluorescent signal than when AB4.:40 was applied
to the fibronectin/collagen surface coating (Figure 3.5B). The retained AB42:40 signal
in the fibronectin/collagen-coated wells did not differ significantly compared to that
of empty, uncoated wells or of cells without AB42:40 treatment.

When repeating this process in iPericytes, significant loss of cells was observed during
washing phases of immunofluorescence preparation (data not shown). Further
investigations into higher cell densities, increased Matrigel concentrations and
alternative washing techniques may be possible solutions to this issue.

3.2.5. IBMECs and iPericytes exhibit distinct basal inflammatory

secretomes

While there have been some more comprehensive cytokine secretion data released for
primary/immortalised endothelial cells and pericytes (Kurmann et al.,, 2021),
inflammatory secretomes from iBMECs and iPericytes are poorly characterised. Given
that our iBMECs and iPericytes displayed divergent IL-6 response phenotypes, a
broader inflammatory profile of these cell lines was warranted to determine their
functional state. Thus, the Proteome Profiler Human XL Cytokine Array was used to
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index basal protein release in iBMECs and iPericytes, and investigate whether ecLPS,
pgLPS and A,42:.40 treatment significantly affect these levels of those compounds in
conditioned media. As in Kurmann et. al. (2021) and Kim et. al. (2023), array
membranes were analysed at two exposure time points, increasing the dynamic range

to observe markers at low and high expression levels.

3.2.5.1. 1BMEC secretome

Basal cytokine secretion was measured by comparing the mean total density between
iBMEC-conditioned media, and media without cells. Proteins that were significantly
different (q < 0.05) from media at the short 1 sec array development exposure time
point were: extracellular matrix metalloproteinase inducer (EMMPRIN; 4516 a.u +
250, q = 0.0033, mean difference = 4125), Growth/differentiation factor 15 (GDF-15;
6954 a.u + 1778, q < 0.0001, , mean difference = 6746), insulin-like growth factor-
binding protein-2 (IGFBP-2 ;10614 a.u + 1783, q < 0.0001, mean difference = 10507),
IGFBP- 3 (9994 a.u + 2950, q < 0.0001, mean difference = 9807), Macrophage
migration inhibitory factor (MIF; 3624 a.u + 620, q = 0.0131, mean difference = 3426),
Matrix metalloproteinase-9 (MMP-9; 7661 a.u + 2736, q < 0.0001, mean difference =
7423) and osteopontin (16392 a.u + 3017, q < 0.0001, mean difference = 16000)
(Figure 3.6A).

At the longer 10 sec array development exposure timepoint, the density of proteins
significantly different from media were: cystatin C (8783 a.u + 1785, q < 0.0001, mean
difference = 6472), basic fibroblast growth factor (bFGF; 6570 a.u + 809, q < 0.0001,
mean difference = 4454), fibroblast growth factor-19 (FGF-19; 9479 a.u + 1241, q <
0.0001, mean difference = 5167), IL-17A (9670 a.u + 3032, ¢ < 0.0001, mean
difference = 4819), monocyte chemoattractant protein-1 (MCP-1; 0072 a.u + 3983, q
< 0.0001, mean difference = 7616), platelet-derived growth factor-AA (PDGF-AA;
9940 a.u + 3000, q < 0.0001, mean difference = 7901), pentraxin 3 (9355 a.u + 3649,
g < 0.0001, mean difference = 5512), resistin (9273 a.u + 2196, q = 0.0078, mean
difference = 3118) and thrombospondin-1 (10371 a.u + 4736, q < 0.0001, mean
difference = 8069) (Figure 3.6B).

Cytokine arrays were also performed in iBMECs treated with 10 pg/mL ecLPS, 10
pg/mL nM pgLPS or 100 nM AP42:40 (dissolved 0.5% NH,OH in PBS). Only one
significantly different cytokine was observed, with a decrease in Lipocalin-2 after
ecLPS administration (q = 0.0272, mean difference = -4407) (Supplementary Table
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3.2). A weak trend towards increased RBP4 concentration was also see after vehicle
administration (q = 0.2404, mean difference = 4793). Proteins with non-significant
pixel density differences are listed in Supplementary Table 3.2.

To better understand the overall distribution of protein secretion between treatment
conditions, hierarchical clustering of cytokine secretion profiles was performed and
visualised using a heatmap (Figure 3.8A). Notable features include AP and its vehicle
condition grouping separately from basal, and, ecLPS and pgLPS forming a separate
cluster, indicating potential shared mechanisms .

3.2.5.2. 1Pericyte secretome

When comparing iPericyte-conditioned media to media without cells, basally-secreted
cytokines identified at the short exposure time point were: IGFBP-2 (4965 a.u + 1199,
q = 0.0071, mean difference = 4906) and serpin E1 (11291 a.u + 1739, q < 0.0001,
mean difference = 10229) (Figure 3.7A).

At the long exposure timepoint, cytokines observed included: EMMPRIN (14447 a.u +
3916, q < 0.0001, mean difference = 9835), FGF-19 (8229 a.u + 2706, q < 0.0001,
mean difference = 5072), MIF (6766 a.u + 1202, q < 0.0001, mean difference = 5738),
osteopontin (12440 a.u + 9329, q < 0.0001, mean difference = 9797) and PDGF-AA
(10440 a.u + 3856, q < 0.0001, mean difference = 8566) (Figure 3.7B).

iPericyte-secreted cytokines were also measured after treatment with 10 pg/mL ecLPS,
10 pg/mL nM pgLPS or 100 nM Af42:40. None of the measured cytokines were
differentially expressed when compared to cells treated with vehicle (Supplementary
Table 3.3). However, there was some notable trends, with both ecLPS- and pgLPS-
treated iPericytes trending towards decreases in epidermal growth factor (EGF)
(ecLPS: q = 0.2131, mean difference = -3954; pgLPS q = 0.5204, mean difference = -
2884). ecLPS and AB-vehicle application also elicited a slight trend towards decreases
in Serpin E1 (ecLPS: q = 0.2718, mean difference = -3301; AB-vehicle: q = 0.1747,
mean difference = -3821). Proteins with non-significant pixel density differences are
listed in Supplementary Table 3.3.

To better understand the overall distribution of protein secretion across treatment

conditions, hierarchical clustering of cytokine secretion profiles was conducted and
visualized using a heatmap for iPericytes (Figure 3.8A). Notable features include a
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broadly elevated cytokine profile in the condition treated with 0.5% ammonium
hydroxide (the vehicle used to dissolve AB), and ecLPS-induced conditioned media
clustering further away from the basal iPericytes compared to pgLPS, suggesting that
ecLPS may induce a more pronounced alteration in the pericyte secretome.

3.2.6. APOE sequencing

The genetic diversity of iPSC lines from unrelated humans can hinder the ability to
make accurate conclusions following differential assay results. For this reason,
isogenic control lines are the gold standard for investigating the effect of specific gene
mutations on cell outcomes. We set out to use CRISPR/Cas9 machinery to create
isogenic, homozygous €4 cell lines from homozygous €3 iPSC lines, and vice versa.
Interrogating these cell lines in 2D and 3D culture formats would provide a clearer
understanding about how APOE genotype affects vascular AD pathology.

Firstly, the APOE genotype of iPSC lines in our lab were sequenced, which is
additionally useful due to the well-documented effects on APOE experimental
outcomes (Lin et al., 2018a). Genomic DNA was extracted from six iPSC lines, and
these were Sanger sequenced by the Australian Genome Research Facility.
Representative electropherograms are shown in Figure 3.9. Of the six iPSC lines, three
were confirmed as homozygous for the €3 allele (CTR06, CTR71 and fAD08), while the
other three were heterozygous €3/e4 (CTR88, f{AD948, fAD950). These findings were
used in work from our lab which has now been published. This showed differences in
other experimental systems based on these cell lines were explained by differences in
APOE genotype rather than the presence of PSEN2 fAD mutations (Sullivan et al.,
2024).
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Figure 3.6: Basal cytokine secretion in iBMECs. Cytokines with a mean q value < 0.5 when compared to the basal media
without cells are included. Two exposure times (A) 1 s and (B) 7 s, were analysed to determine relative expression of proteins with
high and low abundance. Data are reported as mean signal intensity + SD from n = 3. For statistical testing, a two-way ANOVA with
a two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the false-discovery rate, with Q < 0.05.
Cytokines with mean pixel density under 10 % of the maximum were not included in the statistical analysis. See Abbreviations (page
viii) for full list of cytokine names
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Figure 3.7: Basal cytokine secretion in iPericytes. Cytokines with a mean q value < 0.5 when compared to the basal media
without cells are included. Two exposure times (A) 1 s and (B) 10 s, were analysed to determine relative expression of proteins with
high and low abundance. Data are reported as mean signal intensity + SD from n = 3. For statistical testing, a two-way ANOVA with
a two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the false-discovery rate, with Q < 0.05.
Cytokines with mean pixel density under 10 % of the maximum were not included in the statistical analysis. See Abbreviations (page
viii) for full list of cytokine names.
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Figure 3.8: Hierarchical
clustering of secreted
cytokine signatures in
treated (A) iBMECs and
(B) iPericytes.

Y-axis consists of markers of
interest (right) and their
clustering profile (left), while

x-axis contains treatment
condition (bottom) and
clustering (top). See

Abbreviations (page viii) for
full list of cytokine names.
Cytokines and treatment
conditions are hierarchically
clustered  according to
similarity. Source code is
available in Figure 2.4.
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Figure 3.9: APOE genotyping of iPSC lines. Sanger sequencing
chromatograms showing APOE genotype at codon 112 (rs429358) and codon
158 (rs7412) for 6 iPSC lines. Yellow highlight indicates the position of the
single nucleotide polymorphism that determines APOE genotype. Y indicates T
or C nucleotide. Reproduced from Sullivan et al. (2024)

3.2.7. CRISPR/Cas9 gene editing of iPSCs

As no homozygous &4 iPSCs were detected, new homozygous €3 (CTR33 and AD33),
and homozygous &4 iPSC lines (AD44) were procured. These cell lines, sourced from
the Alzheimer's Disease Research Centre at the University of California, Irvine, had
already been genotyped at APOE, and had associated AD-relevant patient
characteristics available (Table 3.1). For these reasons, these cells were chosen to
CRISPR-edit.

The CRISPR/Cas9 machinery found in the adaptive immune system of bacteria and
archea, has been repackaged as a gene-editing tool, acting as a set of “molecular
scissors” to edit mammalian genomes (Doudna and Charpentier, 2014). Cas9 is a
nuclease that uses a guide RNA to target a specific sequence location, before inducing
a double-stranded break. Three-nucleotide protospacer-adjacent motifs (PAMs) in the
cell’s genome bind with paired nucleotides in the gRNA, directing Cas9 to induce a
DSB three base pairs upstream. Repair mechanisms are then triggered by the cell, with
non-homologous end joining (NHEJ) being more prevalent than homology-directed
repair (HDR). While NHEJ generates insertions and deletions that can cause gene
truncation or inactivation, HDR uses a template (e.g. homologous chromosomes, or

sister chromatids in the native context) to accurately fix the DSB. This mechanism can
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be exploited in a research-context by providing synthetic DNA (e.g. a single-stranded

oligodeoxynucleotides or ssODN) to induce desired genetic changes with accuracy.

Table 3.1: Clinical & genetic characteristics of iPSC lines sourced
from ADRC. iPSCs sourced from the Alzheimer's Disease Research Centre,
University of California, Irvine. Abbreviations: AD: Alzheimer’s Disease, APOE.:
Apolipoprotein E, CDR: Clinical Dementia Rating, MMSE: Mini-Mental State

Examination.
Biopsy Current
Age APOE
Code | Sex E
(years) | genotype | MMSE | CDR | Diagnosis | MMSE | CDR | Diagnosis
Probable
AD33 F 81 e3/e3 22 0.5 - 3 AD
AD
AD44 F 72 e4/eq 24 1 AD 16 2 AD
CTR33 F 76 e3/e3 30 0 None 30 0 None

The workflow of this experiment is explained diagrammatically in Figure 3.10 and
3.11A. Briefly, CRISPR/Cas9 machinery and guide RNA was delivered via the
LentiCRISPRV2 plasmid (Figure 3.11B). Delivery via electroporation occurs via a
pulse-mediated opening of temporary pores in cell membranes, allowing entry of the
vector and template. Electroporation is preferable to lipofectamine when transfecting
iPSCs (Xu et al., 2018). After transfection, puromycin can be added to selectively grow
only cells expressing the construct. Once enough cells are produced, single cells can be
isolated by limited dilution, before the expansion of monoclonal colonies and
sequencing to confirm colonies with successful knock-in. Once desirable clones are
confirmed, they are further interrogated using G-band karyotyping to rule out
karyotypic abnormalities, and trilineage differentiation potential is assessed to
substantiate the maintenance of pluripotency.
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Figure 3.10: Workflow of CRISPR/Cas9-mediated editing of iPSCs
for the creation of isogenic control lines. Abbreviations: CRISPR-Cas9:

Extract gDNA

X\

Clustered Regularly Interspaced Short Palindromic Repeats-Associated Protein
9, gRNA: guide RNA, ssODN: single-stranded Oligodeoxynucleotide.

The plasmid used here contains the gRNA sequences (Table 2.5) under the U6
promotor, while expressing the Cas9 nuclease and puromycin-resistance cassette
under the EF-1a core promotor (Figure 3.11B). The ssODN repair templates (Table 2.5)
for HDR contain asymmetrical homology arms for improved HDR efficiency and
introduce six predicted silent mutations to deter subsequent Cas9-binding to
successfully HDR-edited sequences (Designed by Cesar Moreno, The University of
Sydney).
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v
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A
v
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Uﬂffe&ﬁiw) I...AGACATGGAAGACGT CCGCGGACGCCTGGTCCAGTACCGCGGA. . .
v
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EF-1a core
promoter

Figure 3.11: Genetic machinery for APOE targeting and transfection.
(A) Genetic targeting of the APOE gene. The guide RNA targets exon 4 of the
APOE gene, inducing a double stranded break (red triangle) 1 bp upstream of
rs429358 SNP (green) and 3 bp upstream of the PAM sequence (blue). The
repair template for HDR is an ssODN, containing predicted-silent mutations
(purple) to deter targeting of already-edited DNA. (B) Simplified vector map of
the LentiCRISPRV2 plasmid, containing Cas9 machinery and puromycin
resistance cassette expressed under the EF-1a promoter, and gRNA expressed
under the U6 promoter. Abbreviations: APOE: Apolipoprotein E, Caso:
CRISPR-associated Protein 9, EF-1a: Elongation Factor 1 Alpha, gRNA: guide
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RNA, PuroR: Puromycin Resistance, ssODN: single-stranded
Oligodeoxynucleotide, U6: RNA Polymerase III Promoter.

An initial experiment was performed to ensure that the plasmid was expressed
effectively in HEK293 cells. After lipofectamine-induced transfection of the Casg-
gRNA plasmid and ssODN into HEK293 cells, puromycin treatment induced
widespread cell death in conditions that were not treated with the plasmid, but did not
induce this same effect in cells treated with the plasmid, suggesting successful
expression of the vector (data not shown).

no plasmid plasmid

CTR33

AD44 CTR33 AD33 AD44

Figure 3.12: Electroporation of iPSCs induces detachment
suggestive of cell death. Representative brightfield images showing cell
detachment and poor growth in CTR33, AD33 and AD44 iPSC lines at 1, 2, and
4 days post-electroporation. Scale bar represents 500 um.

24 h after electroporated iPSC were replated, CTR33-iPSC had successfully sat down,
whereas AD33 and AD44 iPSCs weakly attached as sparse single cells. At 48 h post-
electroporation (24 h after puromycin addition) significant cell detachment was
observed in all three cell conditions (Figure 3.12), indicative of puromycin-induced cell
death and inadequate expression of the plasmid. Due to time constraints, these
experiments were abandoned at this point.
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3.3. Discussion

3.3.1. Neurovascular iPSC derivation and validation

In the current study, endothelial cells and pericytes were derived from a healthy
patient-derived iPSC line and compared to commonly used primary and immortalised
lines of the same cell type. While all three endothelial cell lines expressed PECAM-1
and VE cadherin, iBMECs displayed an enhanced barrier phenotype compared to the
CMEC and HUVEC lines, showing expression of the tight junction protein occludin,
decreased permeability to sodium fluorescein, and increased maximum TEER. The
iBMEC fluorescein permeability data reported here align with literature values, which
suggest an effective in vitro permeability in the order of 1 x 106 cm/s (Wilson et al.,
2015, Hollmann et al., 2017, Neal et al., 2019). It must be noted, however, that the
TEER values observed for the present iBMECs differ from the values reported in the
original iBMEC derivation protocol paper (Neal et al., 2019) and those reported in
another paper using iBMECs derived from the same iPSC line as that derivation paper
(Raut et al., 2021a), which report TEER values an order of magnitude higher. This is
likely explained by the differences in measurements between the Agilent xCelligence
system used in this study, and EVOM Voltohmmeter used in the other studies.
Specifically, the lack of basolateral fluid compartment in the xCelligence system, as
opposed to the transwell systems used in voltohmmeter experiments, may impact the
development of in vivo-like cell polarity, resulting in lower resistance (Benson et al.,
2013). The xCelligence system also uses a higher frequency stimulation (10,000-
50,000 Hz as opposed to 12.5 Hz in the EVOM system), which may more accurately
capture transcellular resistance as opposed to paracellular resistance — with
transcellular resistance being more relevant for TEER readings (Benson et al., 2013).
While in vivo TEER and effective permeability measurements cannot be easily
measured, the human BBB is estimated to have a TEER in excess of 8000 Q) x cm2 and
low permeability values that differ substantially depending on method and molecule
(Smith and Rapoport, 1986). Nevertheless, the iBMECs reported in the present study
display a higher TEER and lower permeability than the CMEC and HUVEC lines,
suggesting that electrical and permeability properties of iBMECs better recapitulate
the in vivo vasculature. While only one iPSC line was interrogated in these
experiments, Neal et. al. (2019) reports the differentiation of four different iPSC lines,
with similar results, supporting the methods’ reproducibility (further discussion of
iPSC line variability is included in Chapter 6).
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Adherens junction proteins PECAM-1 and VE cadherin were expressed by all three cell
lines, while the tight junction protein occludin, was expressed only by iBMECs,
supporting an enhanced endothelial phenotype compared to HUVECs and CMECs.
iBMEC's expression of PECAM-1, VE cadherin, occludin, laminin a4 and GLUT-1, plus
the lower permeability and enhanced TEER, demonstrates an endothelial phenotype
that is more similar to in vivo than HUVECs and CMECs.

In addition to endothelial markers, the expression of EpCAM, and epithelial adhesion
protein, was revealed in iBMECs. A recent study investigating various iBMEC
derivation methods posited that EpCAM expression was indicative of incorrect cell
identity (Lu et al., 2021). This work suggested that current methods produced cells
that lacked appropriate endothelial lineage genes and expressed inappropriate gene
clusters from the epithelial lineage, highlighting the need for protocols that produce
pure and consistent endothelial populations. In contrast, CMECs do not exhibit this
ambiguity and demonstrate more stable transcriptional alignment with classical
endothelial markers, positioning them as a barrier with potentially more canonically
endothelial characteristics (Weksler et al., 2013). The iPSC line investigated in the
current study was shown to express EpCAM, aligning with the protein’s role in
pluripotency (Lu et al., 2010). As such, it is possible that the EpCAM expression
observed in iBMECs represents residual expression from this previous cell-identity,
and that EpCAM protein is in the process of being downregulated. Delayed
downregulation of EpCAM has been described in human embryonic stem cell-derived
embryoid bodies, where OCT3/4 expression was significantly reduced after 1 week,
while EpCAM protein was still present after 3 weeks of culturing (Ng et al., 2010).
These results highlight the importance of taking into consideration cell maturity and
culture timing when using immunofluorescence to determine cell identity. Given that
protocols based on the initial iBMEC derivation method from Lippmann et al. (2012b),
suggest assaying the cells only 48 hours after barrier induction, the functional impact
of observing cells in identity flux may be underappreciated (Lippmann et al., 2014a,
Stebbins et al., 2016, Neal et al., 2019). Although monocultured iBMECs at this stage
do have in vivo-like characteristics, co-culture with pericytes/astrocytes, and inter-
donor differences has been shown to modulate native expression profiles and
functional barrier properties, suggesting that further investigation into iBMEC
maturation under co-culture conditions may be warranted (Patel et al., 2017).
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In the case of the iPSC-derived pericytes, immunocytochemistry confirmed that the
expression of cell type markers was comparable between the iPSC-derived and
immortalised cells, however iPericytes were noticeably larger then HBVPs. This
discrepancy in size between these two cell types is not observable in recent literature
(King et al., 2024), however differences in confluency at the time of imaging may
explain part of the difference. iPericytes did, however, display the wide range of
morphological categories that have been reported (Brown et al., 2023).

3.3.2. 2D iPSC-derived neurovascular cell function

Neither iBMECs nor iPericytes displayed significant viability changes following
treatment with AB,-:40, ecLPS or pgLPS, indicating the robustness of these cell types in
vitro, and that subsequent treatment results are not confounded by cell death.

While IL-6 release was undetectable in iBMECs under all conditions, iPericytes
secreted low levels of IL-6 irrespective of treatment. The lack of treatment-induced IL-
6 response in these cells is intriguing, as there is considerable literature reporting IL-
6 release after ecLPS treatment in primary human pericytes, primary human
endothelial cells and immortalised human endothelial cells (Johnson et al., 2018,
Smyth et al., 2018, Gaceb et al., 2017), although data on iPSC-derived pericytes is
lacking. Because our results do not replicate the IL-6 secretion of other ecL.PS-treated
endothelia and pericytes, it may be possible that pgLLPS and A can also elicit pro-
inflammatory cytokine release, when applied in a different context. For example,
alternative inflammatory mediators, such as IFNy or IL-1, may be necessary to
observe the IL-6 upregulations seen in other studies. Indeed Smyth et al. (2018)
reported that IL-1p elicited considerably larger cytokine responses in both pericytes
and endothelia. Regardless, basal IL-6 secretion by iPericytes highlights their active
role in vascular inflammation, consistent with other literature (Szepes et al., 2020,
Peltonen et al., 2024). Nevertheless, the nature and degree of LPS-induced
neurovascular inflammatory responses in the human in vivo context is unclear, so the

results of the previous and current studies are best interpreted in tandem.

Treatment with Af4240 or LPS did not significantly alter iBMEC monolayer
permeability to sodium fluorescein. This contrasts with in vivo findings where chronic
inflammation and A burden contribute to barrier disruption (Lai et al., 2021, Banks
et al., 2015), and in vitro findings in CMEC monolayers where nanomolar A
application increased permeability and decreased AP transport (Qosa et al., 2014). AB-
laden conditioned media from Swedish mutant iPSC-derived neurons induces
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HBMEC activation and increased permeability, an effect that is blocked by genetically
inhibiting AP production in the neurons (Shin et al., 2023). In tandem with our results,
this suggests there may be other elements that work alongside AP to modulate
endothelial permeability. The lack of permeability changes in this model could reflect
the limitations of static, 2D transwell systems, which lack the dynamic flow conditions
that cause shear stress and elicit other physicochemical properties in vivo.
Additionally, the acute treatment timeframe may have been insufficient to induce
structural damage to the endothelial layer, emphasizing the need for prolonged or
repeated exposures to better mimic chronic disease processes.

In our 2D iBMECs, we observed a measurable AB,-:40 deposition after 24 h application,
that was significantly higher compared to control wells with fibronectin/collagen-
coated surfaces. This finding underscoring the selective retention of A by endothelial
cells is particularly relevant to cerebral amyloid angiopathy, where vascular A
accumulation contributes to endothelial dysfunction and local inflammation. The
mechanistic involvement of surface receptors such as RAGE and LRP1, which facilitate
in vivo AP uptake and transcytosis, could be investigated in the future to probe this
phenotype and its relevance to human AD (Zhou et al., 2021).

These outcomes reinforce the importance of studying neurovascular interactions in a
cell-type-specific context. However, the inability of 2D systems to fully recapitulate
dynamic neurovascular interactions necessitate the incorporation of 3D co-cultures
and extended treatment paradigms that are explored future chapters. These
refinements will provide a more comprehensive understanding of neurovascular

contributions to AD and offer a foundation for therapeutic targeting of the BBB.

3.3.3. 2D iPSC-derived neurovascular secretomes

While primary/immortalised endothelial cells and pericytes (like CMECs and HBVPs)
have been well-studied using broad-spectrum protein arrays, iBMECs have only been
investigated under significantly different conditions (i.e. different derivation method,
culture media, iPSC properties and lack of comparison to basal media), and iPericytes
have not been tested (Kurmann et al., 2021, Smyth et al., 2018, Rieker et al., 2019), so
we measured the basal secretomes of these cells to understand their function in

unstimulated conditions.
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3.3.3.1. Basal iBMEC secretions

Under basal conditions, iBMECs secreted 14 cytokines that were significantly different
from the signal produced by media: EMMPRIN, GDF-15, IGFBP-2, IGFBP-3, MIF,
MMP-9, osteopontin, cystatin C, FGF-b, FGF-19, IL-17A, MCP-1, PDGF-AA, and
thrombospondin-1. These cytokines are implicated in a wide array of functions
including inflammation, angiogenesis, BBB maintenance and neurodegeneration. The
activation of IGFBP-2 and IGFBP-3 in iBMECs suggests involvement of the insulin-
like growth factor signalling pathway critical for endothelial cell survival and function,
angiogenesis, and neurovascular integrity (Bonham et al., 2018, Das et al., 2013, Jan
et al., 2006, Kim et al., 2016). This pathway can modulate vascular permeability and
inflammation, both of which are crucial for BBB regulation and AD progression.
Similarly, the secretion of MMP-9, osteopontin, and IL-17A and MIF, suggests the
activation of MMP and pro-inflammatory pathways, which are essential for tissue
remodelling, angiogenesis, and inflammation (Ringland et al., 2020, Nasiri et al.,
2020, Ladwig et al., 2017). Elevated basal levels of MMP-9, osteopontin, cystatin C
and IL-17A suggest that iBMECs may have a pro-inflammatory phenotype, possibly
due to epigenetic or inflammatory priming that could produce heightened responses
to pathogenic stimuli as seen in neurodegenerative diseases (Lauridsen et al., 2017, Li
et al., 2023b). Further investigation into these basal cytokine levels could clarify
whether iBMECs represent an early model of neurovascular dysfunction, reflecting
disease-associated changes in endothelial cell behaviour before overt pathology.

Using the same array, Rieker et al. (2019) found 18 cytokines in the iBMEC-
conditioned media Angiopoietin-2, bFGF, DKK-1, EGF, ENA-78, GDF-15, GRO-q,
IFN-y, IGFBP-2,IL-1a, IL-8, Kallikrein 3, MCP-1, Osteopontin, PDGF-AA, Pentraxin-
3, Serpin E1 and Thrombospondin-1. Our iBMECs displayed an overlapping but
distinct secretion profile, with six similarly expressed proteins (GDF-15, IGFBP-2,
Osteopontin, MCP-1, PDGF-AA, and Thrombospondin-1) suggesting that iBMECs
were comparable. This study utilised a different iteration of the iBMEC derivation
protocol, and also used altered culturing conditions (VascuLife medium, low oxygen
incubation and no collagen IV in well coatings). These experimental differences could
explain the disparate secretion profiles, along with the genetic variation involved in
using separate iPSC donor sources.

In another study, secretions from primary human endothelial cells were indexed
(Smyth et al., 2018). This study did not look at the difference between cell conditioned
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media and unconditioned media, but if we look at the raw data and apply our 10% max
cut off we see that their endothelial cells also produced six similar proteins: IGFBP-3,
IGFBP-2, PDGF-AA, MCP-1, Osteopontin, MMP-9, suggesting that our iBMECs have
a secretion signature similar to both primary BMECs, and other iBMECs published in
the literature, providing converging evidence of their basal role in inflammation,

angiogenesis, and extracellular matrix regulation (Smyth et al., 2018).

3.3.3.2. Treated iBMEC secretions

In contrast to the basal state, treatment with inflammatory stimuli (ecLLPS and pgL.PS)
or AB,42:40 did not significantly alter cytokine secretion in iBMECs except for in the case
of Lipocalin-2 reduction in ecLPS treated media. This lack of response is curious,
considering the expansive secretion profiles of primary BMECs after inflammatory
insult with LPS or IL-1p (Smyth et al., 2018).

Given that iBMECs are typically assessed immediately after derivation, within 48
hours of retinoic acid removal, their developmental maturity may limit their functional
responsiveness. Insufficient TLR4 expression at this early stage could hinder their
sensitivity to inflammatory stimuli, as suggested by Tsioti et al. (2023). It is possible
that iBMECs require more complex cues or a prolonged exposure to inflammatory
stimuli to mount a robust cytokine response. This finding may also suggest that while
iBMECs exhibit baseline inflammatory and angiogenic signalling, their response to
acute inflammatory triggers could be muted or delayed. One other potential limitation
is that array sensitivity or cell number might not allow for the levels of secreted
proteins to breach detection limit. Given the importance of iBMECs in neurovascular
modelling of inflammatory disorders, future studies could explore modifying the
timing of treatments, increased stimulus concentrations, co-administration with other
inflammatory cues (such as IFN-y) and co-culture with multiple neurovascular unit
cell types.

Given the complexity of understanding vascular responses to various pathogenic
stimuli, heat map like the one generated can provide a useful way to look at broad
expression profiles. The treated iBMEC secretomes reveal distinct clustering patterns:
AP and A’s vehicle condition group closely and are distinctly separated from basal,
indicating that treatment with AB’s weak ammonium hydroxide vehicle solution may
exert vascular-specific effects. Moreover, ecLPS and pgLPS form a separate cluster,
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suggesting that their similar structural features elicit comparable mechanisms of

relative protein release.

3.3.3.3. Basal iPericyte secretions

In iPericytes cultured under basal conditions, IGFBP-2, serpin E1, EMMPRIN, FGF-
19, MIF, osteopontin, and PDGF-AA were significantly elevated when compared to
Sciencell Pericyte Medium. These proteins are associated with numerous functions
including cellular growth, differentiation, inflammation, extracellular matrix
remodelling, tissue repair, and pericyte recruitment, all of which are critical for
neurovascular unit stability and BBB maintenance (Allard and Duan, 2018, Bacher et
al., 1998, Hasaneen et al., 2016, Karimi-Abdolrezaee et al., 2012, Li et al., 2016, Morita
et al.,, 2019, Wang et al., 1998). Notably, IGFBP-2, EMMPRIN, FGF-19, MIF,
osteopontin, and PDGF-AA are all expressed in both iPericytes and iBMECs,
highlighting the critical role of crosstalk between these two cell types within defined

signalling streams.

In Smyth et al. (2018), conditioned media from basal HBVPs were observed to
similarly express both IGFBP-2 and MCP-1, while also secreting CD40 Ligand, IL-11,
MMP-9, Kallikrein 3, TFF3, IL-12 p70, Angiogenin, Complement Factor D, IL-19, and
SDF-1a. Our iPericytes have an overlapping expression of IGFBP-2 and MCP-1 that
provides evidence of stable, pericyte-relevant functional cascades relating to
angiogenic regulation, extracellular matrix remodelling, and inflammatory signalling
(Rensink et al., 2004, Jansson et al., 2014). Contrastingly, the diversity of differences
in protein secretion highlight the importance of cellular context in determining the in
vitro expression of in vivo physiology, with differences in differentiation protocols,
culture conditions, and cell sources contributing to variations in pericyte behaviour.
Human in vivo pericyte secretomes are influenced by microenvironmental factors
such as regional specialization, vascular niche, and disease state, and it is too early to
determine which of these models more accurately reflects human pericyte physiology

in neurovascular contexts.

3.3.3.4. Treated iPericyte secretions

iPericytes treated with ecLPS, pgLPS or AB4.:40 did not significantly alter cytokine
secretion. This is interesting given their well-documented role as immune mediators

at the neurovascular interface, and the reported cytokine secretions in response to
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ecLPS (Smyth et al., 2018, Torok et al., 2021). LPS-treated HBVPs in Smyth (2018)
showed increases in ICAM-1, VCAM-1, CX3CL1, IL-6, IL-8, IP-10, MCP-1, and
RANTES measured by a cytometric bead array. The absence of similar inflammatory
response may represent an intrinsic difference in the iPSC-derived pericytes compared
to their primary counterparts. There were, however, trends toward EGF decreases in
both ecLPS- and pgLPS-treated iPericytes. EGF is a crucial anti-inflammatory
mediator with roles in cellular proliferation, migration, and wound healing in the
neurovascular unit (Schreier et al., 2014). EGF can supress heightened inflammatory
and vasculogenic signals in neurovascular models, so it’s downregulation in our
iPericytes could suggest diminished capacity to counteract inflammatory cascades
triggered by LPS exposure (Lee et al., 2024).

Similarly to iBMECs, iPericytes may require different or more prolonged exposure to
inflammatory stimuli to elicit a significant cytokine response in our system. Previous
research has indicated that pericytes might exhibit greater resistance to acute
inflammatory changes compared to endothelial cells (Smyth et al., 2018). This
suggests that, while iPericytes display baseline levels of inflammatory and angiogenic
activity, their response to insult may require the presence of other environmental

factors, necessitating experimental adjustments to observe these phenotypes in vitro.

Heatmap analysis of the secretions from treated iPericyte media revealed an
unexpected broad cytokine elevation from the condition treated with 0.5% ammonium
hydroxide (the vehicle used to dissolve AP). This anomaly warrants further
investigation into potential underlying factors influencing baseline secretion levels
with weak ammonium hydroxide vehicles. Additionally, ecLPS-induced conditioned
media clustered further from the basal iPericyte secretion profile compared to pgL.PS,
suggesting that ecLPS may induce a more pronounced alteration in the pericyte
secretome, potentially reflecting a stronger inflammatory response or a distinct
activation pathway, emphasising the complexity of pericyte-mediated responses to

inflammatory stimuli.

3.3.4. CRISPR/Cas9 gene editing

In the final part of this chapter, we aimed to generate isogenic iPSC lines with
homozygous APOE &3 to g4, or &4 to €3 switched genotypes. While some attempts to
create such isogenic lines have been published (Mufioz et al., 2021, Blanchard et al.,
2020, Budny et al., 2024, Lin et al., 2018b), isogenic APOE cell lines are of limited
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commercial availability. It is critical to develop larger libraries of genetically diverse
iPSC lines in order to improve understanding of APOE mutation effects due to the
large variability inherent with iPSC lines due to differences in donor genetics,
reprogramming methods, culturing techniques. Little is known about the influence of
APOE status on endothelial and pericyte phenotypes and generation of these cells
would have provided tools to explore this.

We aimed to use lentivirally-introduced CRISPR, with gRNA and ssODN templates
carefully optimized for targeted integration and high HDR efficiency. Electroporation
is the preferred transfection methodology in iPSCs, however a phenomenon called
arcing (where high sample conductivity disrupts the voltage separation) can decrease
cell viability (Xu et al., 2018). Although experiments were designed to avoid this by
managing salt concentration and conductivity of solutions, arcing was observed in
some instances. This may have affected cell viability or the opening of membrane pores
during the electroporation process, causing poor uptake of the vector.

Successfully creating CRISPR knock-in iPSC lines is made challenging due to the poor
transduction efficiency of iPSCs, intrinsically low efficiency of HDR, and sensitive
growth conditions of low-confluency iPSCs (Navarro-Guerrero et al., 2021, Xu et al.,
2019). In addition to the aforementioned considerations there are a number of novel
methods being developed to improve HDR efficiency in iPSCs (Shahryari et al., 2021,
Patel et al., 2022, Zhang et al., 2021, Fu et al., 2022). Tethering the repair-template to
the Cas9 nuclease has been shown to increase efficiency by increasing spatial
availability of the template (Aird et al., 2018). Cold shocking cells after transfection
(Guo et al., 2018), and exogenously inhibiting NHEJ are other methods to optimise
HDR efficiency (Maruyama et al., 2015).

3.3.5. Chapter Summary

In this chapter we validated iPSC-derived vascular cells, showing that iBMECs
expressed common endothelial markers PECAM-1, VE cadherin and occludin, and
displayed enhanced barrier properties when compared to HUVEC and CMEC lines,
with higher TEER values and lower permeability. iPericytes expressed markers,
PDGFRp, NG2, CD13, indicative of pericyte identity. iBMECs were also shown to
harbour measurable AP deposits when treated with monomer preparations of AP,
and ABo.
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Cytokine arrays revealed that iBMECs and iPericytes exhibit distinct basal cytokine
secretion profiles that align with those reported in the literature. iBMECs produced
protein secretion profiles underscoring their role in barrier integrity, matrix
remodelling, inflammation and angiogenesis. iPericytes also exhibited a cytokine
profile consistent with their role in stabilizing endothelial cells and regulating BBB
integrity. Notably, neither iBMECs nor iPericytes demonstrated significant cytokine
alterations in response to acute stimulation with AP or inflammatory
lipopolysaccharides, suggesting that these cells may require chronic or multi-faceted
stimuli to mimic the complex inflammatory environment seen in AD. However, the
diverse basal secretion of functional cytokines suggests constitutive activity of vascular
pathways.

The chapter’s findings suggest noteworthy cell-autonomous features in iPSC-derived
vascular cells, but the extent to which these in vitro functional and secretory
phenotypes relate to human neurodegenerative symptoms and mechanisms requires
further validation in more complex models. Generating more biomimetic in vitro
culture systems to replicate and further develop these findings is a critical next step
toward improving their physiological relevance and translational potential.
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Supplementary Figure 3.13: Blot membranes from iBMECs and iPericytes
at low exposure (1 s) and high exposure (10 s). Two exposure times were
performed to determine relative expression of proteins with high and low abundance.
Magenta crosses denote data points that were not analysed due to overexposure in at
least one membrane). Cytokine intensities were measured in duplicate, from n = 3
experiments.
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Supplementary Table 3.2: iBMEC-secreted cytokine data measured using the proteome profiler array. For statistical
testing, a two-way ANOVA with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the
false-discovery rate, with Q < 0.05. Cytokines with mean pixel density under 10 % of the maximum were not included in the statistical
analysis. See Abbreviations (page viii) for full list of cytokine names.
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Supplementary Table 3.3: iPericyte-secreted cytokine data measured using the proteome profiler array. For
statistical testing, a two-way ANOVA with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to
control the false-discovery rate, with Q < 0.05. Cytokines with mean pixel density under 10 % of the maximum were not included in
the statistical analysis. See Abbreviations (page viii) for full list of cytokine names.
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Chapter 4: Development of 3D, Rastrum-

bioprinted vascular cultures

4.1. Introduction

The disordered human neurovascular unit consists of complex pathomechanisms that
are prohibitively invasive to observe in vivo (Drummond and Wisniewski, 2017).
Understanding how different cell types operate and communicate within the
neurovascular unit is critical to understanding the neurodegenerative conditions
which are typified by neurovascular dysfunction. For this reason, the ability of our in
vivo and in vitro models to adequately recapitulate cellular phenotypes in human

pathologies is vital.

Rodent models are the most common in vivo disease model for investigating disorders
of the neurovascular unit. This allows the investigation of cell behaviour in a natural
multicellular, 3D environment (Dawson et al., 2018, McGonigle, 2014). However,
differences in genetics and behavioural phenotypes in animal models reduce the
generalizability of these models to human CNS diseases (McGraw et al., 2017).
Compared to rodents, human endothelia possess significant transcriptomic
differences affecting barrier and inflammatory functions (Song et al., 2020), and
engage in more extensive interaction with pericytes and astrocytes (Hartmann et al.,
2015, Canfield et al., 2017).

On the other hand, in vitro studies are generally performed in monocultures plated on
2D surfaces—a significantly different adhesion environment to the 3D, multicellular
matrix in the CNS (Birgersdotter et al., 2005). This causes meaningful differences in
cell morphology, function, differentiation, and gene expression compared to the in
vivo environment, challenging the relevance of these purportedly in vivo-like systems
(Edmondson et al., 2014, Pound and Ritskes-Hoitinga, 2018, Sun et al., 2006, Liu et
al., 2019). Therefore, it is necessary to improve in vitro culture systems to better mimic
the human neurovascular environment and enhance physiological relevance. As
opposed to more commonly used primary and immortalised cell lines, iPSC-derived
cells are a more scalable cell source, with distinct phenotypes (as shown in Chapter 2)
that may be more disease-relevant for human-specific diseases (Heikkila et al., 20009,
Zhang et al., 2017a). iPSCs also allow the production of floating 3D cerebral organoids,
which display more appropriate developmental and structural aspects of the CNS
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(Lancaster and Knoblich, 2014), but are poorly replicable and not ideal for
investigation of some cell-types, including vascular cells (Di Lullo and Kriegstein,
2017, Quadrato et al., 2017). In addition to organoids, hydrogel-encapsulated 3D
culture systems offer an alternative in vitro platform with advantageous scalability
and replicability. Hydrogels using natural mixtures (such as Matrigel, a basement
membrane extract from a mouse tumour line) are highly biocompatible, although, they
suffer from batch-to-batch variability and constrained rheological characteristics
unsuitable for widescale bioprinting (Aisenbrey and Murphy, 2020b, Mancha Sanchez
et al., 2020). Contrastingly, synthetic hydrogels such as those made from polyethylene
glycol (PEG), confer tunable biochemical and biomechanical properties, allowing
accurate imitation of the specific extracellular environment being studied. The
polymer chain length and concentration of PEG hydrogels can be varied to modulate
stiffness and porosity (Zhu, 2010). Incorporation of matrix metalloprotease-sensitive
peptide sequences can allow for cell-mediated biodegradation and migration, and
covalent coupling of adhesion sequences which assist with cell survival and
attachment (Figure 4.1) (Utama et al., 2021). While peptide sequences from
fibronectin (such as RGD) and laminin (such as YIGSR) are common, peptides from
other ECM components like collagen IV may also assist in appropriate
functionalisation of synthetic hydrogels (Floquet et al., 2004, Brosicke et al., 2015).
Additionally, gelation mechanisms of PEG hydrogels are compatible with drop-on-
demand printing, a methodology offering higher throughput and consistency than
temperature-gelation and manual-pipette gelation techniques). But, using these
scalable bioprinting technologies to generate biomimetic iPSC-derived neurovascular
cultures is a strategy that has not been investigated.

The Rastrum 3D bioprinting platform offers a modular, high-throughput solution for
developing complex tissue models (Yee et al., 2024, Utama et al., 2021, Jung et al.,
2022). Its droplet-on-demand technology ensures precise placement of bioinks,
enabling the scalable fabrication of multicellular structures with consistent
architecture and functionality. The modularity of the Rastrum system allows for
tailored combinations of cell types and matrices, making it particularly advantageous

for modelling dynamic and heterogeneous environments like the neurovascular unit.
For the purposes of advancing 3D neurovascular unit cultures for disease modelling

and drug discovery, novel 3D models involving self-vascularising monocultures of

endothelial cells, and multi-cell type cultures involving endothelial cells, pericytes and
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Figure 4.1: Hydrogel matrix composition diagram. 3D bioprintable
matrix consists of a polyethylene glycol (PEG)-backbone with adjustable arm
number and length that allows for tunable stiffness. Matrix metalloprotease
(MMP)-cleavable sequences allow increased cell motility upon cell-mediated
degradation. Full length collagen IV, Arg-Gly-Asp (RGD) peptide, and Tyr-Ile-
Gly-Ser-Arg (YIGSR) peptide are incorporated for optimal cell adhesion.

astrocytes are needed. While innovative, 3D neurovascular cultures have been
published (Blanchard et al., 2020), none have successfully demonstrated co-culturing,
iPSC-derived cell types and scalable bioprinting in tandem. These models should be
replicable, self-assemble into in vivo-like structures at the macro and micro scale, and
display cell-specific morphology. This chapter aims to provide a tunable 3D
bioprinting platform that supports the monoculture of both CMECs and iBMECs, and
the triculture of endothelial cells, pericytes and astrocytes using a well-defined,

bioprintable, in vivo-relevant matrix.

4.2. Results
4.2.1. Vascular bioprinting development
4.2.1.1. Initial monoculture and co-culture development

Using the Rastrum bioprinter, cells can be seeded within a proprietary PEG hydrogel,
containing MMP-degradable sequences, crosslinked RGD and YIGSR peptides, and
free collagen IV, to support the maintenance of cells in a synthetic, in vivo-like
environment (Utama et al., 2020) (Figure 4.1). To test that endothelial cells and
pericytes can survive this printing process and develop morphologically over time we
began by printing immortalised endothelial cells (CMECs) and primary human brain

vascular pericytes (HBVP) were seeded in monoculture and co-culture. Cells were
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seeded at a total of 5 x 10° cells/mL of gel, with the co-culture containing a 50:50
mixture of CMECs and HBVPs, adopted from in vitro co-cultures found in the
literature (Nzou et al., 2018, Urich et al., 2013). 24 h after cell printing, cultures were
imaged with calcein-AM and ethidium homodimer-1 (EthD) to verify that cells had

survived the printing process, then stained for immunofluorescence imaging.

At day 1 and day 9, both monocultures and the co-culture supported viable cells,
indicated by calcein-AM-positive staining, with some EthD-positive dead cells (Figure
4.2A). Given the presence of live cells, samples were fixed and stained for cell specific
markers at day 12 (using 3D immunofluorescence protocol in Chapter 2.8),
highlighting the formation of robust, micro-scale vascular-like networks. This is
especially evident in the ring of PECAM-1-positive staining around the edge of the gel
(Figure 4.2B). Endothelial markers PECAM-1 and occludin were also observed in close
association with pericytic markers NG2 and PDGFR, respectively (Figure 4.2C).

Weaker signal-to-noise ratios were observed compared to standard 2D
immunofluorescence assays using the same cell lines (Figure 4.2A). This may be
attributed to the secretion of autofluorescent proteins by vascular cell types, as similar
autofluorescence was not seen in empty gels (Supplementary Figure 4.11).
Autofluorescence issues such as these are magnified in 3D opposed to 2D, due to
increased metabolic states (Heaster et al., 2020, Cannon et al., 2017). Fluorescent
signal is decreased towards the top portion of the gel due to increased light-scattering
in the signal path (e.g. the central portion of Figure 4.2B), while DAPI-negative non-
specific aggregates also hinder accurate visualisation (Figure 4.2B, white arrows). For
this reason, an optimized immunofluorescence sample preparation protocol was
developed incorporating increased incubation times, decreased temperature, and a
clearing process to circumvent non-specific binding and light scattering. Full details
of this protocol are outlined in the Chapter 2.9, and this protocol is used from 4.2.2

onwards.
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Figure 4.2: Maximum intensity projections of 3D co-cultures
containing CMECs and HBVPs. (A) Representative maximum intensity
projection of Cerebral Microvascular Endothelial Cell (CMEC) and Human
Brain Vascular Pericyte (HBVP) co-cultures stained with calcein-AM (Live,
green) and Ethidium Homodimer-1 (EthD; Dead, red). Scale bar represents
500 um. (n = 1). (B) Representative maximum intensity projection of co-
culture stained for endothelial cells (Platelet Endothelial Cell Adhesion
Molecule-1; PECAM-1, red), pericytes (Neural/Glial Antigen 2; NG2, green)
and nuclei (Hoechst, cyan). White arrows indicate areas containing non-
specific artefacts. Scale bar represents 1000 um. (n = 1) (C) Representative

93



maximum intensity projection of co-culture. Top: endothelial cells (PECAM-1,
magenta), pericytes (NG2, yellow) and nuclei (Hoechst, cyan). Bottom:
pericytes (Platelet-Derived Growth Factor Receptor [; PDGFR[, red),
endothelial cells (occludin, green) and nuclei (Hoechst, cyan). Scale bar
represents 500 um. (n = 1).

4.2.1.2. 2D iAstrocyte differentiation and characterisation

To enhance the physiological relevance of our endothelial-pericyte constructs, the
incorporation of astrocytes is essential, as they represent the third key component of
the neurovascular unit. iPSC-derived astrocytes (iAstrocytes) were differentiated by
first deriving neural progenitor cells (NPCs) using the STEMDiff Neural System, then
differentiating to astrocyte identity by culturing in proprietary astrocyte medium (Tcw
et al., 2017). At the intermediate stage, NPCs were shown by immunocytochemistry to
express the NPC markers nestin and PAX6 (Figure 4.3A).

Both iAstrocytes and primary human astrocytes were assessed by
immunocytochemistry for expression of astrocyte markers in 2D. Glial Fibrillary
Acidic Protein (GFAP), a structural intermediate filament protein and S100f, a
calcium-binding protein expressed in mature astrocytes, are two common markers
used to identify astrocytes. Aquaporin 4 (AQP4) is a membrane-bound water channel
important for fluid dynamics of the glymphatic system and vasculature. All three
markers were expressed in both the primary and iPSC-derived astrocytes (Figure
4.3B). Apart from this verification of cell identity marker expression, please note these
iAstrocytes have undergone extensive functional characterisation by our lab elsewhere
(Sullivan et al., 2023, Sullivan et al., 2024).

A B

PAX6 GFAP AQP4

iAstrocyte

HA

94



Figure 4.3: Immunofluorescence validation of 2D iPSC-derived
neural progenitor cells, iPSC-derived astrocytes and primary
astrocytes. (A) Representative image showing the expression of NPC markers
nestin and PAX6 in iPSC-derived NPCs. Scale bar represents 200 um. (B)
Representative images showing the expression of astrocyte cell markers glial
fibrillary acidic protein (GFAP), S100 Calcium-Binding Protein  (S100f) and
aquaporin 4 (AQP4) in iAstrocyte and human fetal astrocyte lines. Scale bar
represents 200 pm.

4.2.1.3. Hydrogel optimisation with human astrocytes

Our lab previously published some optimisation of PEG gel properties using human
astrocytes (Sullivan et al., 2023). This work identified that gels containing both RGD
and YIGSR peptides provided optimal biocompatibility, compared to less
functionalised gels. That work also found that addition of free collagen IV was well
tolerated, allowing the addition of this adhesion protein that performs important roles
in CNS structural matrices (Gatseva et al., 2019). During this optimisation, 1.5 kPa gels
were chosen over a 0.9 kPa gel, to ensure structural longevity, and stay within the
boundaries of reported brain stiffnesses (Axpe et al., 2020, Weickenmeier et al., 2016).
Since that research, 1.5 kPa bioinks were shown to possess poorer Rastrum ejection
properties (personal communication with manufacturer). Additionally, altered
concentrations of RGD and YIGSR peptides were instigated by the manufacturer
(personal communication with manufacturer), so it was necessary to test whether
these changes affected cell health. Given the importance of astrocytes to the
neurovascular unit, we tested whether human astrocyte viability and morphology was
affected by the new peptide concentrations, or by decreasing gel stiffness to 1.1 kPa
(through modulation of PEG arm length) (Figure 4.4). Human astrocyte viability,
measured as the percentage of calcein AM-positive cells to total DAPI-positive cells,
was not significantly different between the 1.5 kPa gel (78.8% + 5.35 SD), the 1.5 kPa
new [peptides] gel (73.7% + 8.53 SD), and the 1.1 kPa new [peptides] gel (78.9% + 7.29
SD) (Figure 4.4A). Similarly, cell area remained stable across the three gel conditions
(392 um2 + 65.4 SD; 354 um?2 + 40.7 SD; 443 um2 + 47.6 SD respectively; Figure 4.4B).
Mean longest process length (30.5 um2 + 4.34 SD; 28.5 um? + 4.21 SD; 29.6 um2 +
4.86 SD respectively; Figure 4.4C) and the range of longest process lengths within a
sample (115.0 + 20.34 SD; 119.5 + 19.63 SD; 107.8 + 20.63 SD respectively; Figure
4.4D) were also not significantly different.
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Figure 4.4: Viability and morphology of 3D human astrocytes in
hydrogels of new peptide concentrations and stiffness. Primary
human astrocytes were imaged 3 days after bioprinting, and interrogated by
indexing (A) viability as percentage of live cells, (B) average cell area and (C)
longest process length measured by manual tracing, and the (D) range of
longest process lengths. Data shows the mean + SD of n > 3 independent
experiments. A one-way ANOVA with Dunnett’s multiple comparison test was
used to identify statistically significant differences between gel conditions.

High concentrations of free collagen IV produced bubbles when ejecting into the waste
cartridge, and left adherent deposits in the fluidic channels (personal communication
with manufacturer). Because of this, we set out to test whether free collagen IV could
be replaced by a shorter peptide sequence, reducing cost and batch-to-batch variability
from externally-sourced protein. The five collagen IV-derived peptide sequences
tested are displayed in Table 4.1. These were chosen by Inventia Life Sciences based
on previous literature investigating the MNYYSNS motif found on the alpha 3 chain of
collagen IV (Floquet et al., 2004, Brosicke et al., 2015). The bioinks each vary in the
amino acids flanking the main adhesion sequence, affecting the conformation of the
peptide and thus the availability for integrin binding.

Table 4.1: Collagen peptide sequences

Name Sequence
Bioink A CMNYYSNSKK
Bioink B CMNYYSNSGGKK
Bioink C CGMNYYSNSKK
Bioink D CDMNYYSNSKK
Bioink E CNYYSNSGGKK
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After multiple bioprints were conducted with the novel bioinks, conspicuous
variability issues were noted immediately after gelation. Bioinks A-E showed
variability in the quality of gelation, evidenced by stark disparities in local cell density,
compared to stably higher density in the hydrogels containing bioinks without the
novel peptide sequences (Supplementary Figure 4.12). Contrary to this variability,
viability percentage calculations suggested that removal of free collagen IV from the
gel, or replacement of collagen IV with any of the five collagen peptide sequences does
not affect viability (Figure 4.5). While these results indicate minimal disadvantage of
the adhesion peptide substitutes to astrocyte viability, variability in structural integrity
of the hydrogels may compromise future experiments that rely on replicability. Thus,
the 1.1 kPa gel with new RGD and YIGSR concentrations and added collagen IV was
chosen as the most appropriate gel for further experiments in Section 4.2.3 and
Chapter 5. For these experiments, the advantage of reduced waste bubbling and fluidic
deposits was preferable. However, to allow direct comparison alongside other data
generated using the 1.5 kPa gel (published in Sullivan et al. (2023), other experiments
presented in this chapter use the 1.5 kPa gel (except for the primary/iPSC-derived
triculture in section 4.2.3).
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Figure 4.5: Viability of 3D human astrocytes in hydrogels with
differing collagen integration. Primary human astrocytes were imaged 3
days after bioprinting, and interrogated by calculating the fold change in
viability as percentage of live cells, compared to the 1.1 kPa gel without Collagen
IV or novel peptides. All conditions in this experiment contained RGD and
YIGSR at the new peptide concentrations determined in Fig 4.4. Data shows the
mean + SD of n > 3 independent experiments. A one-way ANOVA with

97



Dunnett’s multiple comparison test was used to identify statistically significant
differences compared to the 1.1 kPa gel with collagen IV.

4.2.2. Characterising bioprinted endothelial monocultures

Once astrocytic bioprinting was optimised, we commenced optimisation of endothelial
cell monoculture bioprinting. To optimise the monoculture of endothelial cells using
the Rastrum bioprinting platform, we first needed to investigate the maintenance of
viability and cell identity over time, and tested both CMECs and iBMECs to explore
any cell source differences. As these monocultures will also form the basis for further
development of multi-cell type cultures, we also assessed the suitability of ScienCell’s
astrocyte medium (AM), recently used to support astrocytes, endothelial cells,
pericytes, and other CNS cell types in non-bioprinted, 3D, neurovascular co-culture
systems (Nzou et al., 2020b, Blanchard et al., 2020).

CMECs were bioprinted in 2D into CMEC media (CM; see Chapter 2.2 for media
composition) before measuring viability using a CellTiter-Blue assay. CMECs cultured
in AM demonstrated higher viability compared to those cultured in CM at day 1 (Figure
4.6A). However, by day 7, this improvement was no longer statistically significant,
though a trend toward enhanced viability in AM cultures persisted (CM vs. AM = -
30%, p = 0.0561, Figure 4.6B).

After derivation in 2D, iBMECs were bioprinted or seeded in 2D onto
fibronectin/collagen IV-coated wells. At day 1, when cultured in the suggested media
from Neal et al. (Neal et al., 2019) (human endothelial serum-free medium with 0.5%
B27 supplement, herein referred to as endothelial medium (EM)), 2D bioprinted
iBMECs showed comparable viability to non-printed iBMECs plated manually in the
gel with a pipette (Figure 4.6C). Culturing iBMECs in ScienCell AM increased the
viability of 2D bioprinted iBMECs compared with EM at day 1.

Unlike in CMEC cultures, iBMECs are known to be more fragile, and exhibited poorer
viability during passaging (Linville et al., 2022), a property our results echoed (Figure
4.7). Accordingly, we investigated the introduction of a rho-associated protein kinase
inhibitor, Y-27632 (ROCKi) to support the survival and proliferation of iBMECs after
the bioprinting process. By applying 10 uM ROCK:i, cell viability of 2D bioprinted
iBMECs was increased in both EM and AM conditions, with AM + ROCKi supporting
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the highest viability cultures (Figure 4.6C). After 7 days, good viability was evidenced
in all AM-containing conditions, which reached 100% confluency, while EM
conditions showed markedly lower viability (Figure 4.6D).
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Figure 4.6: Viability of 2D and 3D bioprinted iBMEC and CMEC
cultures. Comparison of raw fluorescence units (RFU) after 4 h incubation
with CellTiter-Blue in 2D cultures at day 1 ((A): CMEC, (C): iBMEC) and day 7
((B): CMEC, (D): iBMEC), and in 3D cultures at day 1 ((E): CMEC, (H):
iBMEC), day 7 ((F): CMEC, (I): iBMEC), and (G) day 14 CMECs and (J) day
28 iBMECs. Graphs are presented as mean + SD of n > 3 independent
experiments. Means of all conditions are compared using a one-way ANOVA
with Tukey's multiple comparisons test. *p < 0.05, **p < 0.01, and ***p < 0.001.
AM, Astrocyte Medium; ANOVA, analysis of variance; EM, endothelial
medium; iPSC, induced pluripotent stem cell; ROCKi: Rho-associated coiled-
coil kinase inhibitor.

CMECs bioprinted in 3D PEG matrices displayed greater media dependency than in
2D cultures. At 24 hours post-bioprinting, cell viability was markedly higher in AM-
containing media (p = 0.0009, Figure 4.6E), though this difference became less
pronounced by day 7 (p = 0.0015, Figure 4.6F) and day 14 (p = 0.0463, Figure 4.6G).
CMEC cultures were harvested for analysis at day 14 to prevent overconfluency,
whereas iBMEC cultures were cultured until day 28 due to slower growth.

iBMECs bioprinted in 3D PEG matrices in comparison to 2D, displayed cell viability
that was more media-dependent. At day 1, CellTiter-Blue results demonstrated that
AM + ROCKi provided significantly higher cell viability than EM and AM without
ROCKi (Figure 4.6H). iBMECs cultured in AM + ROCKi displayed a sufficient
percentage of viable cells (67.71% + 11.28 SD; Figure 4.7A). iBMECs in EM + ROCKi
showed similar viability (56.75% + 14.67 SD Figure 4.7A) but contained a high
proportion of atypical nuclear staining that was delocalized from either calcein AM
(live) or EthD (dead) staining, lowering the number of live cells per counting frame
(Figure 4.7B, 4.7C). This mirrors CellTiter-Blue results that indicate EM provides
suboptimal conditions for iBMEC survival in this system. In the two conditions that
did not contain ROCKi, calcein AM staining was rarely associated with a typical live-
cell morphology or appropriate nuclear staining (white arrows, Figure 4.7B). Because
of this, live-cell counts were impractical, but this atypical live/dead finding

corroborates CellTiter-Blue results suggesting poor viability in these conditions.
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Figure 4.7: iBMECs exhibit media-dependent viability post-
bioprinting. (A) Percentage of live iBMECs at day 1 post-bioprinting
identified by Live/Dead staining were compared using an unpaired t-test. (B)
Maximum intensity projections of iBMECs at day 1 cultured in endothelial
medium (EM) or astrocyte medium (AM), with or without Rho-associated
coiled-coil kinase inhibitor (ROCKi). LIVE: calcein AM, DEAD: EthD, DAPI
(4’,6-diamidino-2-phenylindole): nucleus. White arrows indicate examples of
atypical nuclear staining. Scale bar = 200 um. (C) Number of countable live
cells identified by Live/Dead staining were compared using an unpaired t-test
(** p < 0.01).

At day 7, 3D bioprinted iBMECs cultured in AM+ROCKi retained high viability
measured by CellTiter-Blue, while those cultured in EM (with or without ROCKi), and
AM without ROCKIi retained their comparably low viabilities (Figure 4.6I). Typically,
ROCKi is removed after 24 h in culture (AM + 24 h ROCKi), however iBMEC viability
significantly declined after the removal of ROCKi 24h post-bioprinting, compared with
culturing in AM with daily ROCKi replacements, which had significantly higher
viability than all other conditions. Unfortunately, ROCKi application may have
deleterious effects on endothelial cell pathways (Cao et al.,, 2017). Therefore, a
reduction scheme was devised to limit exposure, whereby ROCKi concentration was
reduced by 2 uM per day starting on day 1 (AM + ROCKIi reduction) (Figure 4.6D, I,
J). At day 7, the viability of AM + ROCKi reduction was not significantly different from
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AM + 24 h ROCKi (Figure 4.61). By day 28, however, iBMECs cultured in AM with 2
weeks ROCKi, and the ROCKi reduction scheme show comparably high viability,
compared with the significantly poorer viability in EM + ROCKi and AM + ROCKi
(24h) conditions (Figure 4.6J). This is corroborated by live-cell counts, showing live-
cell percentages for AM + ROCKi (66.58% + 23.67 SD) and AM + ROCKi reduction
(75.94% + 3.68 SD) that are not significantly different (p = 0.54).

Day 1 Day 28

D AM +ROCKi reduction AM + 2 wk ROCKi

VE Cadherin Occludin Hoechst  Laminin a4 PECAM-1 Hoechst GLUT-1Hoechst Hoechst No Primaries

-
[}

F-Actin Hoechs {oechst No Primaries

Figure 4.8: Immunofluorescent marker expression of 3D bioprinted
iBMECs on day 28. (A) Maximum intensity projections of iBMECs at days 1
and 28, stained with calcein AM (LIVE) and Ethidium Homodimer-1 (DEAD).
Scale bar = 200 ym. (B) Maximum intensity projections of the expression of
vascular endothelial (VE) cadherin, occludin, laminin a4, platelet endothelial
cell adhesion molecule-1 (PECAM-1), and glutamate transporter 1 (GLUT-1) by
iBMECs. Scale bar = 200 um. (C) Maximum intensity projection of F-actin
staining of iBMECs shows the development of a complex network throughout
the matrix. Scale bar = 500 um. (D) Maximum intensity projections of 3D
iBMECs at Day 28 under different media conditions showing expression of VE
cadherin, occludin, laminin a4, PECAM-1 and GLUT-1. Scale bar = 200 pm.

At day 28 for iBMECs and day 14 for CMECs, cultures expressed markers and
displayed cell morphology similar to in vivo vascular formations, progressing from
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small, rounded, singularized cells at day 1, to elongated multicellular structures that
mimic in vivo vascular networks at day 28 (Figure 4.8A). The positive staining shown
by these iBMEC networks included the adherens junctions protein VE cadherin, the
adhesion protein, platelet endothelial cell adhesion molecule-1 (PECAM-1), the tight
junction protein, occludin, the ECM protein, laminin a4, and the functional glucose
transporter-1 (GLUT-1) (Figure 4.8B). The structural complexity of the vascular
networks is highlighted by the staining of F-actin (Figure 4.8C). These markers were
expressed when cultured under ROCKi for 2 weeks, or the ROCKi reduction scheme
(Figure 4.8D).

PECAM-1 NG2 PECAM-1 NG2 Hoechst

% X i ‘s éd»muzf%)n it
S1008 VE Cadherin AQP4 S1003

Figure 4.9: Immunofluorescent characterisation of 3D tricultures
containing CMECs, HBVPs and human astrocytes. Images are
displayed as maximum intensity projections. (A) Whole gel image of triculture
labelled for platelet endothelial cell adhesion molecule-1 (PECAM-1; red) and
neural/glial antigen 2 (NG2; green). Scale bar represents 1000 um. (B) 93x
magnification image of NG2-positive (green) cells flanking PECAM-1-positive
(red) endothelial cells with Hoechst-positive (cyan) nuclei. Scale bar represents
50 um. (C) Distinct expression of astrocytic and endothelial markers (VE
cadherin = magenta, S100f = green). Scale bar represents 500 um. (D) Close
but distinct expression of astrocytic and endothelial markers (VE cadherin =
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red, AQP4 = green, S100P =blue). Scale bar represents 500 um. Abbreviations:
AQP4: Aquaporin 4, NG2: Neural/Glial Antigen 2, S100B: S100 Calcium-
Binding Protein {3, VE cadherin: Vascular Endothelial Cadherin.

4.2.3. Characterising bioprinted vascular tricultures

Next, a triculture, using CMECs, HBVPs and human astrocytes was printed, and
analysed using the optimised immunofluorescence staining protocol. This used the
same 5 x 10° cells/mL seeding density as section 4.2.2, and a ratio of 50:25:25
endothelial cell:pericyte:astrocyte adopted from Nzou et. al. (2020b).

Immunocytochemistry was performed after 2 weeks upon formation of robust
structural self-assembly. Whole gel imaging showed similar formation of a complex,
PECAM-1-positive tubular network to the endothelial-pericyte co-culture condition
(Figure 4.9A). Higher magnification imaging highlighted the close association of cell-
specific markers. In figure 5B, NG2-positive pericytes are observed to flank PECAM-
1-expressing endothelial cells. Endothelial VE cadherin and astrocytic AQP4 and
S100[ are seen to occupy the same structures, with distinct expression patterns,
paralleling the in vivo environment where astrocytes envelop endothelial vascular
tubes (Figure 4.9C,D). The AQP4 channel expressed on astrocytic endfeet also displays
a closely related but distinct expression pattern (Figure 4.9D).

Upon replacing immortalized endothelial and primary astrocyte cell lines with iPSC-
derived cell types, we observed that bioprinted iPSC-derived tricultures reached
confluency faster. By day 14, this resulted in the formation of high-density cultures,
which contracted in size. Significant cell death was observed at the core of the cultures,
evidenced by central EthD staining. However this necrotic core was surrounded by
calcein AM-positive, morphologically developed cells (Figure 4.10). This is an issue
commonly encountered in floating organoids cultured past a critical size, where
diffusion of nutrients and media to the central regions becomes insufficient, leading
to a viable shell surrounding a necrotic core (Monzel et al., 2017). These findings
suggest that this endothelial-pericyte-astrocyte triculture generated robust vascular-
like structures with in vivo-reminiscent organization and marker expression, while
revealing critical questions in cell type ratio, and bioprinting density when translating
into iPSC-derived models.
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Figure 4.10: Observation of cell-type specific growth dynamics in
neurovascular tricultures. At 14 days, neurovascular tricultures consisting
of CMECs, HBVPs, and primary astrocytes show development of vascular-like
morphology (left). In 14 day tricultures consisting of iBMECs, human brain
vascular pericytes and iAstrocytes, cultures become overconfluent and form a
necrotic core (centre, right). Live (green): Calcein AM-stained, Dead (red):
Ethidium homodimer-1-stained, DAPI (blue; 4’,6-diamidino-2-phenylindole):
nuclei. Scale bar represents 500 um.

4.3. Discussion

The 3D monocultures and tricultures described here confirm that viable, multicellular
vascular structures can be generated via Rastrum-mediated bioprinting in novel PEG-
based hydrogels. This provides a foundation for the application of these nascent
constructs to AD-modelling and drug discovery efforts.

4.3.1. Vascular bioprinting development

Initial bioprinting of CMEC and HBVP monocultures and co-cultures confirmed that
the bioprinting process and hydrogel composition was suitable for producing viable
endothelial and pericyte mono- and co-cultures. while also allowing for

methodological development to ensure accurate immunofluorescent characterisation.

Building on prior optimization of PEG-based hydrogels for astrocyte biocompatibility,
our investigation highlights the role of adhesion peptides and matrix stiffness on
astrocyte viability and morphology in 3D cultures (Sullivan et al., 2023). Previous
research in our lab indicated that hydrogels containing RGD and YIGSR peptides, and
full-length collagen IV were well-suited for promoting cell viability and structural
features. Here, we explored the viability of a softer 1.1 kPa gel, as recommended for
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better bioprinter ejection properties, alongside standardizing RGD and YIGSR peptide
concentrations. This confirmed that human astrocytes tolerate variations in gel
stiffness and adhesion peptide standardization without significant impact to viability
or structural features. These findings underscore the flexibility of this PEG bioprinting
system to support astrocyte cultures across a range of mechanical properties, aligning
with reported brain stiffnesses (Axpe et al., 2020, Weickenmeier et al., 2016).

However, the transition from free collagen IV to shorter collagen-derived peptide
sequences introduced unforeseen challenges. While replacement peptides did not
affect astrocyte viability or bipolar morphology, the bioinks demonstrated notable
variability in gelation characteristics. Observations of inconsistent gel appearance that
were not observed in gels without the novel bioinks indicate potential consequences
to hydrogel integrity, affecting experimental replicability. This variability in gelation
likely arises from minor conformational differences in the adhesion peptide sequences
tested. As the amino acid flanking regions modulate peptide binding availability,
subtle changes in peptide conformation may affect gel formation and stability,
although it is unclear why this would differentially affect replicate wells within the
same plate (Floquet et al., 2004). Such variability underscores the importance of
precise structural consistency in bioinks intended for 3D culture models and the need
for ongoing evaluation to balance biofunctionality with reproducibility. In light of
these observations, the 1.1 kPa hydrogel with collagen IV was chosen for use in Chapter
5, given its reliable gelation and support of astrocyte viability.

4.3.2. Bioprinted endothelial monocultures

To model the endothelial component of the neurovascular unit, iBMECs and CMECs
were each bioprinted in monoculture using the 1.5 kPa hydrogel with collagen IV. The
1.5kPa gel was used over the 1.1kPa gel for experimental consistency within a published
body of work (Sullivan et al., 2023). The monoculture approach enabled detailed
analysis of changes in viability, and observation of self-assembled cellular morphology
within the constructs, confirming the scaffold’s value in supporting endothelial

survival and identity.

Furthermore, we show that both iBMECs bioprinted in the 1.5 kPa hydrogel and
cultured in AM with tapered ROCK inhibition remain viable for up to 4 weeks. ROCK
inhibition is commonly employed in vitro to support the differentiation, expansion,
and cytoprotection of brain endothelial cells (Joo et al., 2012, Niego et al., 2017), yet
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studies have indicated that prolonged exposure may disrupt VE cadherin junctions
and modulate actin/myosin dynamics (Cao et al., 2017). Interestingly, iBMECs
cultured with our novel, exposure-limiting ROCKi reduction scheme retained
comparable viability, and morphology to those in the 2-week ROCK:i culture protocol,
suggesting that controlled ROCKi tapering could balance cytoprotection and barrier
functionality. The effects on VE cadherin dynamics were not investigated here, but
examined in Chapter 5. Additionally, the sustained expression of key junctional
proteins (PECAM-1, VE cadherin, and occludin) and functional markers such as
laminin a4 and the glucose transporter GLUT-1 throughout 28 days implies that both
iBMECs and CMECs maintain their BBB-specific identity and function over extended
culture periods, highlighting the suitability of this ROCKi strategy for long-term

neurovascular unit models.

The iBMEC monocultures exhibited substantial vasculogenic-like self-assembly, a
critical feature often overlooked in many current 3D endothelial models that rely on
manual seeding or structural predefinition of the vascular channel (Brassard and
Lutolf, 2019, Grebenyuk and Ranga, 2019). This dynamic structuring in iBMECs
echoes similar behaviour in Matrigel, fibrin, and GelMA environments (Blanchard et
al., 2020, Calderon et al., 2017), underscoring our system’s potential for faithfully
capturing endothelial morphologies and functions.

The iBMEC derivation protocol requires a 2D, selective attachment step, which
necessitates 100% confluency of the cells before removal of retinoic acid and bFGF to
complete the derivation. Unfortunately, this means iBMECs are only available for
bioprinting 2-3 days after being held at 100% confluency. While this ensures complete
differentiation, the metabolic and proliferative consequences of the cells enduring full

confluency is unknown.

Finally, we observed bioprinted CMECs reaching high-confluency sooner than
bioprinted iBMECs. Indeed, iBMECs may possess poorer growth characteristics
because of the necessity of full confluency before bioprinting (Neal et al., 2019). This
differential growth pattern between the two cell types suggests that, while iBMECs
retain key BBB-like characteristics, CMECs may provide a quicker, more consistent
cell line for drug development applications due to their robust growth and endothelial
specificity. This observation has important implications for the design of
neurovascular models tailored to specific research needs, from BBB integrity to drug
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transport studies, and reinforces the value of using CMECs alongside iBMECs in

neurovascular research.

One limitation of our bioprinted iBMEC and CMEC models is their inability to support
perfusion, limiting their utility for studies requiring fluid dynamics, such as barrier
transport and mechanical stimulation. Models that incorporate fluid flow, such as
perfusion-based systems (Kurosawa et al., 2022, Zhao et al., 2023), may therefore be
better suited for applications in dynamic BBB functionality. However, our bioprinting
method offers significant advantages in terms of automated fabrication, customizable
gel compositions, high-throughput, and compatibility with standard plate formats,
which enhance its applicability for mechanistic studies of vascular cell behaviour and
model reproducibility. These attributes underscore the importance of developing a
diverse toolkit of 3D modelling techniques to advance our understanding of in vitro

vascular biology.

4.3.3. Bioprinting vascular tricultures

Building on this foundation of improved media composition for bioprinting of
endothelial monocultures, vascular tricultures were bioprinted to integrate pericytes
and astrocytes alongside endothelial cells, emulating a more comprehensive
neurovascular environment. The results demonstrated robust cellular organization, in
the primary/immortalized neurovascular triculture, validating the hydrogel matrix as
conducive to multicellular structuring. Immunocytochemical staining revealed
distinct, organized expression patterns of endothelial, pericytic and astrocytic

markers.

In progressing these tricultures to iPSC-derived cell types, we observed that the
resulting high-density cultures developed a necrotic core by day 14, a phenomenon
well-documented in CNS organoids and other bioprinted models (Mihara et al., 2019,
Monzel et al., 2017). This cell death likely results from limited nutrient and oxygen
diffusion as the culture density increases, an issue that may be addressed by reducing
cell seeding density. Another possible cause of this overgrowth is the addition of VEGF
and PDGF-BB to the culture media, a technique used in the literature when seeding
3D neurovascular tricultures in Matrigel, presumably to promote survival and cell-cell
communication (Blanchard et al., 2020). Removal of these known proliferative factors
may dampen excessive proliferation to allow more recapitulative construct

development, although it is curious that addition of these factors to tricultures using
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immortalised/primary cell lines did not elicit the same effect. An additional
consideration here is the hydrogel stiffness used. These tricultures were bioprinted
using the 1.1kPa gel, which has more MMP-degradable sequences compared to the
1.5kPa gel, increasing cell motility but potentially increasing susceptibility to gel
degradation. One future avenue of investigation may focus on the differential
expression of functional MMPs in primary vs. iPSC-derived vascular cell types.

Furthermore, selecting an optimal cell-type ratio for the triculture remains
challenging, as certain ratios may mitigate or exacerbate the observed core necrosis
due to varying metabolic demands or cell-independent proliferative capacity (Hribar
et al., 2015). It is unclear whether one of the three cell types is more likely to induce
overgrowth. Endothelial cells, pericytes and astrocytes can all respond proliferatively
to either VEGF or PDGF-BB, while the impact of co-culturing (and subsequent release
of proliferation mediators) could also induce this behaviour (Emerich et al., 2010,
Krum et al., 2008, Guo et al., 2011, Gaceb et al., 2017, Bethel-Brown et al., 2011).
Although modest attempts exist, there are no widely accepted consensus values for cell
type ratios in the human brain. With research mainly focussed on neuron and general
glia numbers, specific areas, such as the neurovascular unit are poorly understood
(Miao et al., 2023, Keller et al., 2018). Stark methodological differences, the impact of
post-mortem handling on tissue integrity, and unclear marker specificity hamper
these efforts, but trends in multicellular in vitro models provide examples of effective
approaches. In Chapter 4.2.3, four different endothelial:pericyte:astrocyte ratios were
trialled with ratios from the literature: 2:1:1 (Nzou et al., 2020b, Urich et al., 2013),
2:1:2 (previous ratio with increased astrocyte number), 1:1:5 (Nzou et al., 2018), to
examine if differing ratios had noticeable consequences upon inspection of brightfield
images (data not shown). There were minimal noticeable differences apparent by
qualitative visual inspection (although this was n = 1). Thus, immunofluorescent
interrogation was performed on cultures in the 2:1:1 ratio, because this had been used
successfully in multiple studies, and had proved amenable for further incorporation of
other CNS cell types (Nzou et al., 2020b, Urich et al., 2013). Previous studies in
neurovascular and parenchymal cultures, as well as peripheral organoid systems,
highlight the necessity of precise ratio and methodological tuning to observe
experimental outcomes (Nzou et al., 2018, Song et al., 2019). Although vascular cell-
specific ratios weren’t explored, Song et al. (2019) found that fusion of different ratios
of MSCs, neural spheroids and endothelial spheroids significantly affected VEGF and
FGF2 signalling, endothelial PECAM-1 expression, and differential regulation of
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MMPs, P-gp and GLUT-1. Newer brain atlas efforts using novel sequencing techniques
will undoubtedly make progress in this area in the near future, empowering the
environment-appropriate construction of modular neurovascular cultures (Chen et al.,
2024).

Once these models are further optimised, the translation of these techniques to more
disease-relevant iPSC-derived cell types will further maximize the translational
capacity of this model. Specifically, the incorporation of gene-edited, APOE4 and
control iPSC lines will allow novel access to poorly understood facets of AD
pathobiology, in a platform that is highly relevant to the in vivo context, easily scalable
for drug discovery efforts, and readily adaptable for investigating other diseases with
complex multicellular milieus. Further development and analysis of bioprinted
triculture systems such as these will enable their use as drug discovery tools by adding
higher throughput and replicability to previously low-throughput disease modelling
systems. Recent advancements in non-neurovascular bioprinted co- and tricultures
highlight the potential of these systems to simulate complex in vivo environments with
unprecedented fidelity (Yee et al., 2024, Russell et al., 2023, Sun et al., 2024). As this
field progresses, expanding the applicability of such models to neurovascular diseases
will yield valuable insights into disease mechanisms and therapeutic efficacy.

4.3.4. Chapter Summary

This chapter showcased the progressive development of bioprinting techniques to
create vascular models of increasing complexity, from endothelial monocultures to
integrated vascular tricultures. These findings underscore the significance of
considered hydrogel and media composition to maintain appropriate viability and
morphology within 3D bioprinted environments. A novel vascular triculture was
established, achieving robust multicellular organization and cell-specific marker

expression reminiscent of in vivo neurovascular structures.

Critically, this model’s modular design and adaptability to iPSC-derived cell types
underpin its potential as a replicable and scalable tool for drug discovery. The future
optimised incorporation of iPSC-derived cells opens the possibility for disease-
relevant adaptations, such as the integration of gene-edited APOE4 lines for
Alzheimer’s disease modelling. This flexibility positions this neurovascular unit model

as a valuable platform for investigating neurovascular contributions to AD
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pathobiology, where the interplay between pathogenic proteins and vascular
constituents is poorly understood. While challenges remain regarding cell-type-ratios
and appropriate growth factor additions in iPSC-derived tricultures, the neurovascular
model developed in this chapter offers a replicable, high-throughput approach to
studying neurovascular interactions and disease mechanisms. In the next chapter
these cultures will be manipulated to interrogate AD-related neurovascular dynamics,
advancing our understanding and potentially informing therapeutic strategies.
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Supplementary Figure 4.11: Lack of non-specific binding in
immunofluorescent images from 3D bioprinted HBVPs and CMECs.
Immunofluorescent images of 3D bioprinted HBVPs and CMECs. Abbreviations:
CMEC: Cerebral Microvascular Endothelial Cell, HBVP: Human Brain Vascular
Pericyte, NG2: Neural/Glial Antigen 2, PDGFRp: Platelet-Derived Growth Factor
Receptor (3, PECAM: Platelet Endothelial Cell Adhesion Molecule-1. Scale bar
represents 500 pm
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Supplementary Figure 4.12: Constructs bioprinted using novel collagen IV
peptide-containing bioinks display poor visual replicability. Representative
brightfield images . Bioink A (CMINYYSNSKK), Bioink B (CMNYYSNSGGKK),
Bioink C (CGMNYYSNSKK), Bioink D (CDMNYYSNSKK), Bioink E
(CNYYSNSGGKK). Scale bar represents 500 um
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Chapter 5: Amyloid § and lipopolysaccharide
treatment of 3D, bioprinted endothelial

monocultures

5.1. Introduction

The neurovascular unit, composed of endothelial cells, pericytes, and astrocytes, is a
complex interface that governs BBB integrity, cerebral blood flow and modulation of
neuroinflammatory responses. This key nexus between the brain and periphery has
also been implicated in the progression of AD pathology, and is a critical entity to
replicate in the search for therapeutic strategies (Sweeney et al., 2018). The main
pathological hallmark of AD, A, exists in multiple isoforms, of which AB4 and AR
are the most pathologically relevant (Kwak et al., 2020, Sengupta et al., 2016). These
isoforms differ by only two amino acids but exhibit vastly different biophysical and
pathological properties; AB4. is more prone to aggregation, forming fibrils and plaques
associated with AD, whereas AB,o is the predominant form in cerebrospinal fluid and
is implicated in vascular amyloid deposition and CAA (Jan et al., 2008, Herzig et al.,
2006). The ratio of AfB,. to AP4o has been proposed as a more informative way of
measuring pathogenic AP as this ratio is higher in AD patients, and AB,4. is more
susceptible to oligomerisation (Kwak et al., 2020, Sengupta et al., 2016). However, the
presence of both AB4, and AP,. at the neurovascular unit can disrupt BBB integrity,
trigger inflammation, and alter endothelial cell function, leading to neurovascular
dysfunction that exacerbates AD pathology (Qosa et al., 2014, Li et al., 2022, Carrano
et al., 2012).

The importance of studying Af at the neurovascular unit extends to its implications in
CAA, a condition frequently co-occurring with AD and characterized by A} deposition
in cerebral blood vessels. CAA contributes to cerebral microbleeds, increased risk of
haemorrhage, and perivascular inflammation, all of which exacerbate cognitive
decline (Janaway et al., 2014, Salvarani et al., 2016). Endothelial cells exposed to AP
in vitro show altered tight junction protein expression, reduced TEER, and increased
permeability, mirroring the vascular leakage and compromised BBB function
observed in CAA and AD patients (Carrano et al., 2012, Kook et al., 2012, Marco and
Skaper, 2006). The clearance of AP from the neurovascular unit is isoform-dependant,
and differences in APOE genotype can further disrupt these clearance mechanisms
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(Ding et al., 2024, Chang et al., 2013). In vivo studies reveal that while AB,o is more
often deposited in the vasculature, AP,- is still critical for this deposition phenotype
(McGowan et al., 2005). While the differential effects of AB4, and Af34- on endothelial
cells have been studied, their deposition phenotype and effects on 3D endothelial
cultures has not been investigated, particularly in the context of coexisting

inflammatory stimuli.

Neuroinflammation significantly impacts endothelial cells in AD pathology by
destabilizing the BBB and disrupting endothelial cell function. Exposure to LPS from
bacteria such as Escherichia coli (ecLPS) and Porphyromonas gingivalis (pgLPS)
induces a strong inflammatory response in endothelial cells, leading to the release of
cytokines and chemokines that compromise BBB integrity (Lei et al., 2023). In
particular, pgLPS, implicated in periodontal infection, is associated with AD
progression due to its ability to elicit chronic inflammation, activate microglia, and
exacerbate tau and AP pathology in preclinical models (Liu et al.,, 2024). When
endothelial cells detect bacterial endotoxins via toll-like receptors, downstream
signalling pathways are activated, increasing vascular permeability and extravasation
of peripheral immune cells. This pro-inflammatory endothelial response not only
disrupts BBB function but also fosters an environment conducive to A aggregation,
which in turn amplifies AD pathology (Nijhuis et al., 2003, Zullo et al., 2016). By
weakening endothelial cell tight junctions and promoting oxidative stress, LPS-
induced inflammation accelerates neurovascular damage, highlighting the importance
of targeting endothelial inflammation in AD therapeutics and neurovascular models.
Although LPS-induced neuroinflammation is implicated in BBB disruption and AD
pathology, the effects of bacterial endotoxins on endothelial dysfunction and Ap
aggregation in a 3D bioprinted in vitro context has not been explored.

Recent advancements in in vitro models for studying the neurovascular unit aim to
enhance human relevance and scalability for drug discovery purposes. Rodent models,
which have traditionally dominated AD research, offer valuable insights into the
mechanisms of AP accumulation and spread. However, interspecies differences in
genetic, cellular, and neurovascular characteristics limit their translatability to human
AD pathophysiology (McGraw et al., 2017). On the other hand, conventional 2D in
vitro culture systems fall short of replicating the complex 3D microenvironment and
multicellular interactions of the neurovasculature, resulting in altered -cell

morphology, gene expression, and functional properties that diminish the model’s
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physiological relevance (Birgersdotter et al., 2005, Pound and Ritskes-Hoitinga,
2018). By leveraging technological advances such as iPSC-derived endothelial cells,
and 3D bioprinting, it is now possible to create in vitro models that better replicate the

structure and function of the human neurovascular unit.

Identifying drugs that can mitigate AB-induced neurovascular damage is central to the
therapeutic development in AD. Traditional drug discovery approaches for AD have
been limited by the lack of suitable models to predict human-specific neurovascular
responses to AP and inflammatory stimuli. High-throughput 3D culture systems, like
the PEG-based bioprinting system described in Chapter 4, allow for scalable testing of
compounds and modulation of disease-relevant treatment, providing a unique
platform to evaluate endothelial inflammation and AP deposition. By enabling
systematic screening in a model that recapitulates key aspects of AD and CAA
pathology, this approach has the potential to accelerate the discovery of novel
therapeutics aimed at neurovascular targets in AD.

This chapter uses the 3D bioprinted endothelial cell monoculture model as a platform
to develop scalable AD models using pathological treatments. By co-treating 3D
bioprinted endothelial monocultures with two Af isoforms, plus ecL.PS or pgLPS the
cooperative interactions between these two critical pathological hallmarks are
investigated. The viability, volume of deposited AP and relative expression of VE
cadherin is measured to index endothelial integrity and understand how
neuroinflammatory and amyloidogenic stressors synergize to disrupt the
neurovasculature. Additionally, conditioned media from 3D bioprinted CMECs and
iBMECs were investigated using a proteome array highlighting important differences
in cell type functionality, and identifying key mediators that can serve as useful
homeostatic and disease markers in vitro. These findings showcase a novel platform
that can help elucidate the differential impacts of AP isoforms and inflammatory
insults on endothelial function. The findings from these studies will inform the
development of next-generation neurovascular models and therapeutic screening
platforms, advancing our understanding of AD pathogenesis and the neurovascular

contributions to disease progression.
5.2.  Results

Endothelial cells were bioprinted in the 1.1 kPa PEG hydrogel with added collagen IV,
and cultured for a total of 14 days (for CMECs which displayed faster growth) or 28
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days (for iBMECs). 24 hours before analysis, cultures were treated with an
inflammatory stimulus (10 pg/mL ecLPS, 10 ug/mL pgLPS) and a fluorescently-
tagged AP stimulus (1 UM AB42, 1 UM AB4o, 1 UM AP42:40, O vehicle). Bioprinted CMEC
cultures are observed to have comparable sizes and well positions, supporting the
reproducibility of this bioprinting method (Figure 5.1). Cultures were then
interrogated for viability, marker expression, A deposition and structural features.
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Figure 5.1: Representative immunofluorescent images of co-treated
CMEC monocultures. Red: vascular endothelial cadherin, green: amyloid 8
(AB), blue, Hoechst. Abbreviations: ecLPS: Lipopolysaccharide from
Escherichia coli, pgLPS: Lipopolysaccharide from Porphyromonas gingivalis,
Vehicle: 0.5% ammonium hydroxide in phosphate buffered saline. Scale bar
represents 1000 um

5.2.1. 3D bioprinted endothelial monocultures remain viable after LPS

and AP application

Upon treatment of the endothelial constructs with inflammatory ecLLPS or pgLPS,
combined with A treatments, CellTiter-Blue-measured cell viability did not
significantly differ (Figure 5.2A,B). This includes comparisons within each
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inflammatory condition (between AP conditions) and within each AP condition

(between inflammatory stimuli). Pooling the coefficient of variation for each cell line

shows that iBMEC CellTiter-Blue fluorescence was significantly more variable than in
CMECs (Figure 5.2C). This matched expectations, with a small number of iBMEC
constructs appearing damaged or degraded in the second fortnight of culture, or

during the immunofluorescence preparation thereafter.
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Figure 5.2: Viability and nuclei quantitation of 3D bioprinted CMEC
and iBMEC monocultures. Metabolic viability as measured by raw
fluorescence units (RFU) in a CellTiter-Blue (CTB) assay after (A) 14 days for
bioprinted CMECs and (B) 28 days for bioprinted iBMECs. Data shown as raw
fluorescence units (RFU) corrected by subtracting fluorescence elicited by
media. One-way ANOVA with Sidak's multiple comparisons test was used to
test for differences between treatment means and their vehicle. (C) Coefficient
of variation for each CTB technical replicate, including all inflammatory- and
AB-treatment conditions, were pooled to bioprinted CMEC and iBMEC groups
(n = 15). An unpaired t-test with Welch’s correction was used to test for
difference in variation. Volume of measured Hoechst signal after (D) 14 days
for bioprinted CMECs and (E) 28 days for bioprinted iBMECs. Data shown as
cubic micrometers of measured signal. Two-way ANOVA with Tukey’s multiple
comparisons test was used to test for differences and interactions between
inflammatory conditions and AP treatments. (F) Coefficient of variation for
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each Hoechst volume technical replicate, including all inflammatory- and Ap-
treatment conditions, were pooled to bioprinted CMEC and iBMEC groups (n
= 15). An unpaired t test with Welch’s correction was used to test for difference
in variation. All data are reported as mean + SD from n > 3, performed in
duplicate. Abbreviations: AP: amyloid 3, ecLPS: Lipopolysaccharide from
Escherichia coli, pgLPS: Lipopolysaccharide from Porphyromonas gingivalis,
Vehicle: 0.5% ammonium hydroxide in phosphate buffered saline.

5.2.2. AP isoform and endothelial cell type affects AB deposition and

VE cadherin expression in 3D bioprinted endothelial monocultures

After measuring viability, bioprinted constructs were imaged to index features of
Hoechst expression, VE cadherin expression and deposition of fluorescent Af. Only
the central tile of each 9-tile image was analysed to ensure the volume analysed
contained comparable amounts of cell and hydrogel as this tile was reliably completely
filled with 3D culture. Firstly, Hoechst-stained nuclear volume was compared across
treatment conditions to provide a normalisation method relating to cell number at the
time of analysis (although this measure does not perfectly index cell number, as nuclei
size could differ between cell types). Hoechst-stained nuclear volume did not
significantly differ based on AP or inflammatory insult, corroborating CellTiter-Blue
viability (Figure 5.2D,E). By pooling the percent coefficient of variation from all cell
containing conditions, higher variance in the volume of nuclear staining was observed
between CMECs and iBMECs (Figure 5.2F), also echoing variance in viability

measurements.

To evaluate amyloid deposition, the volume of fluorescent amyloid signal was
normalized to Hoechst-stained nuclear volume. Across basal and inflammatory
conditions in CMEC cultures, AB4o signal was lower than both AB42:40 and AB,. (Figure
5.3A). Mean A,42:40 signal measurements were between AP 4o or AP, in all conditions,
suggesting that there was no synergistic effect of applying Ap4. and AB,o together. In
contrast, no differences were observed in retained ApB signal between A isoforms or
inflammatory conditions in iBMEC cultures, although construct quality was variable
(Figure 5.3B).

To evaluate VE cadherin expression, the volume of fluorescent amyloid signal was
normalized to Hoechst-stained nuclear volume. Within endothelial cell types,
Hoechst-normalised VE cadherin staining volume did not significantly differ between
amyloid and inflammatory conditions (Figure 5.3C,D). However, CMECs expressed
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significantly more VE cadherin compared to iBMECs when compared within each
treatment pair (Figure 5.3E,F)

Despite the lower total volume of AP,, signal, this isoform colocalized with VE
cadherin more frequently than AB4. or AB42:40 when applied to 3D bioprinted CMECs.
This was quantitated by measuring the length of shared borders between AP and VE
cadherin signals (Figure 5.3G) and by measuring the cumulative percentage of
detected AP objects that colocalise with VE cadherin signals (Figure 5.3I). This
colocalization pattern was not observed in iBMECs (Figure 5.3H,J), although it is
likely that the lower replicability in iBMEC constructs affected statistical power
(Figure 5.2C, 5.2F).

5.2.3. CMECs and iBMECs exhibit distinct basal inflammatory
secretomes in 3D

To complement the 2D secretion profiles reported in Chapter 4, the basal secretion
profiles of 3D bioprinted endothelial cells were investigated. Distinct secretion profiles
have been reported in a number of 3D cultured vascular cell types, uncovering
potential improvements in in vivo-relevant cell communication compared to 2D
counterparts (Zhang et al., 2017b, Xie et al., 2017). The Proteome Profiler Human XL
Cytokine Array was used to index basal protein secretion by comparing the mean total
density between cell conditioned media, and media without cells.

Proteins significantly upregulated or downregulated in CMECs compared to basal
media were: Dkk-1 (q < 0.0001, mean difference = -13728), RANTES (q < 0.0001,
mean difference = -13220), PDGF-AB/BB (q < 0.0001, mean difference = -11583),
CD31 / PECAM-1 (g < 0.0001, mean difference = -11096), IGFBP-3 (q < 0.0001, mean
difference = -8949), angiogenin (q < 0.0001, mean difference = -8732), angiopoietin-
2 (q < 0.0001, mean difference = -8229), IL-8 (q < 0.0001, mean difference = -7352),
GROa (q < 0.0001, mean difference = -6652), MCP-1 (q < 0.0001, mean difference =
-6396), EMMPRIN (q < 0.0001, mean difference = -5755), IGFBP-2 (q < 0.0001,
mean difference = 7465), GDF-15 (q < 0.0001, mean difference = -5646), urokinase
plasminogen activator receptor (UPAR; q = 0.0002, mean difference = -5480), stromal
cell-derived factor-1a (SDF-1a; q = 0.0009, mean difference = -4807), PDGF-AA (q =
0.0035, mean difference = -4221), ST2 (q = 0.0055, mean difference = -3996), serpin
E1 (q = 0.0063, mean difference = 3944), endoglin (q = 0.0051, mean difference = -
3928), osteopontin (q = 0.0089, mean difference = 3780), pentraxin 3 (q = 0.026,
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mean difference = -3586), and thrombospondin-1 (q = 0.0328, mean difference = -
3464) (Figure 5.4A, Table 5.1).

Proteins significantly upregulated or downregulated in iBMECs compared to basal
media were: osteopontin (q < 0.0001, mean difference = -9189), chitinase 3-like 1 (q
< 0.0001, mean difference = -8093), IL-8 (q < 0.0001, mean difference = -6693),
GDF-15 (q < 0.0001, mean difference = -6485), vascular cell adhesion molecule-1
(VCAM-1; q < 0.0001, mean difference = -6404), bFGF (q < 0.0001, mean difference
= 5675), angiogenin (q = 0.0001, mean difference = -5730), IGFBP-3 (q = 0.0005,
mean difference = -5182), EMMPRIN (q = 0.0002, mean difference = -5137),
urokinase plasminogen activator receptor (uPAR; q = 0.0005, mean difference = -
4772), IGFBP-2 (q = 0.0017, mean difference = 4710), MCP-1 (@ = 0.0011, mean
difference = -4436), dickkopf-related protein 1 (Dkk-1; q = 0.0042, mean difference =
-4140), stromal cell-derived factor-1a (SDF-1a; q = 0.0028, mean difference = -4004),
serpin E1 (@ = 0.0063, mean difference = 3598), and GROa (q = 0.0202, mean
difference = -2708) (Figure 5.4B, Table 5.1).

Proteins that were significantly downregulated in iBMEC-conditioned media
compared to CMEC-conditioned media include: RANTES (q < 0.0001, mean
difference = 13521), PDGF-AB/BB (q < 0.0001, mean difference = 11675), CD31 /
PECAM-1 (q < 0.0001, mean difference = 11119), dickkopf-related protein 1 (Dkk-1; q
< 0.0001, mean difference = 9588), angiopoietin-2 (q < 0.0001, mean difference =
8713), GROa (q = 0.0012, mean difference = 3944), bFGF (q = 0.0026, mean
difference = 3614), IGFBP-3 (q = 0.0036, mean difference = 3767), endoglin (q =
0.0051, mean difference = 3318), PDGF-AA (q = 0.0053, mean difference = 3302),
ST2 (q = 0.0055, mean difference = 3282), and angiogenin (q = 0.02, mean difference
= 3002) (Figure 5.5, Table 5.1).

In contrast, proteins significantly lower in CMEC-conditioned media compared to
iBMEC-conditioned media include: VCAM-1 (q < 0.0001, mean difference = -6583),
chitinase 3-like 1 (q < 0.0001, mean difference = -7582), osteopontin (q < 0.0001,
mean difference = -12969), and IGFBP-2 (q = 0.0328, mean difference = -2755)
(Figure 5.5, Table 5.1).
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Figure 5.3: AP deposition and VE cadherin expression in 3D bioprinted CMEC and iBMEC monocultures. Hoechst-normalised Af fluorescence in (A)
bioprinted CMECs after 14 days and (B) bioprinted iBMECs after 28 days. Means are compared using a two-way ANOVA with Tukey's multiple comparisons test.
Hoechst-normalised VE cadherin fluorescence in (C) bioprinted CMECs after 14 days and (D) bioprinted iBMECs after 28 days. Means are compared using a two-way
ANOVA with Tukey's multiple comparisons test. Hoechst-normalised VE cadherin expression in (E) bioprinted CMECs after 14 days and bioprinted iBMECs after 28
days. Means of each treatment pair are compared using a two-way ANOVA (main effects only) with Sidak's multiple comparisons test. (F) Representative
immunofluorescence images of bioprinted day 14 CMECs and day 28 iBMECs showing VE cadherin expression (red) and Hoechst (blue). Border distance between A3
fluorescence volume and VE cadherin fluorescence volume in (G) bioprinted CMECs after 14 days and (H) bioprinted iBMECs after 28 days. Means are compared
using a two-way ANOVA with Tukey's multiple comparisons test. Cumulative percentage overlap of AP fluorescence objects with VE cadherin fluorescence volume in
(I) bioprinted CMECs after 14 days and (J) bioprinted iBMECs after 28 days. Means are compared using a two-way ANOVA with Tukey's multiple comparisons test.
Abbreviations: AB: amyloid B, ecLPS: Lipopolysaccharide from Escherichia coli, pgLPS: Lipopolysaccharide from Porphyromonas gingivalis, Vehicle: 0.5%
ammonium hydroxide in phosphate buffered saline. *p < 0.05, **p < 0.01, and ***p < 0.001. Graphs are presented as mean + SD of n > 3 independent experiments.
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Figure 5.4: Basal cytokine secretion in 3D bioprinted endothelial monocultures. (A) CMECs and (B) iBMECs, were
analysed to determine relative expression of proteins compared to media (Sciencell Astrocyte medium). Data are reported as mean
signal intensity + SD from n = 3 (n = 2 for media condition due to membrane issue). Cytokines with mean pixel density under 10 %
of the maximum were not included in the statistical analysis or graph. For statistical testing, a two-way ANOVA with a two-stage
linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the false-discovery rate, with Q < 0.05. Cytokines
with a mean q value < 0.5 when compared to the basal media without cells were classified as a discovery and denoted with *. See
Abbreviations (page viii) for full list of cytokine names.
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Figure 5.5: Relative cytokine secretion in 3D bioprinted CMECs vs. iBMECs. Cytokines with a mean q value < 0.5 when
compared to the basal media without cells are included. Data are reported as mean signal intensity + SD from n = 3. Cytokines with
mean pixel density under 10 % of the maximum were not included in the statistical analysis or graph. For statistical testing, a two-
way ANOVA with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the false-discovery
rate, with Q < 0.05. Cytokines with a mean q value < 0.5 when compared to the basal media without cells were classified as a discovery
and denoted with *. See Abbreviations (page viii) for full list of cytokine names.
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Table 5.1: Relative proteome secretion measured using the proteome profiler array. Cytokines with mean pixel
density under 10 % of the maximum were not included in the statistical analysis. For statistical testing, a two-way ANOVA with a
two-stage linear step-up procedure of Benjamini, Krieger and Yekutielie was used to control the false-discovery rate, with Q < 0.05.
Cytokines with a mean q value < 0.5 when compared to the basal media without cells were classified as a discovery (rows
highlighted green). See Abbreviations (page viii) for full list of cytokine names.

Media vs. CMEC Media vs. iBMEC CMEC vs iBMEC
Cytokine Mean Diff. [Discovery?|q value Individual P Value Cytokine Mean Diff. [Discovery?|q value Individual P Value Cytokine Mean Diff. |Discovery?|q value Individual P Value

Dkk-1 -13728|Yes <0.0001  [<0.0001 Osteopontin -9189|Yes <0.0001  [<0.0001 RANTES 13521|Yes <0.0001  [<0.0001

RANTES -13220(Yes <0.0001  [<0.0001 Chitinase 3-like 1 -8093|Yes <0.0001  |<0.0001 PDGF-AB/BB 11675|Yes <0.0001  [<0.0001

PDGF-AB/BB -11583|Yes <0.0001  [<0.0001 IL-8 -6693|Yes <0.0001  |<0.0001 CD31 11119|Yes <0.0001  [<0.0001

CD31 -11096|Yes <0.0001  [<0.0001 GDF-15 -6485|Yes <0.0001  |<0.0001 DKkk-1 9588|Yes <0.0001  [<0.0001

IGFBP-3 -8949|Yes <0.0001  [<0.0001 VCAM-1 -6404|Yes <0.0001  |<0.0001 Angiopoietin-2 8713|Yes <0.0001  [<0.0001

Angiogenin -8732|Yes <0.0001  [<0.0001 bFGF 5675|Yes <0.0001  |<0.0001 VCAM-1 -6583|Yes <0.0001  [<0.0001

Angiopoietin-2 -8229|Yes <0.0001  [<0.0001 Angiogenin -5730(Yes 0.0001{<0.0001 Chitinase 3-like 1 -7582|Yes <0.0001  [<0.0001

IL-8 -7352|Yes <0.0001  [<0.0001 IGFBP-3 -5182[Yes 0.0005 0.0003 Osteopontin -12969(Yes <0.0001  [<0.0001

GROa -6652|Yes <0.0001  [<0.0001 EMMPRIN -5137|Yes 0.0002 0.0004 GROa 3944|Yes 0.0012 0.0022
MCP-1 -6396|Yes <0.0001  [<0.0001 uPAR -4772[Yes 0.0005 0.001 bFGF 3614|Yes 0.0026 0.0049
EMMPRIN -5755|Yes <0.0001  [<0.0001 IGFBP-2 4710|Yes 0.0017 0.0011 IGFBP-3 3767|Yes 0.0036 0.0034
IGFBP-2 7465|Yes <0.0001  [<0.0001 MCP-1 -4436(Yes 0.0011 0.0021 Endoglin 3318|Yes 0.0051 0.0097
GDF-15 -5646|Yes <0.0001 0.0001 Dkk-1 -4140(Yes 0.0042 0.004 PDGF-AA 3302|Yes 0.0053 0.0101
uPAR -5480|Yes 0.0002 0.0002 SDF-1a -4004|Yes 0.0028 0.0053 ST2 3282|Yes 0.0055 0.0105
SDF-1a -4807[Yes 0.0009 0.0009 Serpin E1 3598|Yes 0.0063 0.0121 Angiogenin 3002|Yes 0.02 0.0191
PDGF-AA -4221|Yes 0.0035 0.0034 GROa -2708|Yes 0.0202 0.0578 IGFBP-2 -2755|Yes 0.0328 0.0312
ST2 -3996|Yes 0.0055 0.0054 Cystatin C -2645|No 0.1227 0.0638 MCP-1 1960(Yes 0.0434 0.1241
Serpin E1 3944|Yes 0.0063 0.006 Pentraxin 3 -2544|No 0.0783 0.0746 Angiopoietin-1 -2802[No 0.0897 0.0285
Endoglin -3928|Yes 0.0051 0.0062 Angiopoietin-1 -2403|No 0.1447 0.0919 GDF-15 -838.9[No 0.1782 0.5091
Osteopontin 3780|Yes 0.0089 0.0084 MIF -2237|No 0.1835 0.1165 SDF-1a 803.5|No 0.1845 0.5271
Pentraxin 3 -3586|Yes 0.026 0.0124 Thrombospondin-1 -2120|No 0.1435 0.1366 uPAR 708.4|No 0.202 0.577
Thrombospondin-1 -3464|Yes 0.0328 0.0156 HGF -1879|No 0.2942 0.1868 Thrombospondin-1 1344|No 0.2034 0.2906
Cystatin C -2515|No 0.1227 0.0779 PDGF-AA -918.7[No 0.1812 0.5178 IL-8 658.7|No 0.2114 0.6041
BDNF -2401|No 0.2902 0.0921 BDNF -756.5[No 0.6239 0.5942 EMMPRIN 618.5|No 0.2192 0.6262
MIF -2254|No 0.1835 0.1137 ST2 -714.4|No 0.2152 0.6149 Serpin E1 -346[No 0.2748 0.7852
bFGF 2060|No 0.0518 0.148 Endoglin -610.4[No 0.2335 0.6672 Pentraxin 3 1042|No 0.2885 0.4122
IL-17A 545.5|No 0.9395 0.7008 Angiopoietin-2 483.6|No 0.2567 0.7334 HGF -2069[No 0.2942 0.1046
Chitinase 3-like 1 -510.9|No 0.2516 0.719 IL-17A 377.6|No 0.9395 0.7902 BDNF 1645|No 0.3092 0.1963
Angiopoietin-1 399.2|No 0.8175 0.7786 RANTES 301.3|No 0.2912 0.8319 IL-17A -167.9|No 0.9395 0.8948
HGF 189.8|No 0.9383 0.8936 FGF-19 -197.3|No 0.9898 0.8895 Cystatin C -130.5[No 0.964 0.9181
VCAM-1 179.4|No 0.3148 0.8994 PDGF-AB/BB 91.24[No 0.3321 0.9488 FGF-19 -91.35|No 0.9898 0.9426
FGF-19 -105.9[No 0.9898 0.9405 CD31 23.42|No 0.3454 0.9868 MIF 17.28|No >0.9999 0.9891
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5.3. Discussion

This study investigated our 3D bioprinted endothelial monoculture as a platform to
develop scalable AD models using pathological treatments, while also exploring
potential cooperative pathomechanisms of ecLPS/pgLPS and AB. While cell viability
remained unaffected upon application of inflammatory LPS or AP, viability was
significantly more variable in iBMEC compared to CMEC bioprinted cultures. Amyloid
deposition patterns varied significantly between endothelial cell types. In CMECs AB 40
demonstrated lower deposition than AB,- or AfB42:40, but colocalized more frequently
with endothelial VE cadherin. Neither of these effects was observed in bioprinted
iBMECs. Additionally, VE cadherin expression was higher in CMECs showed
compared to iBMECs, but was unaffected by inflammatory or amyloidogenic stimuli.
3D bioprinted CMECs and iBMECs exhibited important differences in cell type
secretome profiles, identifying key mediators that may serve as useful homeostatic and

disease markers in vitro.

5.3.1. Differential AP deposition and marker expression in 3D

bioprinted endothelial cultures

The high variability of bioprinted iBMECs observed in the viability and Hoechst
parameters underscores important differences between iBMEC and CMEC cultures.
iBMEC cultures displayed more variability, although it is unclear whether this is due
to length of culture time (14 days for CMECs vs 28 days for iBMECs) or intrinsic
cellular mechanisms. Increased time in culture may result in increased release of
matrix degradation proteins (e.g. MMPs), that could progressively reduce the
structural integrity of the hydrogel (Patterson and Hubbell, 2010). This aligns with
some noted structural loss of iBMEC cultures during the washing steps of
immunofluorescence preparation. Similarly, phenotypic differences of CMECs and
iBMECs could be the cause, which would align with well-known fragility of many iPSC-
derived cell-types (Linville et al., 2022). Regardless of the exact cause, this suggests
that CMECs support a more robust and replicable neurovascular model in the
bioprinting platform’s current state. To better capitalise on the advantages of iPSC-
derived vascular cells, further development examining additional determinants of
stable iBMEC growth is warranted. Additional media optimisation, gentler bioprinting
processes, or altered hydrogel stiffness and functionalisation may also offer

improvements that improve the viability of this more in vivo-relevant cell source.
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The higher deposition of AB4. compared to AP0 in 3D bioprinted CMEC monocultures
highlights potential isoform-specific mechanisms in AD pathology. This difference in
fluorescence could be due to altered fluorophore emission due to the structural
difference between Af,0 and Af,., although the difference is not seen in iBMECs, so
this is unlikely. While the manufacturer reports equal emission wavelengths,
comparing the relative emission strength of each conjugate would elucidate whether
structural differences confound fluorescence readings. On the other hand, the higher
overall deposition of AB,. may align with its higher hydrophobicity and aggregation
potential (Kwak et al., 2020, Sengupta et al., 2016). The absence of synergistic effects
between AP,. and AP, suggests that their pathogenic contributions may occur
through independent pathways. Other studies have observed synergistic effects using
in silico or 2D in vitro techniques (Li et al., 2023¢, Chang et al., 2013, Chang and Chen,
2014). Increased colocalization of A4, with VE cadherin in CMECs corroborates the
well-reported increased deposition of AP, in neurovasculature of AD patients,
supporting the face validity of this model for examining neurovascular amyloid
deposition (Herzig et al., 2004, Herzig et al., 2006). The enhanced colocalization of
AB4o with VE cadherin in CMECs suggests an isoform-specific interaction that may
reflect differences in endothelial binding affinities or intracellular processing
pathways for A4, compared to AB,4., potentially driven by distinct receptor-ligand
dynamics or cellular uptake mechanisms. The overall higher AB,. deposition without
a corresponding rise in VE cadherin colocalization may suggest that accumulation
results from increased adhesion to the hydrogel due to its higher aggregation and
hydrophobicity, whereas increased VE cadherin colocalization of AB,. may indicate a
more cell-mediated process, involving uptake or metabolic processing. This challenges
data showing that Af,, deposition phenotypes are dependent on the presence of Af3,-
(McGowan et al., 2005).While the absence of similar patterns in iBMECs could reflect
cell-type-specific differences in AP interactions, it is more likely that the higher
variability of iBMEC masks this effect in these cells.

VE cadherin expression was not altered by differences in inflammatory stimuli or A3
isoform. This is counter to studies that demonstrate disrupted barrier and destabilised
junctions after pgLLPS exposure in rats and in vitro mouse BMECs (Lei et al., 2023),
and ecLPS exposure in a wide variety of in vivo and human in vitro contexts (Lei et al.,
2023, Chan et al., 2020). This difference could be attributed the short treatment
duration, effect of 3D culturing, or lack of other LPS-sensitive cell types like pericytes
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or microglia (Banks et al., 2015, Kovac et al., 2011). While P. gingivalis has indeed
been implicated in AD pathology, it’s pathogenic constituents include other molecules,
namely namely gingipains, that play key roles neuroinflammation and cognitive
decline (Poole et al., 2013, Dominy et al., 2019). Future studies leveraging these
bioprinted constructs could explore extended treatment durations and the effect of
different pathogenic factors such as gingipains to better replicate chronic

neuroinflammatory states.

Although there was no impact of inflammatory stimuli or Af on VE Cadherin levels,
VE Cadherin levels were significantly higher in CMECs compared to iBMECs across
all conditions. In addition, CMECs exhibited lower variability in viability and marker
expression, indicating a more robust endothelial phenotype under these experimental
conditions. While this may be an intrinsic difference between cell sources, this lower
expression matches findings reporting disrupted VE cadherin dynamics upon ROCK
inhibition (Cao et al., 2017). Although the tapered ROCKi protocol does limit exposure,
VE cadherin disruption may be a lasting, unintended effect of this survival-enhancing
technique.

5.3.2. Basal secretomes in 3D bioprinted endothelial cultures

Protein secretion profiles of monocultured endothelial cells in 3D environments
remain underexplored, particularly in systems designed to emulate the neurovascular
unit. This study addresses this gap by profiling cytokine and growth factor secretion
in conditioned media from 3D bioprinted cultures of CMECs and iBMECs relative to
media alone. The findings not only highlight key differences in the secretion profiles
of these cell types but also provide insights into their vascular and neurovascular

functionality within 3D bioprinted environments.

The basal media (Sciencell Astrocyte Medium) used in these cultures contained several
cytokines, which were significantly modulated upon conditioning by endothelial cells.
For instance, bFGF was present at high levels in the unconditioned media but showed
marked reductions in conditioned media, suggesting substantial utilization by the
endothelial cells, particularly iBMECs, for proliferation or maintenance of endothelial
phenotype (Augustin-Voss et al., 1993). Similarly, serpin E1 and IGFBP-2, initially
abundant in the media, were significantly reduced upon conditioning, hinting at its
metabolic processing or sequestration by endothelial cells in both groups.
Interestingly, osteopontin was cell type-specifically regulated; while it was reduced in
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CMEC-conditioned media compared to basal, it was elevated in iBMEC cultures. While
it is unclear why osteopontin would be present in the media to begin with, its
differential expression may indicate divergent inflammatory states between the two
cell types, with higher osteopontin in iBMEC-conditioned media reflecting pro-
inflammatory activity (Lok and Lyle, 2019).

Several cytokines were upregulated in CMEC- compared to iBMEC-conditioned media
including: angiogenin, Dkk-1, GRO-a, MCP-1, thrombospondin, and CD31/PECAM-1,
all of which are associated with endothelial proliferation, vascular remodelling, and
immune cell recruitment (Di et al., 2017, Hayashi et al., 2003, Kaminska et al., 2022,
Koss et al., 2011, Sadagopan et al., 2012, Wimmer et al., 2019).

CMEC-specific cytokines, not detected at all iBMEC media, further highlight the
increased relevance 3D CMECs over iBMECs. Angiopoietin-2, endoglin, PDGF-AA,
PDGF-BB (angiogenic factors that regulate vascular development, stability, and
endothelial-pericyte interactions), and RANTES and ST2 (inflammatory mediators
involved in immune cell recruitment) reinforcing the superior vascular mimicry of
CMECs in our 3D bioprinted system (Blecharz et al., 2016, Choi et al., 2009, Karimi-
Abdolrezaee et al., 2012, Liang et al., 2017, Mancini et al., 2009, Suffee et al., 2017). In
contrast to the comparable downregulation of IGFBP-2 in relation to media, IGFBP-3
was upregulated more prominently in CMEC than in iBMEC-conditioned media,
suggesting its active secretion and potential role in modulating vascular integrity or
cellular interactions in this cell type.

iBMECs displayed a narrower range of cell-specific cytokine upregulation, with
chitinase 3-like 1 being upregulated compared to CMECs, and osteopontin and VCAM-
1 being expressed in iBMECs but not CMECs. These iBMEC proteins highlight roles
cell adhesion, inflammatory response modulation, and extracellular matrix
interactions (Eidson et al., 2021, Wang et al., 1998, Wurm et al., 2019). This pattern of
cytokine expression indicates that iBMECs may be inherently pro-inflammatory
primed, reflecting a heightened basal state of activation that could influence their
responses to inflammatory or amyloidogenic stimuli in disease-relevant contexts (Yan

et al., 2016).

Several cytokines were similarly expressed across both endothelial cell types,
including EMMPRIN, GDF-15, IL-8, SDF-1a, and uPAR, highlighting conserved roles
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in matrix remodelling, angiogenesis, and chemotactic signalling (Conroy et al., 2018,
Hasaneen et al., 2016, Kim et al., 2015, Liu et al., 2010, Mori et al., 2015). Despite these
shared profiles, the broader downregulation of functionally important endothelial
proteins in iBMECs indicates a comparatively diminished endothelial identity. This
finding, alongside lower VE cadherin expression levels, suggests that iBMECs may be
less robust in maintaining vascular characteristics under prolonged 3D bioprinted
culture conditions. However, these limitations could potentially be mitigated through
further optimization of the 3D bioprinted matrix or media composition to better
support iBMEC functionality.

In comparison to 2D proteome data reported in Chapter 3, several cytokines were
consistently expressed in both 2D and 3D basal iBMEC cultures, including EMMPRIN,
GDF-15, IGFBP-2, IGFBP-3, osteopontin, MCP-1, PDGF-AA, thrombospondin-1, and
bFGF, indicating that roles in inflammation, angiogenesis, and endothelial function
are conserved as dimensionality increases (Allard and Duan, 2018, Granata et al.,
2004, Hasaneen et al., 2016, Hayashi et al., 2003, Karimi-Abdolrezaee et al., 2012,
Kim et al., 2015, Koss et al., 2011, Seghezzi et al., 1998, Wang et al., 1998). In contrast,
cytokines such as MMP-9, cystatin C, FGF-19, IL-17A, and MIF were detected only in
2D cultures, while endoglin, angiogenin, chitinase 3-like 1, VCAM-1 and RANTES were
unique to 3D bioprinted iBMECs. While both 2D-specific molecules (MMP-9, cystatin
C, FGF-19, IL-17A, MIF) and 3D-specific molecules (endoglin, angiogenin, chitinase
3-like 1, VCAM-1, RANTES) indicate pro-inflammatory primed endothelial
phenotypes, this divergence suggests that the 3D environment shifts the nature of this
inflammatory profile.

Downregulation of many functionally important endothelial proteins shows that 3D
bioprinted iBMECs may not have as robust of a functional endothelial identity than
CMECs, or that they aren’t as amenable to longitudinal culturing. This corroborates
the lower VE cadherin expression observed in iBMECs, and reinforces the utility of
CMEC:s as a robust, reliable 3D neurovascular model with a lower cultured time that
allows for higher throughput.

5.4. Chapter Summary

This chapter explored the viability, protein secretion profiles, and amyloid interactions
of 3D, monocultured CMECs and iBMECs at rest and on exposure to AD-related
stimuli. While overall cell viability was unaffected by inflammatory or amyloidogenic
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stimuli, iBMECs exhibited greater variability and structural fragility and
neurovasculature-related phenotype (eg VE Cadherin levels, neurovasculature-related
cytokine secretion). Given this, CMECs may be a more advantageous 3D bioprinted
model until further optimisation can support iPSC-derived vascular cells. Amyloid
deposition patterns further underscored cell-type-specific differences, with CMECs
replicating the lower total deposition and increased VE cadherin-association of AB,o,
aligning with human AD-related vascular amyloid deposition. These effects were
absent or masked in iBMECs, likely reflecting inherent variability.

Cytokine secretion profiles provided further insights into the distinct vascular
characteristics of CMECs and iBMECs. While both cell types shared expression of
several endothelial proteins, CMECs exhibited a broader range of vascular protein
upregulation, including angiogenesis- and inflammation-associated factors,
emphasizing their robust vascular identity. In contrast, iBMECs secreted fewer
vascular-relevant factors (corroborating reduced VE cadherin expression) but
displayed a distinctly primed inflammatory profile, suggesting limited vascular
biomimicry in comparison to CMECs bioprinted using this system.re

These findings emphasize the need for further optimization of the bioprinting
platform to support iBMEC functionality, including modifications to the hydrogel
matrix, media composition, and culture conditions. By addressing these challenges,
iPSC-derived iBMECs could be better leveraged for their potential as a scalable,
patient-specific model for neurovascular research. Regardless, CMECs offer a robust
and reliable model for neurovascular research, demonstrating consistent viability,
stability, and functionality under the current bioprinting conditions. This chapter
provides a foundation for future studies to refine 3D bioprinted constructs, enabling
more accurate disease modelling and exploration of therapeutic strategies for

neurovascular disorders, including Alzheimer’s disease.
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Chapter 6: Discussion & Final Conclusions

6.1. Summary

AD remains a devastating neurodegenerative disorder with no disease-modifying
treatments, driven in part by significant gaps in our ability to model its complex
pathology in vitro. Traditional 2D models and animal studies, while invaluable, fail to
recapitulate the multifaceted interactions within the neurovascular unit that underpin
AD progression. This thesis sought to address these unmet needs by developing 3D,
bioprinted neurovascular models, leveraging iPSC-derived cell types to create scalable
and physiologically relevant systems. By integrating bioprinting techniques with stem
cell differentiation and hydrogel optimization, this research uniquely contributes to
bridging the translational gap between preclinical modelling and clinically effective
treatments. This interdisciplinary methodology provides a foundation for more
accurate representations of neurovascular AD pathology, offering novel insights into
vascular dysfunction and laying the groundwork for improved therapeutic discovery.

Chapter 3 focused on the differentiation and characterization of iPSC-derived vascular
cell types in 2D to validate their potential for modelling neurovascular interactions.
Endothelial cells and pericytes were differentiated and assessed for functionality,
revealing distinct secretory profiles and barrier properties that emulate in vivo
counterparts. In 2D, iBMECs demonstrated enhanced barrier function when
compared to CMECs and HUVECs. iBMECs and iPericytes were generally
unresponsive to AP and LPS, although AP deposition was observed in 2D iBMECs, an
important feature when modelling AD proteinopathy. This chapter established a
robust foundation of validated vascular cell types, addressing critical barriers in the
field and laying the groundwork for the development of more complex, multicellular

systems.

Chapter 4 built on Chapter 3 by exploring the efficient bioprinting of monocultured
endothelial cells, and the successful culture of a novel bioprinted triculture of
endothelial cells, pericytes and astrocytes, to advance development of scalable
neurovascular models. This chapter detailed media refinement that supported iBMEC
viability and structural development by using astrocyte media and tapered inhibition
of the ROCK pathway. Tricultures of endothelial cells, pericytes, and astrocytes were
successfully developed, exhibiting close expression of cell-type specific markers
reminiscent of neurovascular organisation. These findings present the capabilities of
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this bioprinting platform to generate physiologically-relevant neurovascular systems,
while also highlighting challenges involving the optimization of culture conditions for
iPSC-derived cells in complex 3D environments. This work marked a pivotal step in
the evolution of neurovascular models by demonstrating the feasibility and potential
of bioprinted systems to scalably recapitulate neurovascular complexity.

Chapter 5 then applied this platform’s capabilities by investigating 3D bioprinted
iBMEC responses to inflammatory and amyloidogenic stimuli, two key drivers of AD
pathology. iBMEC monocultures were exposed to lipopolysaccharides (from E. coli
and P. gingivalis, two neuroinflammation-relevant bacteria) and A monomer
preparations to evaluate their effects on cellular viability, AB deposition, and protein
expression. Distinct responses between CMECs and iBMECs were observed, with
differences in variability, amyloid deposition, vascular marker expression and
secretomes. This chapter provided critical insights into the vulnerabilities of
endothelial cells to inflammatory and Af insults, emphasizing the cell-type specific
validity of such models for studying disease-relevant mechanisms. By simulating
known aspects of amyloidogenic environments, this work highlighted the utility of
these systems for unravelling the vascular mechanisms of isoform-specific A
pathology and evaluating potential therapeutic interventions in a modular, scalable
setting.

By integrating multiple techniques, this body of work has generated a scalable and
physiologically-relevant platform for investigating the complex cellular and molecular
interactions that underpin neurovascular dysfunction. Traditional models have fallen
short in capturing the intricate interplay of vascular and parenchymal components,
limiting their translational relevance. This platform provides a versatile platform to
simulate AB-related pathological environments and lays the groundwork for next-
generation models that will more faithfully replicate human disease processes while
allowing increased throughput. Moreover, the approach of blending cell biology,
bioengineering, and disease modelling is highlighted as a critical nexus, where
advances in the stagnating field of neurodegenerative disease might finally be found.

6.2. Future Directions

One critical step to capitalise on the translational value of this research platform is to
integrate these models into the drug discovery pipeline. These models are a scalable
and physiologically relevant platform for use in early-stage drug discovery, with a
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balanced throughput and human-relevance that bridges the gap between 2D in vitro
and rodent in vivo models. A example application is a screening approach where 2D
iBMECs (which demonstrated robust barrier-like properties compared to CMECs)
could serve as an initial high-throughput screen for drugs targeting endothelial
integrity. Promising compounds could then be tested in 3D bioprinted CMEC cultures
(which exhibited more stable vascular organization) before progressing to more
complex multicellular systems or in vivo models. This graded approach would
maximize the efficiency of drug screening while maintaining physiological relevance,

addressing a critical gap in neurovascular-targeted AD therapeutics.

Another key avenue for future exploration is the relative strengths of modular culture
systems (like the one used here) as opposed to self-assembled organoid technology.
Unlike modular culture systems, where terminal cell types are used, self-assembled
organoids rely on intrinsic cellular cues to form tissue-like architectures from stem cell
progenitors, potentially yielding more physiologically-accurate cell ratios,
macrostructure and dynamic interactions (Lindhout et al., 2024). This self-
organization may be better placed to capture some aspects of the neurovascular
environment, especially developmentally-instructed elements like some signalling
pathways. Despite this advantage, self-assembled organoids face significant
challenges, particularly in replicability and imitating the static forces (e.g. construct
stiffness) and dynamic forces (e.g. shear stress and nutrient flow) present in vivo
(LaMontagne et al., 2022). Importantly, efforts to vascularise organoids are only in
their infancy, with successful incorporation of vascular cell types still falling short of
functional vasculature that can ameliorate necrosis and cell diversity issues. The
decision of whether to use bioprinting processes (e.g. when scale and throughput are
important), and whether to use self-assembled or modular multicellular cultures
should be informed by the questions being posed by the researcher. Ultimately, this
diversity of modalities is vital to broadening our understanding of complex
homeostatic and disease processes.

Understanding the role of cytokine signalling in Alzheimer’s disease remains a crucial
area for future research. Neuroinflammatory pathways, mediated by complex cytokine
networks, play a pivotal role in endothelial dysfunction, the progression of
neurovascular pathology and AD. This study revealed an unexpectedly inert cytokine
responses in 2D and 3D iBMECs and iPericytes upon inflammatory stimulation,
raising important questions about the translatability of iPSC-derived neurovascular
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cells. Future research should explore whether single-cell RNA sequencing could
uncover subtle transcriptional responses that are not evident at the protein level, or
whether TLR4 expression is insufficient in these models to elicit a robust response to
LPS. Additionally, incorporating prolonged or multi-factorial inflammatory stimuli,
particularly in multicellular environments (containing classically inflammatory
microglia and astrocyte), may provide a more physiologically relevant context to

examine neurovascular dysfunction in AD.

Relatedly, the study of cell-cell communication within the neurovascular unit is critical
for unravelling Alzheimer’s disease mechanisms. Although this thesis demonstrated
significant progress in developing multicellular constructs, measuring broad secretion
profiles, and observing protein marker expression in this novel bioprinted platform,
further investigation is needed to more granularly explore dynamic signalling
processes. Emerging techniques, such as spatial transcriptomics and optogenetic
tools, provide an opportunity to map signalling pathways with high spatial and
temporal resolution (Mitroshina et al., 2023, Cao et al., 2024). These methods could
elucidate how specific molecular interactions, such as astrocyte-pericyte crosstalk or
endothelial-astrocyte signalling, influence disease progression. The current research
rests upon assays using end point analyses that may miss important dynamic features;
incorporating real-time imaging and live-cell tracking could allow researchers to
observe novel time-sensitive cellular responses. As costs decrease for these emerging
techniques, a multicellular approach could be used in early stage drug discovery,
where more simplistic 2D culture systems are often used because of cost and data
complexity. With improved automation of imaging and data analysis, the increased in
vivo-relevance of multicellular assays could alleviate high error rates at this stage of
the drug development pipeline.

Advancing hydrogel design is essential for improving the physiological relevance of
neurovascular models. Current hydrogels, such as Matrigel, provide a supportive
environment for cell growth but often include undefined growth factor profiles,
limiting experimental reproducibility (Aisenbrey and Murphy, 2020b). Synthetic
hydrogels, on the other hand, offer tunable properties but may initially lack the
biological complexity required to support spontaneous cellular interactions. This
study successfully established a synthetic PEG-based hydrogel system capable of
supporting iPSC-derived neurovascular cells, although iBMEC quality and
responsiveness was reduced, especially at longitudinal timepoints. Future efforts
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should focus on measuring the effects of additional ECM-mimetic components, or
developing gentler bioprinting processes, to support longitudinal iPSC-derived cell
health and function in synthetic hydrogels. Further, innovative developments in
bioprinting techniques, such as higher resolution patterning, could refine spatial
organization within hydrogel-based systems, enhancing cell-cell interactions and
barrier formation. Future studies should investigate how hydrogel composition affects
other key parameters like endothelial barrier integrity, astrocyte differentiation, and
extracellular matrix deposition. These advancements will enable more accurate
modelling of neurovascular dynamics and provide robust platforms for high-
throughput drug discovery.

Achieving accurate vascular endothelial identities in iPSC-derived models remains a
key challenge in neurovascular research. Given our iBMEC’s expression of EpCAM,
and reduced expression of VE cadherin in 3D, there is a clear need for more precise
characterization techniques surrounding endothelial versus epithelial phenotypes (Lu
et al., 2021). Recent advances, such as single-cell transcriptomics, have identified
novel markers that may resolve this distinction in healthy and diseased humans,
enabling a clearer identification of vascular identities and phenotypes (Garcia et al.,
2022). Future efforts should focus on standardizing protocols in light of these
advances to ensure consistent differentiation and phenotypic stability.

Another barrier to obtaining specific cell-identities in iPSC-derived systems is the
variability inherent in usage of these patient-derived cells. While the difference in our
iBMEC and iPericyte cytokine responses to other immortalised, primary, and iPSC-
derived lines may be due to cell-intrinsic mechanisms, it is also possible that patient-
and genetic-variability plays a role. To address this variability, the creation of deeply
characterised reference lines (Pantazis et al., 2022) that have undergone extensive
multi-omic profiling and functional validation could ensure consistent differentiation
potential and minimize technical variability. These would provide a standardized
resource for investigating disease-relevant phenotypes, and enable reliable cross-
study comparisons and systematic exploration of genetic and environmental
contributions to complex pathologies. While patient-derived cells can retain relevant
pathological phenotypes, techniques to mimic aging in iPSC-derived models, such as
using oxidative stressors or CRISPR-based methods, could better capture age-related
phenotypes relevant to Alzheimer’s disease (Mertens et al., 2021, Carr et al., 2024).

Improved characterization of these models using transcriptomic and proteomic
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approaches will further enhance their utility, allowing researchers to benchmark them
against in vivo data. Addressing variability in iPSC culture methods and minimizing
phenotypic drift will be essential for improving the reliability and reproducibility of
iPSC-based AD research.

Incorporating flow mechanics into neurovascular models offers an exciting avenue for
replicating the dynamic forces of the in vivo environment. Although this thesis
successfully demonstrated in vivo-like structural development in 3D neurovascular
monocultures and tricultures, these structures don’t involve blood flowing through
lumens at high pressure, as in the human brain. The shear stress elicited by blood flow
in vivo, influences endothelial barrier integrity and cellular signalling pathways
(Warboys et al., 2010). Microfluidic platforms and organ-on-a-chip systems provide a
promising way to introduce this flow into in vitro neurovascular models, simulating
physiological conditions such as waste clearance and nutrient/blood-borne drug
delivery (Fengler et al., 2022, Gijzen et al., 2020, Kurosawa et al., 2022). Recent
advances, such as perfusable organ chips and microvessel-on-a-chip technologies,
have demonstrated the potential to study complex processes like amyloid cycling and
glymphatic clearance (Lee et al., 2020, Dessalles et al., 2021). However, these systems
often prioritize physiological relevance over scalability, making them more suitable for
late-stage drug discovery rather than high-throughput screening. Future research
should aim to integrate flow mechanics into scalable platforms, bridging the gap
between physiological fidelity and experimental efficiency.

6.3. Final Conclusions

This thesis set out to address the critical challenge of developing physiologically-
relevant, human-derived neurovascular models to advance our understanding of
Alzheimer’s disease. By leveraging interdisciplinary methods—iPSC differentiation,
3D bioprinting, and innovative hydrogel technologies—key concerns in traditional in
vitro and in vivo models have been addressed, including the lack of human-derived
systems, limited scalability, poor biomimicry of 2D models and poor replicability of
3D models.

Firstly, the successful differentiation and functional characterization of vascular cell
types was demonstrated, laying the groundwork for advanced neurovascular models.
This 2D foundation was extended by optimising the longitudinal bioprinting of
endothelial monocultures, and demonstrating successful culture of bioprinted
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neurovascular tricultures, highlighting the potential of these systems to recapitulate
the structural and functional complexity of the neurovascular unit. 3D endothelial
monocultures were then applied in a disease modelling context, by simulating
amyloidogenic and inflammatory conditions, revealing face validity upon replication
of AP deposition phenotypes.

Collectively, this research underscores the transformative potential of combining
bioengineering with disease modelling to create systems that more faithfully mimic
human pathology. By integrating these models into the drug discovery pipeline, we
can improve understanding of neurovascular dysfunction, explore therapeutic targets,
and ultimately contribute to the development of effective treatments for Alzheimer’s
disease. This thesis not only advances current methodologies but also lays the
foundation for future innovation in the fields of neuroscientific disease modelling and

drug discovery.
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